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ABSTRACT

Worldwide, TBI is estimated to affect 64-74 million individuals, or around 759 per every 100.000
people, mostly in developing countries, and is often called the “silent epidemic”, leading to
neurodegenerative diseases such as Alzheimer’s. Quick TBI diagnosis is of extreme importance
to assure the best chances for a full recovery, avoiding dangerous complications. Point-of-care
testing platforms (POTC) are needed in such cases, where most of these accidents occur and easy
access to the necessary diagnosis equipment is not common. Therefore, in this work, a method
for the ultrasensitive detection of Glial Fibrillary Acidic Protein (GFAP) in blood, is explored, by
combining gold nanostars (AuNS) functionalized with 4-mercaptobenzoic acid with Surface
Enhanced Raman Spectroscopy (SERS), to enable quantification of the GFAP on a blood sample.
This thesis also explores the formation of gold nanosphere (AuNP) conjugates for the
colorimetric and qualitative analysis of GFAP. Due to the anti-GFAP antibody inducing
aggregation, anti-HRP was used to form both AuNP and AuNS conjugates for the detection of
HRP, and for further testing. This serves as a proof-of-concept and for optimisation with a model
antibody, optimising the loading concentration of both antibody and blocking protein (BSA) by
agarose gel electrophoresis (AGE), UV-Vis, Dynamic Light Scattering and enzymatic activity
assays. Sensitivity tests were made using anti-HRP and HRP, with a visual cutoff value of 180 ng
for the qualitative part. The cutoff value for the quantitative part of the assay, using SERS analysis,
was assessed to be around the same values, between 180 and 60 ng, by calculating the peak
integral of the 1589 cm™ 4-MBA peak. In the end, promising results were obtained, needing the
shift from the model antibody to the anti-GFAP antibody for accurate detection of TBI in blood.
Obtaining a quick, POCT diagnosis tool such as an LFA would help alleviate the burden of
hospitals in developed countries, avoid missed diagnosis and provide with an easy to use, cheap,
easily storable and easily shipped tool for developing countries where this issue is most prevalent
in the world, contributing to the decrease of this “silent epidemic”.

Keywords: Traumatic brain Injury, Glial Fibrillary Acidic Protein, Lateral flow assay, Surface

enhanced Raman scattering, Gold nanostars, Gold nanoparticles



RESUMO

Em todo o mundo, estima-se que o traumatismo cranioencefdlico (TCE) afete entre 64 a 74
milhdes de individuos, ou cerca de 759 por cada 100.000 pessoas, maioritariamente em paises
em desenvolvimento, sendo frequentemente denominado a “epidemia silenciosa”, uma vez que
pode levar a doencgas neurodegenerativas como a doenca de Alzheimer. Um diagndstico rapido
de TCE é de extrema importancia para assegurar as melhores hipéteses de uma recuperagao
completa, evitando complica¢des perigosas. Plataformas de testes no ponto de cuidado (POCT)
sd0 necessarias nesses casos, onde a maioria destes acidentes ocorre e o acesso facil ao
equipamento de diagndstico necessario ndo é comum. Assim, neste trabalho, é explorado um
método para a dete¢do ultra-sensivel da Proteina Glial Fibrilar Acida (GFAP) no sangue,
combinando nanoestrelas de ouro (AuNS) funcionalizadas com acido 4-mercaptobenzoico com
Espectroscopia Raman Intensificada por Superficie (SERS), para permitir a quantificacdo de GFAP
numa amostra de sangue. Esta tese também explora a formacao de conjugados de nanospheres
de ouro (AuNP) para a andlise colorimétrica e qualitativa de GFAP. Devido a inducdo de agregacao
pelo anticorpo anti-GFAP, foi utilizado o anticorpo anti-HRP para formar conjugados de AuNP e
AuNS para a detec¢do de HRP. Isto serve como prova de conceito e para a optimizagao com um
anticorpo modelo, optimizando a concentracdo de carga de ambos, o anticorpo e a proteina de
blogueio (BSA), através de eletroforese em gel de agarose (AGE), UV-Vis, Dispersdo de Luz
Dindmica e ensaios de atividade enzimatica. Foram realizados testes de sensibilidade usando
anti-HRP e HRP, com um valor de corte visual entre 180 ng e 60 ng para a parte qualitativa. O
valor de corte para a parte quantitativa do ensaio, usando a analise SERS, foi estabelecido dentro
dos mesmos valores, entre 180 ng e 60 ng, através do cdlculo do integral do pico de 1589 cm-1
do pico do 4-MBA. No final, foram obtidos resultados promissores, sendo necessario passar do
anticorpo modelo para o anticorpo anti-GFAP para a dete¢do precisa de TCE no sangue. Obter
uma ferramenta de diagnéstico rapido POCT, como um LFA, ajudaria a aliviar a sobrecarga nos
hospitais dos paises desenvolvidos, evitar diagndsticos falhados e fornecer uma ferramenta facil
de usar, barata, facilmente armazendvel e facilmente transportdvel para os paises em
desenvolvimento, onde este problema é mais prevalente no mundo, contribuindo para a

diminuicdo desta “epidemia silenciosa”.

Palavas chave: Traumatismo cranioencefalico, Proteina Glial Fibrilar Acida, Imunoensaio de
fluxo lateral, Espalhamento Raman Intensificado por Superficie, Nanoestrelas de ouro,
Nanoparticulas de ouro

Vi



vii



viii



Table of Contents

List Of fIGUIES........c.couiiiiiiiii e 12
List Of tables ........ccccciiiiiiiii 16
List of abbreviations............ccccooviiiiiiiiiiiiiiii e 17
SYMDOIS ... 19
L. INntroduction............ciiiiii 20
1.1,  Traumatic Brain INjury..........ccooooiiii 20

1.1.1. INCIAENCE......coiiiiiii e 20

1.1.2. TBI types and SYMPtOMS............oooiiiiiiiiiiiiee et sree e e ree e e ree e e s 21

1.1.2.1.  Diagnosis methods............ccccocooiiiiiiiiiii 22
1.1.3. Biomarkers for TBI ............cccooiiiiiiiii 22

1.1.4. Glial Fibrillary Acidic Protein as a TBI biomarker................cccccoeeviiieeiiciieeccinen, 23
1.2.  Lateral Flow Immunoassay (LFIA)............ccccoeoiiiiiiiiiiiice 25
1.2.1. IZG Antibodies ... 27
1.2.2. Current TBI POC diagnosis methods and Market analysis.......................... 28
1.3. Raman SpectroSCOPY ..o 28
1.4,  Nanoparticles ... 29
1.4.1. Gold nanosphere synthesis...............cccooviiiiiiiiiic 30
1.4.2. Gold nanoparticle functionalisation and bioconjugation ............................. 30

1.4.3. Gold Nanostars (AuNS) and Surface-Enhanced Raman Spectroscopy
(SERS) 31

1.5.  Surface-enhanced Raman spectroscopy as an ultrasensitive detection

technique for lateral flow immunoassay .............cccccoeiiiiiiiiiiiiii 33
1.6 ODJECIVES ..o 33
2.  Material and methods..............cccooiiiiiiiiii 35
21.  Gold nanosphere synthesis...............ccccoceviiniiiiiniiiiii 35
2.2.  Bicinchoninic acid assay for total protein determination..................c.cccccccee 35
2.3.  Gold nanoparticles functionalisation and characterization .......................... 36
24.  Gold nanoparticle protein conjugation and characterisation........................ 36
2.5.  Peroxidase enzymatic activity assay...........ccoccovviniiiiiiiinii 37
2.6.  Gold nanoparticle characterization .................cccoviiiiniiiiiiiie, 37
2.6.1. Colloidal stability ...........ccccooiiiiiiiiiii 38
2.6.2. Dynamic light scattering..............ccccooeiiiiiiiiii 38



2.6.3. Agarose gel electrophoresis ..o 38

2.6.4. UV-Vis spectroscopic characterization ..., 39
2.7.  Lateral FIOW @SSay ..........cccocoviiininininicieieictctcccccccc s 39
2.7.1. Nitrocellulose membrane selection.............ccccovviiiiiiiiiiiiiiiics 40
2.7.2. Running sample preparation..............ccooviiiiiiiiiiiiice, 40
2.8. SERS measurements..............ccccooviviiiiiiiiniiininiicc s 40
Results and DiSCuSSION...............ccciuiiiiiiiiiiii s 42
3.1.  Nanoparticle synthesis, functionalization and characterization .................. 42
311, UV-Vis analysis......ccccooiiiiiiiiiiiiicccccccc s 42
3.1.1.1. Functionalization of gold nanospheres...............cccccccevviiiiiiiiee i 44
3.1.1.2.  Colloidal stability of gold nanoparticles ............ccccccoerviiiiiinniiiinnne, 45
3.1.2. Dynamic light scattering...............cccccceviiiiiiiiiiii s 49
3.1.3. Conjugation of gold nanoparticles.............cccooovvriiiiiiiiiiiie 50
3.1.3.1.  BSA cOnjugation...........ccooiiiiiiiiiiiiic 50
3.1.3.2.  Antibody conjugation..............ccccoeuiiiiiiiiii s 54
3.1.3.2.1.  AuNP antibody conjugation............ccccoooviiiiiini 54
3.1.3.2.2.  AuNS antibody conjugation..............cccccoeiiiiiiiiiiiii 58
3.1.3.3. Bioconjugate activity..........ccooiiiiiiiiiii 60
3.1.3.4.  SERS actiVity ......cccoovviiiiiiiiiiiiic 62
3.2.  Lateral FIOW @SSaY .........cccccciiiiiiiiniiiiiiiiiccicc s 63
3.2.1. Nitrocellulose membrane selection..............cccccceviiiiiiiiiiiiiiiiis 64
3.2.2.  Sensitivity tests .........ccooiiiiiiiiii 64
3.2.3. SERS measurements.............ccocoooviriiiiiiiiiiiiiicccc 66
3.3. CoNCIUSION ... 68
3.4.  Future perspectives..........ccccoeiviiiiiiiiiiii 68
RefereNCeS.......cooiiiiiiici 71



Xi



List of figures

Figure 1 - Map showing the incidence of TBI per 100 000 people, per World Health Organization region,
on the left. Upper right, estimation of volume of TBI cases annually across WHO regions. On the lower
right, annual incidence of TBI, per 100 000 people, attributed to traffic accidents per WHO region.
Reprinted from M. C. Dewan et al., ‘Estimating the global incidence of traumatic brain injury’, J
Neurosurg, vol. 130, no. 4, pp. 1080—1097, Apr. 2018......cccccuiiieecieee e e eree e e earee e e 20
Figure 2- Impact of brain trauma on the blood brain barrier and example of the release of GFAP to the
blood, caused by astrocyte GFAP production and the disruption of the blood brain barrier. Figure made
TN 21T 2 (=Yg Vo LT SRR 23
Figure 3 — Approximate levels of TBI biomarkers over time and acuteness designation. Image taken
from Hossain, Niklas Marklund, Endre Czeiter, P. Hutchinson, and Andras Buki, “Blood biomarkers for
traumatic brain injury: A narrative review of current evidence,” Brain and Spine, vol. 4, pp. 102735—-
102735, Jan. 2024, doi: https://doi.org/10.1016/j.0as.2023.102735.......coeeveeeveeeceeeereeecteeeeeeeeeree e 25
Figure 4 - Configuration of a sandwich type lateral flow assay for GFAP detection using gold nanostars
covered with anti-GFAP antibodies, 4-mercaptobenzoic acid (MBA) and mixed with a GFAP positive
sample. The test line is composed of anti-GFAP IgG for specific detection of GFAP, and the control line
composed of anti-IgG antibodies for the detection of the AuNSs not bound to the test line. Figure made
T =T oY Y=Y o Lo LT PSP SPR 26
Figure 5- Exemplification of an IgG antibody. This antibody is composed by two regions and 4
polypeptide chains, the heavy chain where it encompasses two 50 kDa segments, and the light chain
which encompasses two 25 kDa regions, for a total molecular weight of 150 kDa. Antibodies also can
be separated into their constant region, identified by Cn1, Cz, Cuz and C. which do not change amongst
the IgG antibody isotype, and the variable region identified by Vy and V. which are the regions
responsible for the identification and binding to target antigens, varying between isotypes to achieve
L o 1Tl 13 ol VAU PPPPRN 27
Figure 6- Energy level diagram showing the origin or infrared absorption, Rayleigh scatter, Stokes
Raman scatter, and anti-Stokes Raman scatter. Figure adapted from https://chem.libretexts.org. ..... 29
Figure 7 - Plasmon oscillation of the electrons when affected by a NIR light source, causing the
displacement of the electrons relative to the nuclei. Figure adopted from K. L. Kelly, E. Coronado, L. L.
Zhao, and G. C. Schatz, “The optical properties of metal nanoparticles: the influence of size, shape, and
dielectric environment,” “the ceJournal of Physical Chemistry. B, vol. 107, no. 3, pp. 668—677, Dec.
2002, d0i: 10.1021/JP02673 LY. .eeecreecieecrieeieeieeteeteesteesteesteesssessteeteeteesseessaesssesnteenseenteebeessaeanseenreenres 30
Figure 8 - Bond formation mechanism for the reaction between EDC and SNHS to form a stable amine
reactive group. This covalent bonding mechanism enables a stronger and more efficient conjugation
than a simpler surface adsorption to a gold surface, in exchange for a higher fabrication cost........... 31
Figure 9 - Local field enhancement maps calculted for a gold nanostar at the maximum SPR intensity,
showing an accumulation of energy at the tips of the particle. Figure adopted from Amendola, V., Pilot,
R., Frasconi, M., Marago, 0. M., & lati, M. A. (2017). Surface plasmon resonance in gold nanoparticles:
a review. Journal of Physics: Condensed Matter, 29(20), 203002. doi:10.1088/1361-648x/aa60f3 .... 32
Figure 10 - Schematic for quantitative detection of traumatic brain injury using a lateral flow assay
coupled with SERS technology, for a quick and quantitative diagnosis method. Figure made in
21T 2 =T g Lo [T PO TRTOPROPUPPPRINY 34
Figure 11 - Molecular structures of the functionalization agents: a) 11-MUA and b) 4-MBA. ............. 42

12



Figure 12 - UV-Vis spectrum of non-functionalized gold nanospheres, with the Aispr =519 nm. It is also
possible to conclude that a low number of aggregates were formed by the low absorbance of the
nanospheres at higher Wavelengths...........coouiiiiiiiii e e e 43
Figure 13 - UV-Vis spectrum of 4-MBA and 11-MUA functionalized gold nanostars. 1- A relative peak at
around 520 nm, corresponding to smaller seeds which did not grow to form tips at their surface. 2 -
An absolute peak at 811 nm, corresponding to the tipped nanospheres (AuNSs). This LSPR peak
corresponds to the sum of the contribution of the core and each different tip on the surface of the

T aToE] = APPSO PPPPPOPPTTN 44
Figure 14 - UV-Vis spectra of citrate capped AuNPs and 11-MUA functionalized AuNPs. A 4 nm redshift
can be detected, supporting the replacement citrate by 11-MUA at the AuNP surface. .................... 45
Figure 15 - Evolution of the spectra of AuNPs with the increase of salt concentration, from 0 mM to
250mM. The AuNPs, as seen in the figure, stay stable until 50 MM.........cccccveeeeeiiiicciiieeeeee e, 46
Figure 16 — Aggregation ratio of 11-MUA functionalized gold nanospheres, calculated by Asoo: Axser. The
AuNPs remain stable until a concentration of 50-100 MM of NaCl. .......cccecvveiiviiiiicieee e 47
Figure 17 — Colloidal stability of 4-MBA AuNSs, at t=0, with increasing concentration of salt, from 0 mM
LCe 310100 o] 1Y PO PP PP PP PPUPPPPPTPORE 48

Figure 18 — Aggregation index for AUNSs with increase of salt concentration. It is possible to see that
the AuNSs are stable until 40mM of NaCl, where after a big jump happens towards higher aggregation
indexes, starting at 80mM of NaCl, indicating a lack of stability at concentrations higher than 40 mM of
1V T USSR 49
Figure 19 - Exemplification of the steps to develop the SERS tags with the AuNS (top) and spherical
probes (bottom) for TBI diagnosis. AuNS (top) were functionalized with both 4-MBA and 11-MUA to
obtain a Raman signal and achieve better stability in solution, respectively. AuNPs (bottom) were
treated with EDC/SNHS in the second step as to obtain a better retention of the antibodies............. 50
Figure 20 - Optimization of the conjugation of AuNSs with Bovine Serum albumin (BSA). The agarose
gel shows the molar ratios of BSA:AuNSs corresponding to each well, increasing from left to right... 51
Figure 21 - Fitting of the data obtained in figure 20 to a Hill-type adsorption isotherm. Important
parameters such as the dissociation constant (Kp), Hill coefficient (n) and the determination coefficient
(R2) ettt ettt ettt et et e e et et e et et teeteeaeeteeheebebebeateateateteeaeeteetebeteatenb et easeasebeebeeteebebebensensensereeteatearentn 52
Figure 22 - AGE of 11-MUA coated AuNPs with increasing concentrations of BSA in solution, with the
ratios of BSA:AuNP corresponding to each well, from left to right, of 0, 25, 50, 100, 150, 200, 300, 500
and 750, also present of top of @aCh Well. .........ooooeiiiiiie e e e 53
Figure 23 - Fitting of AGE highest intensity points, taken with Imagel's plot profile, and fitted to a Hill-
type adsorption isotherm to obtain the Kp (Kp = 107.86) and n (n=1.7) for the BSA adsorption to 11-
MUA fUNCHONGIZEA AUNPS. ....ooieiieee et st sate e sbaeesabeesabaesnaaeesabaeene 54
Figure 24 - Agarose gel electrophoresis of anti-HRP antibodies for optimization of the coating
concentration. Different concentrations of anti-HRP antibody were tested on each well which are, in
order, 11-MUA coated AuNPs, EDC/SNHS treated 11-MUA AuNPs, anti-HRP:AuNP ratio of 10, 15, 20,
BT {0 T 10 I [ o ] O PR 55
Figure 25 - Electrophoretic mobility of AuNPs with increasing concentration of anti-HRP antibodies,
fitted to a Hill-type adsorption isotherm. The experimental results are highlighted as red circles, and
the fitting is highlighted as the black coloured sigmoidal curve. Important parameters were able to be
obtained such asthe Kp =17.3,and an N =4.24. ..o 56
Figure 26 - Uv-Vis analysis of the conjugation process of AuNPs for the formation of bioconjugates. The
figure shows a red-shift of the spectra as the AuNP radius’ increases, starting with the 11-MUA capped
AuNPs and ending with the full bioconjugate formed by the AuNPs treated with EDC and SNHS,
conjugated with anti-HRP antibody, followed by BSA, peroxidase, and finally another anti-HRP antibody
incubation to simulate the full sandwich happening in the LFA. No shift from the full bioconjugate with

13



the peroxidase to the full “sandwich” was observed from the purple line to the faint green, indicated
with a purple and green arrow, respeCtiVelY. ........ooocuiiii i 57
Figure 27 - Agarose gel electrophoresis of AuNSs incubated with anti-HRP antibody. The identified wells'
anti-HRP:AuNS ratios are, in order: 0, 10, 20, 40, 80, 160, 210, 310 and 420 with AuNSs at a
concentration of aroUNd 0.2 NIV ....coiiiiiieecee ettt e st e st e s be e e sbe e sbaeessteesnseeesareesn 58
Figure 28 - Electrophoretic mobility of AuNSs with increasing concentration of anti-HRP antibody, fitted
to a Hill-type adsorption isotherm. The experimental results are highlighted as red circles, and the
fitting is highlighted as the black coloured sigmoidal curve. Important parameters were able to be
obtained such as the Kp =59.20, and an N =1.34. ......uuriiiiiiii ittt e e et e e e e e e e e annaaeee s 59
Figure 29 - Uv-Vis analysis of the conjugation process of AuNPs for the formation of bioconjugates. The
figure shows a redshift of the spectra as the AuNSs radius’ increases, starting with the 11-MUA and 4-
MBA capped AuNSs in blue, following the conjugation with anti-HRP antibody in orange, and the full
bioconjugate in green, with a very small shift. There is a broadening of the spectra as the components
are added which can indicate that some aggregation is happening when proteins are added, most likely
caused by crosslinking @VENS [B8]. ....ccciiuiiiiiiiiei et e e e e ebee e s s sabe e e e e eareeas 60
Figure 30 - Enzymatic activity of full AuNS bioconjugates. An increase in activity can be observed from
a ratio of anti-HRP antibody:AuNS of 0 to 160, with an outlier at a value of 80, and a decrease in activity
from 160-420. The AuNS:Anti-HRP antibody ratio can be followed at the right side of the figure ...... 61
Figure 31 - Enzymatic activity of full AuNP bioconjugates. An increase in activity can be observed from
a ratio of anti-HRP antibody:AuNP of 0 to 60, with a possible outlier at the value of 50. The maximum
activity was reached at the ratio of 40 and the same activity value was shared by the ratio of 60. .... 62
Figure 32 - Normalized intensity of the Raman spectrum of nitrocellulose (orange) and the SERS
spectrum of 4-MBA and 11-MUA functionalized AuNSs (dark blue). The main lines associated with 4-
MBA are marked with the numbers 1 —1079 cm™ line, and 2 - 1587 cmM™ liN€. .veveeeeeeeeeeeeeeeeeeeene 63
Figure 33 — Schematic of the LFA and data attainment for the diagnosis of the relevant antigen, in this
(or: Y= T G L N 63
Figure 34 — Nitrocellulose membrane selection process. The LFAs are displayed on the left and, on the
right, the average pixel intensity difference between the test line and the background. .................... 64
Figure 35 - LFAs for sensitivity assessment, expressed in milligrams. The concentration was serially
diluted starting at 1.8 mg, on the left, to 1.8 ng to the second to last on the right. The rightmost LFA
represent the control sample with 0 HRP cONCENtratioN. .........ceeeeuiieeiciiiee ettt e 65
Figure 36 - Change in pixel intensity of test line and control line over the decrease in HRP concentration
in nanograms. Concentration was serially diluted starting at 1.8 mg on the left, to 1.8 ng. The rightmost
bars represent the control LFA, with a concentration of HRP 0f O........ccceeieeiiiieiciiieeeceee e, 65
Figure 37- Nitrocellulose membrane types and respective SERS signal. SERS signal was measured using
its integrated area (a.u.cm™) under the spectrum, with a baseline between 1560 and 1600 cm™...... 66
Figure 38 — Integrated area under the spectrum (a.u.cm™ of the SERS measurements performed on
LFA tests, with concentrations equal to those shown in figure 36........ccccceeeviiieeiiiee e, 67

14



15



List of tables

Table 1 — Z-Average DLS measurements results of the formation of the AuNP bioconjugates, with the
analysis of each of the conjugation steps. “F” indicates functionalised bioconjugates, with 11-MUA. 57

16



List of abbreviations

BCA - Bicinchoninic Acid

TBI — Traumatic Brain Injury

HSA - Human Serum Albumin

LFA - Lateral Flow Assay

AuNP - Gold Nanoparticles

AuNS - Gold Nanostars

AGE - Agarose Gel Electrophoresis

BSA - Bovine Serum Albumin

EDC - 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

SNHS - N-Hydroxysuccinimide

SERS - Surface-Enhanced Raman Scattering
GFAP - Glial Fibrillary Acidic Protein

HRP - Horseradish Peroxidase

MUA - Mercaptoundecanoic Acid

PBS - Phosphate Buffered Saline

PDI - Polydispersity Index

SPR - Surface Plasmon Resonance

UV-Vis - Ultraviolet—Visible Spectroscopy
DLS - Dynamic Light Scattering

LSPR - Localized Surface Plasmon Resonance
CT - Computed Tomography

MRI - Magnetic Resonance Imaging

LoD - Limit of Detection

LoQ — Limit of Quantification

17



ABTS - 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
KD - Dissociation constant

KPB - Potassium Phosphate Buffer

4-MBA - 4-Mercaptobenzoic Acid

11-MUA - 11-Mercaptoundecanoic acid
UCH-L1 - Ubiquitin C-terminal Hydrolase L1
NF-L - Neurofilament Light

AB - Amyloid Beta

BBB - Blood-Brain Barrier

ENS - Enteric Nervous System

CNS - Central Nervous System

POCT - Point-of-Care Testing

S1008B - S100 Calcium-Binding Protein B
T-tau - Total Tau

WHO - World Health Organization

ELISA - Enzyme-Linked Immunosorbent Assay



Symbols

A — Absorbance

Ap - Variations relative to the maximum mobility band
E - Strength of the driving field

E - Extinction molar coefficient

KD - Dissociation constant

V - Velocity

19



1.Introduction

1.1. Traumatic Brain Injury

1.1.1. Incidence

Traumatic brain injury (TBI) is one of the most important cerebral pathologies encountered nowadays,
contributing the most to death and disability than any other traumatic insult!. This disease, often
called the “silent epidemic”, is caused by receiving a bump, blow or jolt to the head or a penetrating
head injury that results in the disruption of normal brain function!?. Worldwide, TBI is estimated to
affect 64-74 million individuals, or around 759 per every 100.000 people. From those cases, the
majority of TBIl cases caused by road accidents is attributed to Africa and Southeast Asia.
Proportionately, low to medium income countries suffer 3 times as many cases of TBI as high income
countries, however the biggest incidence of TBI belongs to Europe and the United States of America
with 1012 and 1299 cases per 100.000 people respectively, in 2017, as can be seen in figure 1. In 2020
and 2021, there were approximately 214.110 TBI related hospitalizations and 69,473 TBI-related deaths
in the USA, not counting those that go unnoticed or are treated without hospitalization (in emergency
care or in ambulances, for example), according to the Centre for Disease Control (CDC)™.

Incidence of Traumatic Brain Injury Worldwide TBI Burden
by WHO Region el
58
79
EUR 93
wer. I 17
183
.0 5 1 15.0 0

Number of Cases/Year (in Millions) =

Incidence of TBI
from Road Traffic Collisions

Annual Incidence (per 100,000 people) Annual Incidence (per 100,000 people)

800 1,300 3200 530.0

Figure 1 - Map showing the incidence of TBI per 100 000 people, per World Health Organization region, on the left. Upper
right, estimation of volume of TBI cases annually across WHO regions. On the lower right, annual incidence of TBI, per 100 000
people, attributed to traffic accidents per WHO region. Reprinted from M. C. Dewan et al., ‘Estimating the global incidence of
traumatic brain injury’, J Neurosurg, vol. 130, no. 4, pp. 1080-1097, Apr. 2018.
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Even with some lack of information and study quality about TBI in low to medium income countries X,
it is possible to assess that this injury is a very much present around the world, leaving the injured with
major side effects like age-related neurodegenerative disorders such as Alzheimer’s disease and
chronic traumatic encephalopathy [5], which leads to long-term memory and cognition issues[6].

1.1.2. TBI types and symptoms

TBI can be separated into 2 broad categories of injury: penetrating and non-penetrating, with the
difference being whether or not the source of the injury penetrated the skull and entered the brain
tissue, damaging only part of the brain[7].

To further differentiate between TBI cases, it can be classified as mild, moderate, or severe based on
the effect of the injury on the brain:

Mild traumatic brain injury:

- Physical symptoms: traumatic brain injury which is characterized by physical symptoms
such as headache, nausea or vomiting, fatigue or drowsiness and dizziness or loss of
balance.

- Sensory symptoms: blurred vision, ringing in the ears, bad taste in the mouth, changes in
the ability to smell and sensitivity to light or sound.

- Cognitive, behavioural or mental symptoms: Loss of consciousness from a few seconds to
a few minutes, confusion or disorientation, memory or concentration problems, mood
changes and swings, depression and anxiety, difficulty sleeping or oversleeping.

Moderate to severe brain injuries:

- Physical symptoms: Loss of consciousness from several minutes to hours, persistent
headaches, repeated vomiting and nausea, convulsions or seizures, dilation of eye pupils,
clear fluids draining from the nose or ears, inability to wake up from sleep, weakness or
numbness in fingers and toes and loss of coordination.

- Cognitive or mental symptoms: profound confusion, agitation and unusual behaviour,
slurred speech and coma or other consciousness disorders.

In addition to all this, many complications can quickly arise after a traumatic brain injury which can lead
to problems such as strokes, permanent brain damage and even death[8].
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1.1.2.1. Diagnosis methods

When a concussion happens, it is necessary to get diagnosed as soon as possible. As the treatment is
based on the severity of the injury, it is necessary to know if it is mild or moderate to severe as mild
injuries are usually treated with over-the-counter headache painkillers and close monitoring for
worsening symptoms, while moderate to severe injuries need immediate emergency care as such
traumas are followed by secondary effects such as seizures, brain swelling, blood clots or brain bleeding

[9].

The diagnosis is usually made by imaging tests such as computerized tomography (CT) scan, where a
series of X-rays from different angles are used to create a detailed view of the brain[10], and magnetic
resonance imaging (MRI) that uses radio waves and magnetic fields to produce detailed images of the
brain [11]. These have secondary effects such as the use of radiation and/or contrast and low sensitivity
to diffuse brain damage in case of CT scans, or heating, inability to have magnetic prosthetics and other
limitations associated with MRI[12]. Furthermore, correct diagnosis of TBI severity is indispensable as
patients with seemingly similar TBI incurring injuries can have wildly different outcomes [13].

To avoid the lack of sensitivity of current diagnostic methods, the requirement of specialist handling or
the involvement of complicated and costly procedures, new ways of obtaining a point-of-care have
been investigated, such as the detection of biomarkers in biofluids[14].

1.1.3.Biomarkers for TBI

Biomarkers are, most simply, biological markers, indicators of the body’s response to medicine,
pathogens or any biological process happening inside the body that can be measured objectively and
accurately[15].

A number of biomarkers for TBI have been discovered throughout the years, with most of the data
being obtained by measurements in the cerebral spinal fluid (CSF), blood and some in saliva[13].
Currently, the known biomarkers related to brain trauma are as follows:

- S1008B, a calcium-binding protein, is widely expressed in the brain, in the most part by
astrocytes but also by other brain cells in much smaller quantities. When brain damage
occurs, this protein is released extracellularly, becoming available in the serum. Currently,
S100B is the most used protein for diagnostics, however its extra-astrocytic and
extracerebral expression limit is use in diagnostics [16].

- Ubiquitin C-terminal hydrolase-L1 (UCH-L1) is detectable within 1 hour of TBI, peaking at 8
hours after injury, with a half-life of 7-9hours, being expressed by neurons but also by cells
outside of the CNS (Central nervous system). It was capable of discriminating CT-Negative
from CT-Positive patients, however there are some reports that UCH-L1 was not capable
of distinguish healthy controls from patients with mTBI[17].

- Tau, a microtubule-associated protein located in the axons of CNS neuros. Plasma total Tau
(T-tau) values in plasma have been correlated with the outcome of repeated mTBI or
concussion and it has also been a good predictor of severe TBl outcome. However, T-tau
has been unable to differentiate CT-Positive from CT-Negative mild TBI cases[17].
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Neurofilament light (NF-L) is expressed in the long myelinated white matter axons of the
brain or peripheral axons. Studies made with this biomarker have shown that it has good
correlation between its early plasma levels and the outcome of patients with mild TBI,
showing that it can be a good biomarker for tracking neurodegenerative progress.
However, this protein takes between 10 days and 6 weeks to achieve its peak
concentration, making it difficult to use for point-of-care[17].

AB reflect amyloidogenic amyloid precursor protein metabolism and may be potential
biomarkers of axonal damage in TBI, however, plasma values have not shown good
capability of identifying CT-positive mild TBI cases or predicting the outcome of the mild
TBI[18].

GFAP, which will be the focus of the next chapter.

1.1.4. Glial Fibrillary Acidic Protein as a TBI biomarker

Astrocytes represent around 30-40% of the cells in the central nervous system (CNS), form an important
part of the blood brain barrier (BBB) and create interactions with many other cells in the nervous
system, including neurons[19]. GFAP is an intermediate filament-lll protein found solely in astrocytes
in the central nervous system (CNS), non-myelinating Schwann cells in the peripheral nervous system
and enteric glial cells in the enteric nervous system (ENS)[20]. When a brain injury which causes
astrocyte injury or death occurs, GFAP, which is not usually present in high concentrations in blood, is
more heavily secreted, which makes it ideal for use as a TBI identifying biomarker[12], as exemplified
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Figure 2- Impact of brain trauma on the blood brain barrier and example of the release of GFAP to the blood, caused by
astrocyte GFAP production and the disruption of the blood brain barrier. Figure made in BioRender.
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GFAP demonstrates some appealing characteristics for use as a biomarker, such as a high increase in
blood concentration in the range of 0-12h which is ideal for a point-of-care diagnosis, and higher half-
life time than the Tau and UCH-L1 proteins, as shown in figure 3. To further cement its promising aspect
as a TBI diagnostics tool, in a study of 2000 non-penetrating TBI, 66% of patients had a concentration
of GFAP in blood of over 22 pg/mL, with a test sensitivity of 0.976 and a negative predictive value of
0.996 [21]. In another study, GFAP had a better predictive capability of pathological head CT results
when compared to other biomarkers such as UCH-L1 and the current standard biomarker for TBI
diagnosis, SB100, with a sensitivity of around 0.9 and specificity of 0.64 in the 0-34h mark following
injury[22]. This protein was also capable of predicting CT abnormalities in older adults (>50 years old)
[23] where the basal GFAP production is higher when compared to younger patients. [24].
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Figure 3 — Approximate levels of TBI biomarkers over time and acuteness designation. Image taken from Hossain,
Niklas Marklund, Endre Czeiter, P. Hutchinson, and Andras Buki, “Blood biomarkers for traumatic brain injury: A
narrative review of current evidence,” Brain and Spine, vol. 4, pp. 102735-102735, Jan. 2024, doi:
https://doi.orq/10.1016/j.bas.2023.102735.

As we can see from the time frame where the protein in present in the blood, and also from the fact
that non-treated brain trauma can cause long-term consequences such as brain atrophy and increased
vulnerability to neurodegenerative disorders[5], a fast diagnosis tool is needed.

1.2. Lateral Flow Immunoassay (LFIA)

Lateral flow assays are a technology based on paper as a platform for the detection and/or
quantification of the analyte in complex mixtures, such as blood, urine or mucus, for example [25].

This technology has been steadily increasing in value over the years, having had a very big jump in
exposure and investment during the Covid-19 pandemic, and being projected to still increase during
the next few years [26]. This is due to their ease of use, the fact that they do not need to be refrigerated,
are low-cost in fabrication, are of easy transportation, do not need laboratory trained people to
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perform them and are usually easy to perform and to analyse, taking only a few minutes to display the
result [25].

These tests are usually composed of 5 to 6 elements, also exemplified in figure 4, and these are:

e The fiberglass pad, which acts as a filter to remove erythrocytes and large blood
components from the sample when working with blood samples, to avoid blocking the flow
on the membrane, usually placed on top of the sample pad when necessary.

e The sample pad, which is where the sample is going to be first absorbed into.

e The conjugate pad or conjugate release pad, where the sample with the biomarker will mix
with the pre-adsorbed nanoparticle and antibody conjugates, and then flow onto the
nitrocellulose membrane.

e The nitrocellulose membrane, where the test and control lines are prepared and where
the sample will flow through.

e The absorption pad, which will help with the capillarity of the system and the flow rate of
the sample.
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Absorption pad

i — Grap

Control line

Conjugation pad
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Sample pad

Flow direction

Created in BioRender.com biv

Figure 4 - Configuration of a sandwich type lateral flow assay for GFAP detection using gold nanostars covered with anti-GFAP
antibodies, 4-mercaptobenzoic acid (MBA) and mixed with a GFAP positive sample. The test line is composed of anti-GFAP IgG
for specific detection of GFAP, and the control line composed of anti-lgG antibodies for the detection of the AuNSs not bound
to the test line. Figure made in BioRender.

Lateral flow immunoassays can be separated into 2 different types of assays:

e Competitive, used for small analytes which donot have more than one antigen binding site.
An analogue of the target molecule is immobilized on the nitrocellulose membrane test
line, and, in the absence of the target molecule, the signalling tags will bind to the test line
and increase its signal. More target molecule in the sample, will produce a less intense
signal [27].
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e Sandwich, used for larger analytes with more than one antigen binding site, where
antibodies specific for the antigen are immobilized on the test line. The sample is mixed
with the signalling tags (in the work developed here, anti-GFAP antibody covered AuNSs)
and, in case of a positive signal, there will be the appearance of a coloured test line. If
negative, only the control line, composed of anti-Immunoglobulin G (IgG) antibodies and
antibody:AuNSs conjugates, will appear. The end result of this type of assay is exemplified
in figure 4[27].

The development of these tests is of high importance since, for the reasons mentioned before, these
make strong candidates for point-of-care (POC) use, as their implementation for detecting specific
antigens makes for a quick diagnosis tool in an environment where time efficiency is of upmost
importance.

1.2.1.IgG Antibodies

Antibodies are mainly composed of 2 parts, the constant region, which as the name suggests does not
vary inside the IgG antibody isotype, and the variable region, which changes from antibody to antibody
inside its isotype to be specific to its specific target antigen, as exemplified in figure 5. Due to this, an
anti-horseradish peroxidase (anti-HRP) model antibody was used to optimise the parameters, together
with the target antigen, peroxidase, in favour of anti-GFAP and GFAP antigen.

Light
Chain

-

Figure 5- Exemplification of an IgG antibody. This antibody is composed by two regions and 4 polypeptide chains, the heavy
chain where it encompasses two 50 kDa segments, and the light chain which encompasses two 25 kDa regions, for a total
molecular weight of 150 kDa.

Antibodies also can be separated into their constant region, identified by Cni, Cxz, Cuz and C, which do not change amongst
the IgG antibody isotype, and the variable region identified by Vs and V. which are the regions responsible for the identification
and binding to target antigens, varying between isotypes to achieve specificity.
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1.2.2.Current TBI POC diagnosis methods and Market analysis

Traumatic Brain Injuries Assessment Market was valued at USD 2.9 billion in 2023 and is expected to
continue to grow from 2024 to 2032. High market growth can be attributed to the ongoing
advancements in diagnostic technologies, increasing incidence of traumatic brain injuries, rising
geriatric population, growing number of sports-related head injuries, and escalating healthcare
expenditure, among other contributing factors. Moreover, development and adoption of portable and
point-of-care diagnostic devices, such as LFAs, are growing. These devices enable rapid, on-site
assessment of TBIs, which is particularly valuable in emergency settings, sports fields, and military
environments [28].

Currently, in the market, there are only three tools for TBI diagnosis:

e Abbott’s i-STAT TBI Plasma Test, a handheld biosensor that detects the TBI biomarkers GFAP
and UCH-L1 in plasma to determine the need for further CT scans, with a limit of quantitation
of GFAP = 47 pg/mL and UCH-L1 = 87 pg/mL and currently only commercially available POC TBI
diagnosis tool in Europe as of 2021, with pending regulatory processes for wider commercial
availability in the rest of the markets [29].

e Banyan Biomarkers - Banyan BTI, an ELISA based test which also detects GFAP and UCH-L1 from
a blood sample, approved in 2018. [30]

e Biomérieux VIDAS TBI, a benchtop diagnosis test, approved in 2023, also based on GFAP and
UCH-L1 which detects and quantifies these biomarkers in a blood sample within 40 minutes,
with a decisional cutoff value of GFAP= 22pg/mL and UCH-L1 = 327 pg/mL. This device is also
currently on marketed in Europe [31].

With each of these methods, there is either a need for specialized personnel to perform the assays, for
example, with the ELISA based test from Banyan Biomarkers or Biomérieux VIDAS" TBI benchtop
diagnosis test, or a need to acquire a specialized portable blood analyser for measuring plasma
samples, in case of Abbott’s method. With the development of easy to use and portable test, as is the
case with LFAs, we could strive for faster and cheaper TBI diagnosis, especially in developing countries
with less access to these diagnosis tools [32]. This could result in a shift from expensive diagnosis
methods to cheaper options, providing easier access for the general population while avoiding
unnecessary CT scans or MRIs.

1.3. Raman Spectroscopy

When radiation from the UV to the near infrared (NIR) interacts with a molecule, distinct types of
scattering can occur such as Rayleigh scattering, Stokes and Anti-stokes scattering, depending on the
energy (hv) with which the photon is released. Out of these types of scattering, Stokes is what matters
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the most for Raman spectroscopy as it is more common than Anti-Stokes and shows the inelastically
scattered photon with energy hv - AE.

Raman spectroscopy works by observing the change in energy between the incident and scattered
photons associated with Stokes and Anti-Stokes transitions and measuring the change in wavenumber
(cm™) [33], exemplified in figure 6.
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Figure 6- Energy level diagram showing the origin or infrared absorption, Rayleigh scatter, Stokes Raman scatter, and anti-
Stokes Raman scatter. Figure adapted from https.//chem.libretexts.org.

Since the Raman peaks frequency and intensity are dependent on the vibrational modes, which are
characteristic of the bond strength and atoms that contribute to them, this creates a unique fingerprint
for each molecule [34], which can be used to identify them in, for example, diagnostics tools, as is the
purpose of this work.

Furthermore, usually the frequency of this inelastic scattering is very low, causing the detection of the
molecules of interest to be somewhat difficult. It is due to this that another technique was
implemented, the surface enhanced Raman spectroscopy (SERS), which combines Raman spectroscopy
with nanotechnology and is further explained in chapter 1.5.1..

1.4. Nanoparticles

As defined by the European Chemicals Agency (ECHA), nanomaterials are chemical substances or
materials with particle sizes between 1 to 100 nanometres in at least one dimension. These objects
have been used for many years, dating back to the 4" century where these were used to colour
ceramics, glass windows and glass cups such as the Lycurgus cup, where a mixture of colloidal gold and
silver was used to cause a change in colour when it was illuminated from the inside or from the outside
[35].

This unique characteristic is due to the localized surface plasmon resonance (LSPR) phenomenon.
When a nanoparticle is irradiated with visible light, the oscillating electrical field causes the electrons
to oscillate accordingly, creating an imbalance in charges on the surface of the nanoparticle. This
imbalance causes a restorative force to happen, resulting in a well-defined resonance frequency, as
exemplified in figure 7. This LSPR directly correlates to the size, also changing with shape change and
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material of the nanoparticle, allowing us to cater their characteristics, such as colour, to the necessary

use. [36].
E-field Metal
sphere

e cloud

Figure 7 - Plasmon oscillation of the electrons when affected by a NIR light source, causing the displacement of the electrons
relative to the nuclei. Figure adopted from K. L. Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz, “The optical properties of metal
nanoparticles: the influence of size, shape, and dielectric environment,” “the ceJournal of Physical Chemistry. B, vol. 107, no.
3, pp. 668-677, Dec. 2002, doi: 10.1021/jp026731y.

1.4.1. Gold nanosphere synthesis

For obtaining gold nanospheres (AuNPs), these are most commonly obtained through the “bottom-up”
approach, with Turkevich proposing a synthesis protocol in 1951 [37] for the synthesis of AuNPs
through the reduction of HAuCl, with citrate in water. Since then, other authors have tried different
approaches, with Ojea Jimenez et al [38] developing a protocol capable of obtaining more finely tuned
sized AuNPs by altering the order of addition of the reagents, resulting in smaller AuNPs with a smaller
size distribution.

1.4.2. Gold nanoparticle functionalisation and bioconjugation
Nanoparticles, during and after their synthesis, are kept stable by maintaining a negative or positive
charge on the surface, given by the surface capping molecules such as citrate, which create a repulsion
that stops the particles in solution from aggregating. However, this small size creates high surface
energy which creates, in many cases, a non-desirable tendency to aggregate in order to lower this
surface energy, leading to a loss of their nanoscale effects [39]. To avoid this, during the synthesis and
to maintain their size, molecules such as citrate are added to adsorb to their surface and create a
negative energy around these, promoting a repulsion effect between them and delaying their
aggregation [40]. However, citrate is not a strong stabilizing agent, needing to be replaced by capping
agents such as polyethylene glycol, 11-mercaptoundecanoic acid (11-MUA) or proteins [41]. These
serve as stabilizing agents, altering the surface charge of the AuNPs to promote repulsive forces or
causing steric hindrance between them.

Gold nanoparticles can be conjugated with a targeting component, such as an antibody, to create a
targeted effect. This bioconjugation can be either non-covalent, where the protein passively adsorbs
to the surface of the gold nanoparticle through either the charge or the thiol groups, or covalently,
where a chemical treatment is applied to bind the conjugating component to the functionalisation
agent[42]. Covalent conjugation is usually obtained through the commonly used method of EDC [1-
ethyl-3-(3-dimethylaminopropyl)  carbodiimide  hydrochloride] and sulfo-NHS  (N-hydroxy
sulfosuccinimide), where EDC is first used to create an amine reactive group, o-Acylisourea, which, due
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to its short lifespan and high self-hydrolysis rate, is coupled with SNHS, which reacts with the previous
group to create a stable amine-reactive ester, as shown in figure 8.
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Figure 8 - Bond formation mechanism for the reaction between EDC and SNHS to form a stable amine reactive group.
This covalent bonding mechanism enables a stronger and more efficient conjugation than a simpler surface adsorption
to a gold surface, in exchange for a higher fabrication cost.

1.4.3. Gold Nanostars (AuNS) and Swurface-Enhanced Raman
Spectroscopy (SERS)

Gold nanostars are remarkably interesting structures since, not only do they have the typical
characteristics of nanoparticles such as the LSPR, the biocompatibility of gold, but they also are
synthetised with tips on top to increase the Raman signal of the molecules, enabling SERS detection of
analytes in low concentrations.

SERS, much like Raman spectroscopy, is a vibrational spectroscopy technique employed to enable the
extremely sensitive detection of analytes in low concentrations, since as previously mentioned, Raman
spectroscopy has an inherently weak signal. SERS is a technique which focuses on the enhancement of
the signal through two ways: electromagnetic enhancement (EM) and chemical enhancement (CM).

Chemical enhancement happens when there is direct interaction between the adsorbed molecule and
the metal surface, resulting in the increase in the Raman cross-section. When adsorbing to the metallic
structure, the molecular orbitals of the adsorbate interact with the orbitals of the metal and allow for
electrons transfer between these two (a charge-transfer state), effectively changing the electronic band
structure of the molecule and making accessible new electronic states. If these new electronic states
cause a change in the frequency and it gets closer to the incident laser excitation frequency, the cross-
section of the molecule is increased, creating a resonance and increasing the Raman signal [43], [44].

Electromagnetic enhancement is the most common type of enhancement in SERS and usually agreed
upon as being the strongest of the two. This enhancement results from the amplification of the Raman
signal from the molecule by interaction with the surface under plasmon excitation. When the particle
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is much smaller than the incident wavelength, there is a creation of a LSPR, with a unique vibrational
frequency. The incident light resonates with the dipole created at the particle and the electrical field
intensity of the molecule will be greatly enhanced at that frequency due to the collection oscillation of
the SPRs of these metallic particles. This enhancement is stronger at the gaps or junctions of the metal
particles due to the creation of “hot spots” which cause a stronger electrical field enhancement, as
pictured in figure 9 [45], [46], [47]
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Figure 9 - Local field enhancement maps calculted for a gold nanostar at the maximum SPR intensity, showing an accumulation
of energy at the tips of the particle. Figure adopted from Amendola, V., Pilot, R., Frasconi, M., Marago, O. M., & lati, M. A.
(2017). Surface plasmon resonance in gold nanoparticles: a review. Journal of Physics: Condensed Matter, 29(20), 203002.
doi:10.1088/1361-648x/aa60f3

By employing nanostars in the detection of molecules of interest in low amount, such as is the case for
diagnostics tests, the presence of tips on the surface on nanostars causes a hotspot effect, an
accumulation of electromagnetic fields which cause an enhancement of the raman signal when in close
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proximity of other metallic tips, with an enhancement factor typically around 10*to 10® depending on
the nanostructure [43], [48].

1.5. Surface-enhanced Raman  spectroscopy as an
ultrasensitive detection technique for lateral flow
immunoassay

By combining the ease of use, low development cost and easy storage of a lateral flow immunoassay
with AuNSs, we can obtain a faster diagnosis method in a lateral flow immunoassay test and, by
combining it with the SERS technique, a higher sensitivity than a normal LFIA can when using the more
common AuNPs and other quantitative methods such as colour intensity analysis.

Several authors have developed similar LFIAs, such as Fu, X et al [49] for the detection of HIV-1 DNA up
to 8 pg/mL, by utilizing AUNP conjugated with complementary HIV-1 DNA using malachite green
isothiocyanate (MGITC), or Liu, X et al [50] who, with the use of the raman reporter 5,5'-dithiobis-(2-
nitrobenzoic acid) (DNTB), managed to develop a LFA with limits of detection of 2pg/mL and 23 pg/mL
for two different Sars-CoV-2 proteins.

By using a novel detection method based on 4-mercaptobenzoic acid (Raman reporter) covered AuNS
for SERS signal enhancement, we hope to be able to achieve a low limit of detection (LOD) in order to
be to enable the use of these tests as a mild TBI diagnostic tool, and avoid the need for CT scans or MRI
for every patient in need of these, increasing the speed of patient triage while also lowering the amount
of missed diagnosis, as is a common occurrence in the medical field when diagnosing cases of mild TBI.

1.6. Objectives

Traumatic brain injury is one of the biggest causes of brain injury in the world, leading to
neurodegenerative diseases like Alzheimer’s and cognitive issues. On top of that, mild cases of TBI are
missed fairly often, about 8 out of 10 cases [39], leading to possible complications on cases which CT
scans or MRI were not able to diagnose. With this in mind, due to its ease of use and no need of trained
personnel, the lateral flow immunoassay comes as a good response to the need of a faster method of
diagnosis.

By developing a more sensitive way of detecting the biomarker of interest GFAP, through the use of
gold nanostars conjugated with anti-GFAP antibodies, coupled with the Raman tag 4-mercaptobenzoic
acid to obtain an ultrasensitive, quantitative SERS based TBI analysis (to contribute to diagnosis)
diagnosis method, as exemplified in figure 10, we hope to answer the need for a more sensitive method
for correctly identifying mild TBI through the use of a sandwich lateral flow immunoassay. Mixing this
ultrasensitive method for catching GFAP in blood samples with the ease of use, storage and quickness
in getting results associated with lateral flow assays created an optimal platform for TBI diagnosis.
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Figure 10 - Schematic for quantitative detection of traumatic brain injury using a lateral flow assay coupled with
SERS technology, for a quick and quantitative diagnosis method. Figure made in BioRender
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2.Material and methods

2.1. Gold nanosphere synthesis

All glassware and magnetic stirrers used were previously washed with a solution of aqua regia, a 1:3
mixture of concentrated nitric acid (65%, Panreac AppliChem, Gatersleben, Germany) and hydrochloric
acid (Honeywell Fluka — Thermo Fisher Scientific, Waltham, USA). This mixture allows the dissolution
of noble metals and other inert metals, this way avoiding the creation of nucleation points for the
growth of nanoparticles [53]. All materials were then washed with ultrapure water until pH 7 was
established.

Firstly, we proceeded with the synthesis of gold nanospheres, which was done according to the
protocol described by Ojea Jimenez et al [38], a modified version of the classic gold nanoparticle
synthesis protocol described by Turkevich et al [37] to obtain smaller and better size distributed
nanoparticles. A volume of 98mL of ultrapure water was added to a 2 necked round bottom flask and
put under heating and stirring under reflux to maintain total reaction volume. Next a volume of 2 mL
of trisodium citrate (= 99%, 343 mM, Sigma-Aldrich, St. Louis, MO, USA) was added to the flask and
kept away from sunlight with aluminium foil. After bringing the solution to a boiling, 69.2 uL of a 1.445
M HAuCl, solution (30 wt. % Au (Ill) chloride in dilute HCI, Sigma-Aldrich, St. Louis, MO, USA) were
added to start the gold reduction reaction. After 5 minutes, the heating, reflux and stirring were
stopped so that the reaction could stop and cooled down to room temperature. Finally, the AuNPs
solution was filtered by a 0.22 pum syringe filter (GVS North America, Sandford, USA), covered in
aluminium foil and stored at 4°C until further use.

2.2. Bicinchoninic acid assay for total protein determination

The bicinchoninic acid (BCA) assay, first described by Smith et al[54], is a protein determination method
based on the reduction of Cu?* to Cu* under alkaline conditions, by interaction with proteins. The
created Cu* then reacts with the BCA and changes the previously green coloured solution to an intense
purple colour, with an absorbance maximum at 562nm, which can be measured by use of a
spectrophotometer. By creating a calibration curve using standard protein solutions, one can obtain
the amount of protein present in an unknown recipient. For the standard curve, a protein standard BSA
was used (= 98%, Sigma-Aldrich, St. Louis, MO, USA) with a series of dilutions of known concentrations,
from 0 to 30 ug/ml™. The working reagent was prepared by mixing 50 parts of BCA solution (Sigma-
Aldrich, St. Louis, MO, USA) with 1 part of copper (Il) sulphate solution (Sigma-Aldrich, St. Louis, MO,
USA). The unknown concentration samples were prepared with dilutions according to the expected
values, in this case two dilutions were prepared (1:10 and 1:20). A volume of 10 pL of each solution
(standard and unknown) were added in each tube with 1000 pL of working reagent and vortex. These
solutions were incubated according to the standard protocol at 37°C for 30 mins. The samples were
cooled down to room temperature for 10 min. Afterwards, absorbance at 562 nm was measured for all
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the solutions. Through the plotting of BSA standard vs its concentration in pg-mL? it was determined
the protein concentration of each unknown sample.

2.3. Gold nanoparticles functionalisation and characterization

To achieve the full coverage of the nanoparticles, these were incubated with 11-mercaptoundecanoic
acid (11-MUA) (Sigma-Aldrich, St. Louis, MO, USA) at a molar ratio of 1:2500 AuNPs to MUA, as
previously optimised in the lab. For this, the functionalization was performed as follows: first, a solution
of 10mM of 11-MUA was prepared in ethanolic solution (299%, Honeywell, Riedel-de Haén). The
desired amount of AuNP solution was measured, placed on a stirring plate and the correct amount of
11-MUA at 10mM was pipetted as to achieve the 1:2500 molar ratio while stirring vigorously. The
solution was allowed to stir for 15 minutes, as to achieve an homogenized solution before being placed
at 4°C for 18 hours, as to ensure a complete formation of a monolayer. The solution was then
centrifuged at 15000rcfs for 20 minutes in an ultracentrifuge (Beckman Optima LE-80K, California, USA)
3 times, as to remove all excess 11-MUA.

24. Gold nanoparticle  protein  conjugation and
characterisation

Due to the difference in morphology and size, gold nanospheres and nanostars need to be handled
differently during their conjugation procedures.

Gold nanospheres: For the conjugation of Anti-Horseradish peroxidase antibody (Sigma-Aldrich,
Antibody produced in rabbit, P7899) onto gold nanospheres, we started with 11-MUA functionalised,
12nm AuNPs. These antibodies were covalently bound to the carboxyl end of the 11-MUA with
recourse to the commonly used EDC-SNHS treatment, where the EDC will react with the carboxyl
group, creating the unstable, amine reactive, intermediate o-Acylisourea, which is stabilised by the
SNHS, originating a stable, amine reactive intermediate molecule, capable creating a peptide bond with
amine groups present in solution. A solution of AuNPs was prepared in MES buffer, at pH 6.5, at 10mM.
Next, a fresh solution of EDC and SNHS were prepared in water at 5 mM each and pipetted into the
previous solution for a final concentration of 0.06(6) mM and 0.13(3) mM, respectively, as previously
optimised in the lab[55]The solution was left incubating for 15 mins on a shaker (Gallenkamp Orbital
Shaker Incubator, Cambridge, United Kingdom). After incubation, the solution was centrifuged at 15000
rcfs for 20mins at 4°C for washing of non-bound EDC and SNHS and resuspended in KPB 2mM, pH 7.4.
Afterwards, the optimized amount of protein for full coverage was added for a final antibody to AuNP
molar ratio of 50 and left incubating for 1.5h at 4°C on a shaker. Afterwards, the solution was washed
by centrifugation at 9500rcfs, 10 mins at 4°C, incubated with BSA at a BSA to AUNP molar ratio of 350
for 1.5h on a shaker, at 4°C. The solution was then washed once more, at 9500 rcfs 20mins, to remove
non bound BSA, and resuspended in KPB 2 mM, pH 7.4, ready to be used.

Gold nanostars: For the conjugation of Anti-Horseradish peroxidase antibody onto gold nanostars, we
started with 4-MBA(Sigma-Aldrich, St. Louis, MO, USA) functionalised, 60-100 nm AuNSs. These
antibodies were physiosorbed onto the AuNSs at a molar ratio of antibody to nanoparticle of 160 by
incubating overnight (12-18h) in KPB 2mM, pH 7.4 at 4°C on a shaker. Next, BSA was added at a molar
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ratio of 350 BSA to AuNS and incubated for 1.5h at 4°C on a shaker. Finally, the solution was centrifuged
at 1200 rcfs for 20 mins at 4°C and storedat the same temperature, ready for use.

2.5. Peroxidase enzymatic activity assay

To confirm the increase in anti-peroxidase antibodies adsorbed or covalently bound to the
nanoparticles’ surface, these were incubated for 20 minutes with an molar ratio of 5x the previously
mentioned optimal antibody to nanoparticle ratio, at 4°C on a shaker.

Gold nanospheres: After incubation, these were centrifuged at 8000 rcfs for 15 mins at 4°C and
resuspended in KPB 2mM at pH 7.4. This process was repeated 3 times to wash most of the free
peroxidase in solution.

Gold nanostars: After incubation, these were centrifuged at 1200 rcfs for 10 mins at 4°C and
resuspended in KPB 2mM at pH 7.4. This process was repeated 2 times to wash most of the free
peroxidase in solution.

Next, a protocol adapted from Sigma-Aldrich was employed. A solution of 9.1mM of ABTS was prepared
in a solution of 100mM potassium phosphate monobasic at pH 5 and each sample’s activity was
measured by pipetting 950uL of this solution, 34 pL of hydrogen peroxide at 0.3 % (v/v) and 17pL of
the peroxidase incubated bioconjugates. The solution was quickly mixed by inversion and the reaction
measured on a UV-Vis equipment (UV-Vis spectrophotometer Cary 50 Bio, Varian®, San Francisco, CA,
USA). The reaction of ABTS oxidation, catalysed by the peroxidase, which is characterised by the change
in ABTS from light green to dark green, was measured for 3 min at a wavelength of 405 nm, which
corresponds to the absorbance maximum of the oxidized ABTS.

To calculate the units of active enzyme, the following equation 4 was used:

(sample slope — blank slope) * Vf x FD

Unit lid™! =
LS ¥ mg sot & x enzyme (ul)

(1)

Sample slope — Maximum linear rate

Blank slope — Maximum linear rate of the blank sample
Vf — Final volume in the cuvette

FD — Dilution factor of the enzyme sample

€ — Molar absorptivity for oxidized ABTS at 405 nm, 25°C = 36.8mM 1 * cm?

2.6. Gold nanoparticle characterization
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2.6.1. Colloidal stability

The colloidal stability of both the AuNPs and AuNSs was assessed by increasing the concentration of
salt and following the shift of the SPR peak, as well as the ratio between the absorbance at the SPR
peak and the absorbance at 600nm for AuNPs and 800nm for AuNSs. The necessary amount of NaCl
solution was added to each solution (AuNPs and AuNSs) in order to achieve the following
concentrations: OmM, 10mM, 25mM, 50mM, 100mM, 150mM, 200mM and 250mM for AuNP and
O0mM, 40mM, 80mM, 100mM, 150mM and 200mM for AuNSs, to a final volume of 1mL. The effect on
both the AuNPs and AuNSs’ stability was followed by UV-Vis spectra analysis after NaCl addition, at
room temperature.

The AuNPs stability was also assessed by varying the pH of the solution, from 1.6 to 10.8, by addition
of 750uL of KPB buffer solution, at the correct pH, to 250uL of AuNP solution, with the effect on the
increase of the absorbance at 600 nm, and general loss in absorbance being followed by UV-Vis spectra
analysis.

2.6.2. Dynamic light scattering

Dynamic light scattering (DLS) is a technique that is capable of determining the size distribution of
nanoparticles in solution by analysing changes in scattered light, while also informing about the
sample’s degree of polydispersity. Measures were performed in a SZ-100 Nanopartica series (Horiba,
Japan) with a 4mW He-Ne laser (532nm) fixed at a 90° scattering angle.

The nanoparticle or bioconjugate solution was diluted until it showed little variability between
measurements. Each sample was then measured 7 times at 25°C in a polystyrene, 1mm pathlength
Cuvette.

Both the Z-Average and peak average were calculated, using the diameter x the frequency for each
measure of peak average, with the standard deviation being calculated from these averages.

2.6.3. Agarose gel electrophoresis

Agarose gel electrophoresis is a techniques which consists in separating the samples by size and charge.
Agarose gels were manually cast by weighting agarose (UltraPure™, Invitrogen, Thermo Fisher
Scientific, Waltham, USA) and mixing it into 1:8x Tris-Acetate-EDTA (TAE) buffer at pH 8, as to obtain
concentrations of 0.3% w/v or 0.5% w/v, for nanostars or nanospheres, respectively. This solution was
heated up to 85°C until the agarose was fully dissolved, allowed to cool down for a few minutes until
being able to be poured onto a gel tray (mini-sub cell GT, Bio-Rad, Portugal) with a tooth comb. The gel
was then placed in the fridge 4-C to speed up the solidification process for 1 to 2 hours.

When ready, the gel was put in an agarose gel electrophoresis system, immersed in 1:8x TAE buffer at
pH 8 and the comb removed.

The bioconjugate samples were centrifuged at 1200 rcfs for 20 mins for AuNS bioconjugates, and 9500
rcfs for 10 mins for AuNPs, the supernatants were discarded, and the samples were resuspended in
10ulL of KPB 5mM, pH 7.4 with 15% glycerol. 10uL of each samples were pipetted onto each well and
the gel was run at 80V until a good separation of the bands of each well was achieved.
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After the run, a photo of the gel was taken and analysed with the Imagel software
(https://imagej.net/ij/), with the most intense pixel being chosen during image analysis.

2.6.4. UV-Vis spectroscopic characterization

The characterisation of AUNPs was through ultraviolet-visible spectra (UV-Vis spectrophotometer Cary
50 Bio, Varian®, San Francisco, CA, USA), which was performed using polystyrene cells with 1cm optical
pathlength, in a range of 350 to 700 nm in a UV-Vis spectrophotometer. According to the correlation
between the AuNPs diameter and the extinction coefficient (€450 nm) established by Haiss et al. [56],
the diameter and concentration of the NPs were determined. This characterisation allows us to analyse
the LSPR band of AuNPs which correlates with the colloidal stability, average size and concentration of
AuNPs.

According to Haiss et al.,, it is possible to determine the diameter of gold nanospheres, between 5 and
100nm, based on the ratio between the absorbance maximum (A.spr) and the absorbance at 450 nm
(Ass0), according to equation 1:

2.998*(‘}55"0’?)
4

Diameter = 0.112e

(2)

With the average diameter of AUNPs determined, the molar extinction coefficient may be calculated
for this size through the following equation 2:

In g459 = 3.0869 * Indiameter + 10.869

With the molar extinction coefficient having been calculated, it is possible to apply the Lambert-
Beer[57] equation to calculate concentration of AuNPs in solution.

C = A450 * optical pathlength * Dilution factor

€450

(3)

2.7. Lateral Flow assay

All assays and optimizations were made using nitrocellulose membranes from Advanced
Microdevices, India, and all absorption pads were a gentle offer from Ahlstrom, Finland. Both
nitrocellulose membranes and absorption pads were cut in 4mm wide strips and turned into
dip sticks.
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2.7.1. Nitrocellulose membrane selection

The CNPH line of nitrocellulose membranes (mdi Membrane Technologies, India) was selected due to
its high adsorption of protein onto the nitrocellulose membrane, allowing for an easier adsorption of
the control and test lines onto the dip stick.

Nitrocellulose membrane selection was performed by preparing a 4mm wide dip stick, immobilizing
2ul of 2.2 mg/mL anti-peroxidase antibody and 2uL of anti-IgG antibody onto each membrane to be
tested, consisting in CNPH 70, CNPH 90, CNPH 150 and CNPH 200, where the number represent the
pore size in um, and finishing the dip stick with a 4 x 10 mm piece of absorption pad, grade 238
(Ahlstrom, Finland).

2.7.2. Running sample preparation

10uL of the bioconjugates were mixed with the appropriate amount of peroxidase and incubated for
20 minutes. Afterwards, 10uL of the solution were mixed with tween-20 for a final concentration of
0.05% and a PBS, pH 7.4 and BSA solution, for a final concentration of PBS 1x and BSA 1mg/mL.

2.8. SERS measurements

SERS measurements were performed using a Renishaw inVia Qontor micro-Raman spectrometer
equipped with an air-cooled CCD as detector and a He—Ne laser operating at 32 mW of 632.81 nm laser
excitation. Before each day, the equipment was calibrated using a silicon wafer at 520.7cm, the slits
were auto-adjusted, and the measuring angle was optimized by auto-adjusting to a gaussian curve.
Each sample was focused with either a 20x or 50x Leica objective lens (N Plan EPI) of numerical aperture
of 0.12. Single measurements, taken in triplicate on the test line, above and below, with an exposure
time of 5 seconds, accumulation time of 7 seconds and laser power of 20%. The data was collected
using a WIRE 5.6 software and processed using the same software and the SpectraGryph software,
calculating the integral area of the 1587 cm™ line of the 4-MBA, between 1560 and 1590 cm™.
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3.Results and Discussion

3.1. Nanoparticle synthesis, functionalization and characterization
To start working for the LFA final goal, first it was needed to obtain nanoparticles to work with. Two
types of nanoparticles were used in this thesis: gold nanospheres and gold nanostars.

In a synthesis, citrate is initially used to regulate the size of the formed nanoparticles , however it is not
enough of a stabilizing agent to avoid agglomeration of the nanoparticles, due to them having highly
reactive surfaces. Therefore, two capping agents were employed: 4-MBA and 11-MUA, with structures
present in figure 11. These adsorb to the gold surface due to the presence of a thiol group, and are
used to increase stability by providing a higher charge, promoting electrostatic repulsion between
nanoparticles, or causing steric hindrance, making it more difficult for them to win over the repulsive
forces stopping aggregation[58], [59]. On top of this, some capping agents may have other functions,
such as the 4-MBA, a Raman active molecule which enables the detection of the AuNSs by the Raman
signal given, functioning as a label.

a) b) O
O

)_L OH

HSCH,(CHz)sCHz ™ "OH

Figure 11 - Molecular structures of the functionalization agents: a) 11-MUA and b) 4-MBA.

For gold nanospheres (AuNP), the protocol used was the one published by Ojea Jimenez et al [38], in
order to get better control of nanosphere size when compared to the standard Turkevich approach
[37]. The protocol was followed with success, with a visible colour change from yellow, to black and
then to red as expected when synthesizing gold nanospheres. For further confirmation of the success
of the synthesis, the SPR maximum was assessed by UV-Vis and the size distribution by DLS.

For gold nanostars (AuNS), the synthesis of these was not performed at the Nanobiotechnology lab at
Nova FCT, instead they were synthesized and provided by a collaboration with Dr. Maria Enea at the
laboratory of Prof. Euldlia Pereira, at LAQV/REQUIMTE and the Department of Chemistry and
Biochemistry of the Faculty of Sciences, University of Porto, together with their DLS and Zeta potential
characterization. These AuNS were also functionalized at the same place, firstly using only 4-MBA and,
after noticing low stability when working with these, a 1:1 mixture of 4-MBA and 11-MUA to provide
additional stability to these nanoparticles. After arrival, UV-Vis and DLS measurements were taken the
same way as the gold nanospheres.™

3.1.1. UV-Vis analysis

Nanoparticles, due to their optical properties related to size, as explained in section 1.4, shown an
absorbance maximum (Aaser) that is characteristic of their composition and diameter. When
aggregation occurs, their effective size increases, leading to a loss in absorbance at the initial Aspr and
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an increase of absorbance at higher wavelengths, called a red-shift [60]. To follow this change, the
wavelength of 600 nm was chosen for AuNPs, and 850 nm for AuNSs, based on the previous obtained
results. To follow this phenomenon, aggregation was quantified by the ratio of Agoo/Arser for AuNPs,
and Asso/Anser for AUNSs.

To assess whether the nanospheres were properly synthesized or not, a UV-Vis spectrum was taken, as
shown in figure 12. As expected, the absorbance maximum was around the 517 nm with a well-defined
single peak and Asoo/Axser Of 0.241, which shows a low absorbance at higher wavelengths than the Aiser,
indicative of low amounts of aggregation. The LSPR peak was lower than both methods showed in [38],
showing that these AuNPs are smaller than the ones obtained by the authors.

According to the equations 1,2 and 3 as described by Haiss et al, we can estimate the diameter and the
concentration of the nanoparticles in solution, with the diameter of the nanospheres in figure 8 being
of 11 nm.
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Figure 12 - UV-Vis spectrum of non-functionalized gold nanospheres, with the Aispr = 519 nm. It is also possible to conclude
that a low number of aggregates were formed by the low absorbance of the nanospheres at higher wavelengths.

The UV/vis spectrum of nanostars functionalized with 4-MBA and 11-MUA, shown in figure 13, reveals
a small shoulder at 520 nm, like the A.spr Of the gold nanospheres. This can be attributed to the core of
the nanostars in solution, which also contributes to the higher wavelength Aispr [61]. However, as the
main difference of the nanostars to the nanospheres, visible in the Uv-Vis spectrum, is the appearance
of an Aiser at around 811 nm. This is the result of the contribution of the plasmon modes of several tips
present in these anisotropic structures, together with the core, which hybridize[62] to form the
spectrum shown in figure 13.
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Figure 13 - UV-Vis spectrum of 4-MBA and 11-MUA functionalized gold nanostars. 1- A relative peak at around 520 nm,
corresponding to smaller seeds which did not grow to form tips at their surface. 2 - An absolute peak at 811 nm, corresponding
to the tipped nanospheres (AuNSs). This LSPR peak corresponds to the sum of the contribution of the core and each different
tip on the surface of the nanostar.

As we can see by the spectrum, the Aispr at around 811 nm is within the 736-832 nm wavelength range
necessary for maximum SERS enhancement for gold nanostars with 8 spikes[61]. With this, the
characterization and conjugation were continued to study the stability and formation of the
bioconjugates for SERS detection in the LFA format.

3.1.1.1. Functionalization of gold nanospheres

Next, to further increase the stability of the AuNPs, these were incubated with a 11-MUA ethanolic
solution. The objective was for the sulphur group of 11-MUA to bind to the gold surface, leaving free
carboxyl groups at the AuNP surface, available for the EDC/SNHS covalent bonding step.

The successful functionalization of the nanoparticles was followed by a change in the UV-Vis spectrum,
since the replacement of the labile capping agent (citrate) by 11-MUA molecules will cause a change in
the refractive index and, consequently, a shift to higher wavelengths [63]. For 11-MUA, the shift is
usually around 4 nm for 11 nm gold nanospheres, as previously obtained in works in the same lab,
which is in line with the obtained results, shown in figure 14.
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Figure 14 - UV-Vis spectra of citrate capped AuNPs and 11-MUA functionalized AuNPs. A 4 nm redshift can be detected,
supporting the replacement citrate by 11-MUA at the AuNP surface.

3.1.1.2. Colloidal stability of gold nanoparticles

To study these nanoparticles’ ability to resist aggregation and, therefore, their stability, increasing
concentrations of salt were added, and the shift of their size specific LSPR and loss of absorption
derived from this redshift was followed by UV-Vis.

Both gold nanospheres (figure 15), and gold nanostars (figure 17) were incubated with increasing
amounts of NaCl to assess the degree of colloidal stability of the nanoparticles, measured by the Ajiser

:Acoo for AuNPs and Axiser :Asso for AuNSs.
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Figure 15 - Evolution of the spectra of AuNPs with the increase of salt concentration, from 0 mM to 250mM. The AuNPs, as
seen in the figure, stay stable until 50 mM.

In figure 15 we can see spectra shifting right, as salt concentration increases, an indicator of the
increase on size of the nanoparticles derived from the loss of the negative charge, by the addition of
salt. In figure 16, aggregation ratios are represented as a function of salt concentration and it is possible
to see that the AuNPs stay stable until about 50mM of NaCl concentration, with a slight increase when
incubated with the concentration of 100mM, after which the formation of aggregates increases rapidly.
This shows a need to stabilize them further since, for the lateral flow assay, the running buffer will be
phosphate buffer saline (PBS) with an NaCl concentration of 137mM to avoid non-specific interaction
on the test line. The increase in stability will be given by bovine serum albumin (BSA), which will be
discussed further ahead.
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Figure 16 — Aggregation ratio of 11-MUA functionalized gold nanospheres, calculated by Asoo: Arser. The AuNPs remain stable
until a concentration of 50-100 mM of NaCl.

The same process to assess colloidal stability was done for AuNS functionalized with 4-MBA. These
were incubated with increasing concentrations of NaCl and the resulting decrease in absorbance at the
Aispr Was followed by UV-Vis, with a change in solution colour from a dark blue/black to transparent,
signifying a redshift from the Aspr to the infrared, as can be seen in figure 17.
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Figure 17 — Colloidal stability of 4-MBA AuNSs, at t=0, with increasing concentration of salt, from 0 mM to 200mM.

By looking at figure 18, it is possible to say that these AuNSs stay stable until a salt concentration of 40
mM, showing to be less stable than the AuNPs at the same salt concentrations. This stability issue was
also seen when utilizing other buffers such as KPB at over 5mM would lead to aggregation, leading to
difficulties when forming the bioconjugates for the LFA. The stability issues lead to a reformulation of
the AuNSs, changing the functionalization agent from 4-MBA to a 1:1 mixture of 4-MBA and 11-MUA,
as 11-MUA is a widely used functionalization agent and appears to impart increased colloidal stability
to the AuNSs than 4-MBA. This is most likely due to 11-MUA’s higher molecular weight ( 218 g/mol)
causing higher steric hindrance than 4-MBA ( 154 g/mol) capable of aiding the stability of the particles
[59], with this mixture being already reported as an aide for stability in enzyme immobilization on
AuNPs surfaces [64].

48



1.04

o
= 1.02 ° L]
o
)
-
é 1
S °
e
< 0.98
>
S
I= 0.96
c
=
b 0.94
0
e8]
o ¢ °
<< 0.92
°
0.9
0 50 100 150 200 250

[NaCl] mM

Figure 18 — Aggregation index for AuNSs with increase of salt concentration. It is possible to see that the AuNSs are stable until
40mM of NaCl, where after a big jump happens towards higher aggregation indexes, starting at 80mM of NaCl, indicating a
lack of stability at concentrations higher than 40 mM of NaCl.

3.1.2. Dynamic light scattering

To further characterize the synthetized AuNPs and the AuNSs, their size and zeta potential were
assessed by measuring on an ELS (Electrophoretic Light Dispersion) equipment.

The average hydrodynamic radius (Ru), calculated by Z-Average, for AuNPs was obtained at 30.5 + 13
nm as well as a polydispertion index (PDI) of 0.145 + 0.106. The obtained Z-average size value is higher
than the expected size value obtained from the equation for size calculation, proposed by Heiss et al.
This size was considerably higher than the average peak size, which resulted in a size of 13.3 + 2.5 nm,
possibly meaning that there are 2 components in play in these measurements, a small and a large one
probably composed by non-filtered aggregates, buffer components or specs of dust. This could result
in a deviation towards higher values when analysing the sample through Z-average [65]. However, Z-
average was continued to be used as it is considered the more robust analysis method (ISO
22412:2017).
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The Ry of AuNSs were measured in Porto using a Malvern Zetasizer for an average of 100.65 nm + 1.26
nm. The zeta potential was measured in the same machine, obtaining a value of -27.9 mV £ 0.65 mV,
over the course of 5 measures.

The obtained PDI for the measures was around 0.285 + 0.004 , which, as mentioned before, is an
indicator of some size distribution in the sample. This higher PDI can be attributed to the measure of
anisotropic structures that are the gold nanostars, since the difference in number of tips and their size
can lead to the increase of the measured polydispersity.

3.1.3. Conjugation of gold nanoparticles

As the final objective of this work is to obtain SERS, which are AuNSs capable of identifying the target
antigen in a running lateral flow assay tags to quantitatively and qualitatively identify TBI, these needed
to be first conjugated with a SERS active molecule, 4-MBA, a target identifying molecule, the antibody,
and a stabilizing molecule which is the BSA, as exemplified in figure 19. At the same time, AuNPs were
also treated to achieve the goal of qualitatively identify TBI, as an alternative to AuNSs. For this, each
step needed to be studied and optimized to ensure a low cost of the final product.

4-MBA +
11-MUA

e

BSA

Anti-GFAP

—

EDC/SNHS
11-MUA +Anti-GFAP

=

Figure 19 - Exemplification of the steps to develop the SERS tags with the AuNS (top) and spherical probes (bottom) for TBI
diagnosis. AuNS (top) were functionalized with both 4-MBA and 11-MUA to obtain a Raman signal and achieve better stability
in solution, respectively. AuNPs (bottom) were treated with EDC/SNHS in the second step as to obtain a better retention of the
antibodies.

3.1.3.1. BSA conjugation

When running an LFA, the used nanoparticles need to be stable since, if that is not the case, a variety
of issues can happen such as the particles not migrating on the nitrocellulose membrane, non-specific
signal or other general stability issues. To avoid this, nanoparticles are usually conjugated with
stabilizing proteins, usually serum albumin proteins such as bovine (BSA) or human (HSA), or casein.
BSA was chosen as it is usually the protein of choice for these assays due to its lower cost and high
stability, as seen plenty in the literature [66], [67], [68].

To optimize the amount of BSA needed to be used for both these nanoparticles, these were incubated
with the ratios mentioned in the figures 20 and 21 below. BSA was chosen instead of HSA due to the
former being less expensive and less prone to interprotein aggregation, favouring a better distribution
along the metal surface and decreasing the risk of conjugates aggregation .
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Figure 20 - Optimization of the conjugation of AuNSs with Bovine Serum albumin (BSA). The agarose gel shows the molar
ratios of BSA:AuNSs corresponding to each well, increasing from left to right.

To assess the increase in coating of the BSA to the AuNSs, an agarose gel electrophoresis (AGE) was
performed. AGE is a useful and studied technique [70], [71] to discern between differently sized
nanoparticles due to the increase in size and neutralization of charge, which are caused by the increase
in adsorption to the surface of the AuNSs due to the increasingly available protein in solution, causing
the decrease in their electrophoretic mobility [72].

Based on the results obtained from the agarose gel, which can be seen in figure 20, the image was
analysed using the Imagel software, selecting the highest intensity areas in each lane, and calculating
the electrophoretic mobility following equation 4:

A_U
H=F
)

Electrophoretic mobility data was fitted to a Hill-type adsorption isotherm (Equation 5) in order to
obtain important parameters for data analysis and optimization (figure 21) [73] such as the dissociation
constant (Kp), the Hill coefficient (n) and the determination coefficient (R?).
A Aumax * x™

K Kp™ + x™

(5)
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Figure 21 - Fitting of the data obtained in figure 20 to a Hill-type adsorption isotherm. Important parameters such as the
dissociation constant (Kp), Hill coefficient (n) and the determination coefficient (R?) .

For simplicity, all Kp data shown is pertaining to [X]:[Nanoparticle] ratios, meaning that every Kp value
is shown as Kp (nM) / [Nanoparticle] (nM), and compared in the same units. The obtained Kp was of
98.31 and the conjugation ratio used to ensure a complete formation of the protein corona was of 350,
as the results in the agarose gel showed an intense colour with the ratios of 211 and 422, with the
value of 422 showing some aggregation, therefore a midway point was used. It was also possible to
obtain the Hill coefficient, n, with a value above 1 (n=1.81). This positive cooperativity indicates an
increase in the easiness for the BSA to bind on the surface of the AuNSs as the protein concentration
increases, with a value in line with the literature [74] and with previous works in the lab [75]. The choice
of a ratio of 350 was made, as this value starts falling in the steady part of the curve, to ensure the
highest amount of surface is covered and the AuNSs are as stable as they can be. The amount of protein
necessary for a full coverage of the metal surface was around the expected value, according to the
previous work [75].

The same process was made for the AuNPs, utilizing the same techniques and methodology as the
AuNSs. An agarose gel electrophoresis was performed, obtaining the results in figure 22, where an
increase in BSA:AuNP ratio was performed on 11-MUA coated AuNPs, from left to right with ratios of
0, 25, 50, 100, 150, 200, 300, 500 and 750. The results were as expected, with an increase of the size
of the AuNPs correlating with the increase in BSA ratio, causing a loss in charge, verifiable by the
corresponding decrease in electrophoretic mobility.
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Figure 22 - AGE of 11-MUA coated AuNPs with increasing concentrations of BSA in solution, with the ratios of BSA:AuNP
corresponding to each well, from left to right, of 0, 25, 50, 100, 150, 200, 300, 500 and 750, also present of top of each well.

After obtaining the electrophoretic mobility, the data was fitted to a Hill-type adsorption isotherm
(Equation 5) in order to obtain important parameters for data analysis and optimization (figure 23) such
as the dissociation constant (Kp), the Hill coefficient (n) and the determination coefficient (R?).

The Kp obtained was lower than the one obtained for AuNS, as expected, since the size of these
nanoparticles are almost one fifth of the nanostars, leading to a decrease in surface area compared to
these. Furthermore, the Hill coefficient (n = 1.7) obtained indicates a positive cooperativity (n > 1) of
the adsorption of the BSA to the AuNP surface, which shows an increase in binding efficacy with the
increase of BSA already present at the surface, as already reported in the literature, with citrate capped
60 nm AuNPs presenting an n=1.8 + 0.7 when conjugated with HSA [74]. However, the Hill coefficient
seems to vary from study to study, with citrate capped, 14 nm AuNPs reporting an n=0.6 when
conjugated with BSA [66], and an n=0.8 + 0.3 with polymer coated AuNPs conjugated with HSA,
highlighting the complexities of protein surface adsorption. The BSA to AuNP ratio chosen to use as a
way to fully coat the nanospheres was of 350 nM, as it already shows little electrophoretic mobility on
the AGE and appears on the saturated part of the curve in figure 23.

53



1.00E-10

Ap (m2 V-15-1)

2.00E-11

6.00E-11

0.00E+00

Molar ratios of BSA‘AuNP

Figure 23 - Fitting of AGE highest intensity points, taken with Imagel's plot profile, and fitted to a Hill-type adsorption isotherm
to obtain the Kp (Kp = 107.86) and n (n=1.7) for the BSA adsorption to 11-MUA functionalized AuNPs.

3.1.3.2. Antibody conjugation

To assemble the SERS tags for the lateral flow assay, the detection part of the tags needed to be tested
and optimised. The detection was achieved by conjugating IgG antibodies on the surface of the
nanoparticles to achieve specificity to the target molecule, in this case, horseradish peroxidase.
Although the final objective of this thesis is to detect the GFAP, due to the high cost of anti-GFAP
antibodies and since even the target molecule is a human molecule, this adds to the cost of each assay
as the production of a post-translational modified protein requires human cell lines, more specific
growth mediums and more specialized techniques which would not be able to be acquired during the
time scope of this project.

3.1.3.2.1. AuNP antibody conjugation

For the AuNPs, these were first treated with EDC and SNHS to form a covalent bond with the antibodies,
since this method of conjugation wielded better results when tested in activity assays, according to the
PhD Thesis from Maria Jodo Oliveira[76], for AuNSs.

To optimize the antibody concentration needed to achieve a full coating of the nanoparticles, these
were first treated with EDC and SNHS and incubated with an increasing amount of anti-HRP antibody
until no electrophoretic mobility change was observed with the increase in ratio. The resulting agarose
gel is displayed in figure 24.
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Figure 24 - Agarose gel electrophoresis of anti-HRP antibodies for optimization of the coating concentration. Different
concentrations of anti-HRP antibody were tested on each well which are, in order, 11-MUA coated AuNPs, EDC/SNHS treated
11-MUA AuNPs, anti-HRP:AuNP ratio of 10, 15, 20, 25, 30, 35, 40 and 50.

The agarose gel electrophoresis (figure 24) was analysed with Image) software, the highest intensity
spot was selected in each lane, and electrophoretic mobility was calculated and fitted to a Hill-type
adsorption isotherm, obtaining the Kp, n and R? (figure 25). The affinity constant came to a value of
17.3, which is in line with other works in the literature [74], and a cooperativity parameter value of
4.24, showing a positive cooperativity ( n > 1) which is also present in the literature [74] although with
a value 2 units lower than the one obtained here. This could be due to the lower concentrations of
antibody used in the incubations, which could incur in error, or due to the way the antibodies adsorb
to the AuNPs, not being in enough concentration to populate all nanoparticles equally and creating a
more intense non-populated band in the agarose gel which does not fully correspond to the AuNPs
distribution.

The conjugation ratio chosen for further work was of 50, since an increase in the intensity of the colour
in figure 24 can be seen from ratios 30 to 50, with 50 showing the highest intensity.
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Figure 25 - Electrophoretic mobility of AuNPs with increasing concentration of anti-HRP antibodies, fitted to a Hill-type
adsorption isotherm. The experimental results are highlighted as red circles, and the fitting is highlighted as the black coloured
sigmoidal curve. Important parameters were able to be obtained such as the Kp=17.3, and an n = 4.24.

With the BSA protein and antibody ratios studied and optimized, the full bioconjugates were
assembled. To follow the formation of these bioconjugates, the process was studied by UV-Vis. As the
size of the nanoparticles grows, the absorption maximum drifts shifts the LSPR of the nanoparticle to
a higher wavelength since the addition of substances on the surface, namely proteins and the 11-MUA
functionalisation agent, cause a change in the local refractive index, reported consistently in the
literature [77], [78]. Therefore, the step-by-step formation of the AuNP bioconjugates and respective
LSPR red-shifts, may be observed in figure 25.
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Figure 26 - Uv-Vis analysis of the conjugation process of AuNPs for the formation of bioconjugates. The figure shows a red-
shift of the spectra as the AuNP radius’ increases, starting with the 11-MUA capped AuNPs and ending with the full
bioconjugate formed by the AuNPs treated with EDC and SNHS, conjugated with anti-HRP antibody, followed by BSA,
peroxidase, and finally another anti-HRP antibody incubation to simulate the full sandwich happening in the LFA. No shift from
the full bioconjugate with the peroxidase to the full “sandwich” was observed from the purple line to the faint green, indicated
with a purple and green arrow, respectively.

Lastly, a DLS measurement was made for each step of the conjugation of the AuNPs to follow the
formation of the full bioconjugate.

Table 1 — Z-Average DLS measurements results of the formation of the AuNP bioconjugates, with the analysis of each of the
conjugation steps. “F” indicates functionalised bioconjugates, with 11-MUA.

Size (nm) PDI

AuNP 30.5+13 0.145 + 0.106
AuNP: + Anti-HRP antibody 77.6+12.6 0.078 £ 0.080
AuNPe + Anti-HRP + BSA 742 +£11.6 0.189+0.135
AuNP: + Anti-HRP + BSA + | 132.6+14.5 0.213 £+ 0.150
HRP

AuNP: + Anti-HRP + BSA + | 279.1+55.8 0.112 £+ 0.051
HRP + Anti-HRP

The results obtained indicate an increase in size, as expected, with the addition of each component. By
analysing the PDI, it is possible to assess the degree of polydispersity of the sample, with values closer
to 0 signifying that the sample is monodisperse, and closer to 1 being polydisperse[79]. With this, we
can see that the samples are mostly monodispersed, with some having higher values of PDI, such as
the AUNP+AnNti-HRP+BSA+HRP sample with a PDI of 0.213 + 0.150, possibly most likely caused by an

57



uneven distribution of the enzyme over the bioconjugates. This can also be seen after the addition of
the second anti-HRP antibody, leading to a large size deviation (55.8 nm) possibly caused by an uneven
distribution of these by the bioconjugates.

3.1.3.2.2. AuNS antibody conjugation

Initially, the same protocol was followed as Maria Joao Oliveira [76] using covalent conjugation to
increase the activity of the conjugates, however, these could not be achieved as every time these were
attempted, it would result in aggregation, making it impossible to optimize antibody ratios or BSA
ratios. Since not using this chemical treatment would lower the cost of the assay in exchange for
lowered sensitivity, we proceeded with the physisorption method until the lateral flow assay signal
optimization, where it would be seen if there is a need to increase the limit of detection

The same optimization steps of the AuNPs were performed for the AuNSs, to obtain the optimal
amount of anti-HRP antibody to fully coat them (figure 27).

Figure 27 - Agarose gel electrophoresis of AuNSs incubated with anti-HRP antibody. The identified wells' anti-HRP:AuNS ratios
are, in order: 0, 10, 20, 40, 80, 160, 210, 310 and 420 with AuNSs at a concentration of around 0.2 nM.

The obtained agarose gel electrophoresis results were analysed with the Imagel software, where the
highest intensity point was selected, and the electrophoretic mobility was calculated and adjusted to a
Hill-type adsorption isotherm (figure 28).

A positive cooperativity parameter was obtained (n=1.34) showing an increase in easiness of binding
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to sites on the surface of the AuNSs as the antibodies continue to bind to it. This correlates positively
with the literature, with some reporting neutral cooperativity (n=1) (70 nm gold AuNSs) [80] and
positive cooperativity (n=2) (60 nm AuNPs) [74], however the complexity of protein adsorption to
surfaces due to the localized different domain charges (especially in larger proteins like 1gG antibodies),
steric hindrance and medium pH which all change the way proteins adsorb to surfaces, being necessary
a more in depth analysis of these mechanisms to obtain a more accurate picture [81]. The binding
affinity value obtained was of Kp = 59.20, which is lower than the one obtained with a very similar type
of bioconjugates by Oliveira et al[76], with a Kp value of 190. This change could be due to differences
in the synthesis of the AuNSs, namely the change in functionalization, where a 1:1 mixture of 11-MUA
and 4-MBA was used here whereas solely 4-MBA was used by Oliveira et al., contributing to charge
changes which may result in the decrease of the adsorption capability of the IgGs. The chosen Anti-
HRP to AuNS ratio was of 160 nM as it already appears on the saturated part of the curve in figure 28,
and shows good stability when centrifuging the samplechanges which may result in the decrease of
the adsorption capability of the IgGs.
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Figure 28 - Electrophoretic mobility of AuNSs with increasing concentration of anti-HRP antibody, fitted to a Hill-type
adsorption isotherm. The experimental results are highlighted as red circles, and the fitting is highlighted as the black coloured
sigmoidal curve. Important parameters were able to be obtained such as the Kp = 59.20, and an n =1.34.

Finally, with the BSA protein and antibody ratios studied and optimized, the full bioconjugates were
assembled. To follow the formation of these bioconjugates, the process was studied by UV-Vis. As the
size of the nanoparticles grows, the absorption maximum drifts shifts the LSPR of the nanoparticle to
a higher wavelength since the addition of substances on the surface, namely proteins and
functionalizing agents such as 11-MUA and 4-MBA, causes a change in the local refractive index,
reported consistently in the literature [77], [78]. Therefore, the step-by-step formation of the AuNS
bioconjugates and respective LSPR red-shifts, may be observed in figure 29.
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Figure 29 - Uv-Vis analysis of the conjugation process of AuNPs for the formation of bioconjugates. The figure shows a redshift
of the spectra as the AuNSs radius’ increases, starting with the 11-MUA and 4-MBA capped AuNSs in blue, following the
conjugation with anti-HRP antibody in orange, and the full bioconjugate in green, with a very small shift. There is a broadening
of the spectra as the components are added which can indicate that some aggregation is happening when proteins are added,
most likely caused by crosslinking events [68].

3.1.3.3. Bioconjugate activity

During the antibody conjugation phase, the antibodies can be adsorbed in multiple conformations and
not all of them may allow for the antigen to reach the binding epitopes, leading to space occupied by
non-functional proteins. To assess the activity of the conjugates and to assure that these bioconjugates
are capable of identifying a target antigen in a lateral flow assay, they were submitted to an enzymatic
activity assay as described in section 2.5 of Material and Methods, as previously done by Tripathi K. et
al [77].

AuNSs conjugates with anti-HRP antibodies and BSA were incubated with HRP at a ratio of 2100
HRP:AuNS for 1 hour, to ensure the maximum number of antibodies were filled with HRP. The samples
were centrifuged and resuspended 2 times to ensure the most amount of free HRP was washed without
causing full aggregation of the sample, as a 3™ centrifugation resulted in the aggregation and loss of
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the AuNSs. To the measured enzymatic activities, the blank sample’s activity (bioconjugate without HRP
added) was subtracted (Figure 30).
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Figure 30 - Enzymatic activity of full AuNS bioconjugates. An increase in activity can be observed from a ratio of anti-HRP
antibody:AuNS of 0 to 160, with an outlier at a value of 80, and a decrease in activity from 160-420. The AuNS:Anti-HRP
antibody ratio can be followed at the right side of the figure

It is possible to observe, in figure 30, that there is a noteworthy amount of activity from the anti-HRP
antibody:AuNS ratio of 0, which could be due to this washing process not being enough to remove
most of the free HRP, however, when trying to replicate these data using only free HRP without
bioconjugates, and following the same protocol and resuspension process as used with the
bioconjugates, the resulting activity was equal to the blank sample, with a residual activity of 0.07
units.mgsis}, 1 order of magnitude below the activity obtained for the ratio of 0 in this graph. This
leads us to believe that the second hypothesis, which is the adsorption of HRP to the surface of the
AuNSs, seems to be the most likely scenario. As HRP has a size of 44kDa, it may be able to adsorb onto
AuNSs’ surface where the blocking protein, BSA, was not able to fully cover, since this protein is bigger
than HRP, with a molecular weight of 66kDa. One way to avoid this issue would be to use a smaller
protein than the target protein, HRP, such as caseins. There are 5 different types of proteins, alpha-S1-
casein (aS1CN), alpha-S2-casein (aS2CN), beta-casein (bCN), kappa-casein (kCN), and gamma-casein
(gCN), which encompass molecular weights of 20-25kDa [82], plenty used in these types of assays [69]
[70], possibly providing a better blocking effect than BSA in this case.

The maximum enzymatic activity obtained for this assay was of 0.393 units*mg?, for an Anti-HRP:AuNS
ratio of 160. This value then decreases for each following increased ratio of anti-HRP antibody, until the
value of 0.284 for the ratio of 420, with a decrease of 0.109 units*mg™. Compared with previous works
in the same lab [75], it reports an enzymatic activity of 0.53 units*mg™, a 1.35 times higher value. This
decrease can be associated to them not being conjugated using EDC/SNHS chemistry, which could lead
to decreased enzymatic activity, as reported by M. J. Oliveira [76]

The same assay was performed for the AuNPs. AUNP conjugates with anti-HRP antibodies and BSA were
incubated with an excess amount of HRP at a ratio of 300 HRP:AuNP, to ensure the maximum number
of antibodies were filled with HRP, for 1 hour since in similar works there was no difference between
an 18 hours incubation and a 1 hour incubation [77]. .The samples were centrifuged and resuspended
3 times, since these AuNP-conjugates showed increased stability in relation to the AuNS-conjugates, to
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ensure the most amount of free HRP was washed, according to Tripathi et al [77]. To the measured
enzymatic activities, the blank sample’s activity (bioconjugate without HRP added) was subtracted
(Figure 31).

0.70
B 0.60 0.60
2 0.60
§D 0.52
*E 0.50 0.47
2 0.40

0.38

§ 0.40
> 0.32
S 0.30
i3]
(g0
. 0.20
©
e
= 0.10
[
Ll

0.00

0 10 20 30 40 50 60

Anti-HRP antibody:AuNP ratio

Figure 31 - Enzymatic activity of full AuNP bioconjugates. An increase in activity can be observed from a ratio of anti-HRP
antibody:AuNP of 0 to 60, with a possible outlier at the value of 50. The maximum activity was reached at the ratio of 40 and
the same activity value was shared by the ratio of 60.

As previously discussed in the AuNSs activity assay, we can see that the ratio of 0 anti-HRP:AuNP also
shows a good amount of activity at 0.32 units*mgs.iid’*, again indicating that either the washing process
was not thorough enough even with an extra washing step, or that there is still HRP adsorption to the
AuNP surface even with the full blocking of the particles with BSA. With each increase in the ratio of
anti-HRP antibody:AuNP, an increase in activity follows, until a maximum is achieved at a ratio of 40
and 60, with a values of 0.6 units*mg. The value equal to the ratio of 50 shows an abrupt decrease in
activity out of the line with the other values and was considered an outlier. However more assays
should be performed to obtain better statistics.

3.1.3.4. SERS activity

As the AuNSs had to be functionalized also with 11-MUA, in order to guarantee good colloidal stability,
this led to a lowering of the amount of 4-MBA adsorbed onto the AuNSs surfaces. However, as seen in
figure 32, the associated Raman peaks for 4-MBA were still very well defined, showing that the number
of 4-MBA molecules adsorbed onto the surface was still enough for SERS detection. Another point of
worry would be the very intense vibrational lines associated to nitrocellulose interfering with those of
4-MBA, however, as also shown in figure 32, vibrational lines 1 (1079 ¢cm?) and 2 (1587 cml),
corresponding to the aromatic ring vibrations [85], show different positions from the main vibrational
lines of nitrocellulose at 846 cm™, 1286 cm™. There is a small superposition of the 1122 cm™ with line
1 of 4-MBA, but no superpositions are observed with line 2. Therefore, SERS vibrational line 2 (1587
cm) of 4-MBA, was chosen as reference for the LFA assays.
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Figure 32 - Normalized intensity of the Raman spectrum of nitrocellulose (orange) and the SERS spectrum of 4-MBA and 11-
MUA functionalized AuNSs (dark blue). The main lines associated with 4-MBA are marked with the numbers 1 —1079 cm line,
and 2 - 1587 cm™ line.

3.2. Lateral Flow assay

With the SERS tags optimised, a shift from anti-HRP antibody to anti-GFAP was attempted for use in the
LFA, however this would result in the aggregation of the nanostars during the conjugation phase,
leading us to change to using anti-HRP due to time constrictions.

For the final process of creating a highly sensitive LFA proof of concept, the SERS tags composed of
AuNSs conjugated with antibodies and BSA, were used as markers for identification of the target
antigen in the sample. This assay has the capability of being both qualitative, by identifying with colour
a positive or negative test, and quantitative, by using the help of a Raman measuring device coupled
with the Raman tag 4-MBA, allowing a fast and/or accurate measure.

The LFA test was designed to be non-competitive as it final objective is to identify the existence of GFAP
in blood, based on the formation of a “sandwich” with nitrocellulose adsorbed antibodies, the target
antigen, and the SERS tags for a \visual and quantifiable signal (figure 33).
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Figure 33 — Schematic of the LFA and data attainment for the diagnosis of the relevant antigen, in this case, GFAP.
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3.2.1. Nitrocellulose membrane selection

The LFA kit has several types of nitrocellulose membranes with different characteristics: the degree of
protein binding, varying from CNPF - low protein binding — to CNPC — higher protein binding — and
finally to CNPH with the highest protein binding. Another varying parameter is pore size, which dictates
how slow a sample should flow through the membrane, translated in wicking times of (70 + 12) s, (90
+15) s, (150 + 20) s and (200 + 35) s [86]. Due to time constraints and according to the work of Tomas
et al [83] using the same commercial kit, the highest binding type of membrane, CPNH, was chosen for
further tests.

Using the CNPH type membrane, an assay for each of the pore sizes was made by using 10 uL of a PBS
and BSA mixture, henceforth called PBS-B, at PBS 2x and BSA at 2mg/mL, 10 uL of the running sample
at 0.2 nM and 5 pL of tween-20 at 10%. Results are shown in figure 34.
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Figure 34 — Nitrocellulose membrane selection process. The LFAs are displayed on the left and, on the right, the average pixel
intensity difference between the test line and the background.

From the results obtained in figure 34, we concluded that the best nitrocellulose membrane would be
the CPNH 200 due to obtaining the highest average pixel intensity. As expected, the average pixel
intensity increases as the pore size increases, from 70 to 200, as SERS tags take longer to run through
the membrane, allowing more time for conjugation with the immobilized antibodies on the test line.
In further optimization procedures, the CNPH 150 nitrocellulose membrane was chosen instead of the
200 CNPH version due to the latter having ran out. Curiously enough, no control line was found in any
of the LFAs, leading us to believe that most of the SERS tags used bound to the test line. As the signal
was quite faded, even in the higher pore size membranes, the concentration of SERS tags used was
increased to 1 nM.

3.2.2. Sensitivity tests

Focusing on determining the limit of detection, several LFAs were ran with the same conditions as in
section 3.2.1., changing the SERS tags concentration to 1 nM and varying the concentration of HRP
between 1.8 mg and 1.8mg, as seen in figures 35 and 36.
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Figure 35 - LFAs for sensitivity assessment, expressed in milligrams. The concentration was serially diluted starting at 1.8 mg,
on the left, to 1.8 ng to the second to last on the right. The rightmost LFA represent the control sample with 0 HRP
concentration.
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Figure 36 - Change in pixel intensity of test line and control line over the decrease in HRP concentration in nanograms.
Concentration was serially diluted starting at 1.8 mg on the left, to 1.8 ng. The rightmost bars represent the control LFA, with
a concentration of HRP of 0.

By looking at the data shown in in figure 36, a trend seems to appear with the increase of the test line
intensity on the tests with concentrations between 1.8mg and 180ng. The test line intensity starts low,
probably due to the high excess of antigen sample fully covering both the antibody epitopes present in
the SERS tags and on the test line, decreasing the probably of a sandwich being formed there. Both the
test line and the control line either did not appear or were very faded on the higher concentration
assays (1.8mg to 18 ug ) however, as the concentration of the antigen decreases, there appears to be
an increase in intensity of the control line from the 1.8 pg HRP to 1.8 ng concentration, signifying a
growing amount of non-bound SERS tags to the test line that bind to the control line. The limit of visual
readout was determined to be between 180 ng/mL and 60ng/mL, with more assays needing to be done
to acquire a more detailed value.
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3.2.3. SERS measurements

In view of the creation of a preliminary prototype of the LFA, the SERS signal was measured for the
nitrocellulose membranes established in section 3.2.1. the objective of these measurements was to
assess which membrane concentrates the sample the most and consequently produces the most
intense signal, necessary to achieve a highly sensitive assay. Various measures were taken on different
locations of the test line and the results are displayed in figure 37, with the average integral value of
each band calculated between 1560 and 1600 cm™, together with the standard deviation.
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Figure 37- Nitrocellulose membrane types and respective SERS signal. SERS signal was measured using its integrated area
(a.u.cm) under the spectrum, with a baseline between 1560 and 1600 cm™..

As previously mentioned, the difference between pixel intensity between CNPH 200 and CNPH 150 was
favoured towards the former, however, these two showed close results in terms of signal intensity,
showing that CNPH 150 is a good choice for a nitrocellulose membrane although with high variability
which could be due to the deposition method.

Next, SERS measurements were taken of the various concentrations, and the area under the spectrum
between 1560 and 1600 cm™* was calculated. Different measurements were taken in different locations
of the test line and the average was calculated, as well as the standard deviation. They were obtained
as such, in figure 37.
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Figure 38 — Integrated area under the spectrum (a.u.cm™? of the SERS measurements performed on LFA tests, with
concentrations equal to those shown in figure 36.

As shown above and comparing to figure 36 which shows the increase in intensity of the lines in each
LFA, we can see that there is a correlation between the intensity of the test line and the measured SERS
value. As the intensity increases from 1.8x10° ng of peroxidase to 1.8x10% ng, an increase in SERS
activity follows, from 1.25x10* + 2.66x10% to 5.94x10* + 1.13x10* a.u.cm™. And then, just as the
intensity starts decreasing as the concentration of antigen decreases, so does the SERS intensity of the
corresponding LFA. After this concentration, none of the other test lines were visible or detectable with
SERS, reinforcing that the limit of detection is between 180 ng and 60 ng of peroxidase.

This assay shows the potential of SERS testing as an ultrasensitive tool for the quantification of the
target antigen on the test line, as previous authors have already shown for the detection of other
antigens [87]. This experiment shows the limits of SERS as a tool for detecting this antigen, as the loss
of visibility corresponds to a loss of signal, however, this could be due to the way that the test line is
prepared, which is by hand, that can lead the antibodies to not be evenly spread out, resulting in the
SERS tags concentrating on a point which was not “caught” by the SERS analysis.
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3.3. Conclusion

A working dipstick LFA was able to be developed using AuNSs for qualitative and quantitative
assessment, using SERS and the SERS tag 4-MBA for signal quantification, utilizing anti-HRP antibody as
a model for further development into a GFAP diagnosis tool. Promising results for use of AuNPs as a
simpler qualitative diagnosis tool were also obtained.

AuNPs were able to be synthetised, with the characterization showing a good polydispersity (< 0.3) and
size of 12nm. The concentrations of anti-HRP and BSA were obtained and optimised for both AuNSs
and AuNPs, with the AuNPs requiring an extra treatment with EDC/SNHS to further increase the
conjugation efficiency. AuNSs stability was improved by changing the functionalization agent from 4-
MBA to a 1:1 mixture of 4-MBA and 11-MUA, making use of the widely studied and used 11-MUA to
decrease aggregation without losing the ultrasensitive aspect of the 4-MBA nanostars. These
conjugates were able to be characterised by techniques such as DLS, Uv-Vis, AGE and enzymatic activity
assays, essential for following the bioconjugate formation and ensure that every procedure is going as
expected. DLS showed the formation of the full bioconjugate of the AuNPs by calculating the increase
in Ry, signifying the adherence of proteins (antibody, BSA, peroxidase) on its surface either by self-
assembled monolayers, or antibody epitope interaction. Uv-Vis showed the change in refractive index
following the conjugation of each nanoparticle with proteins, showing an increase towards higher
wavelengths as expected. AGE was used to optimise the concentration of protein necessary for a full
nanoparticle coating, necessary for maximum analyte detection. Enzymatic activity assays were
performed and managed to further assess the optimal concentration of antibody needed for maximum
detection, showing that, on the AuNSs used, a ratio of 160 anti-HRP antibody:AuNSs is preferable than
the maximum coating of 420 obtained by AGE. As the conjugates were shifted from the model antibody
anti-HRP to the anti-GFAP, necessary for detecting GFAP, difficulties occurred where the optimal
amount of anti-GFAP, as assessed by, anti-HRO, would result in aggregation. This resulted in the use of
anti-HRP for the LFAs to obtain a proof-of-concept and optimise more parameters.

LFA conditions were optimised for running a sample of AuNSs bioconjugates, with the conditions of
2mM KPB at pH 7.4 mixed with 1x PBS and 1mg/mL BSA resulting in a run with minimal non-specific
interactions, an ever-present problem in LFA development. The most appropriate LFA nitrocellulose
membrane was chosen by both SERS signal and pixel intensity, with the result being the choice of CNPH
150, with higher SERS signal but slightly lower pixel intensity. Finally, sensitivity assays were run on
LFAs, with decreasing concentration of HRP, from 1.8mg until 1.8ng, with the cutoff value for visual
assessment being of between 180ng and 60ng, and a SERS signal cutoff value in the same amount.

3.4. Future perspectives

For obtaining a lower limit of detection and being able to detect TBI and mTBI, the AuNSs and LFAs
need further optimization. AuNSs are inherently not as stable as their round counterparts, and this
difference is very noticeable during the characterization and conjugation phases. The washing steps
would almost always result in aggregation of AuNSs even at low rcfs, such as 1200, leading to a
necessity in either increasing their stability during the synthesis stage, like the addition of 11-MUA as
a functionalization agent, or the use of dialysis since this would allow for the washing of the solution
without exerting high forces onto the AuNSs, causing aggregation, in exchange of higher washing times
with each washing step.
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Further optimisation for the LFA is also necessary, as for higher concentrations of peroxidase there
seemed to be a decrease in signal on the test line, and a smoother progression through the dilutions
since from the 180ng to 60ng, there was an almost complete loss of test line signal.

After this proof-of-concept using anti-peroxidase antibody and peroxidase as the antigen, a transition
with the use of anti-GFAP for targeting the GFAP biomarker should be made to develop the actual SERS
tags used to detect TBI. This involves the re-optimization of the AuNS incubation with anti-GFAP
antibodies as during this work, it was noticed that incubation of AuNSs with the optimised quantity of
anti-GFAP resulted in aggregation.

SERS activity measurements need further work replicates, as these were measured using only one LFA
strip each, with triplicate measures in different locations of the lines. Maps need to be done to be able
to assess the differences between SERS signal intensity over various spots, with the 20% laser intensity
or higher for LFAs with very weakly visible test lines.

Finally, the test and control line preparation method influence the distribution of antibodies. By
manually pipetting the solution, a coffee ring effect is induced which causes a high concentration of
antibodies to be deposited on the edge of the drop. This method causes a very large variability between
test and control lines across replicates, causing difficulties when analysing these for Limit of Detection
(LoD) and Limit of Quantification (LoQ) assessment, or just general optimisation procedures as the pixel
intensity difference between 2 close dilutions may be caused by this “random” distribution of
antibodies on the nitrocellulose strip. This issue could be solved by using a strip deposition equipment,
as are normally used in industrial conditions, which would deposit the antibodies homogeneously
among the strips.With enough optimisation and time, by implementing these changes and
considerations, especially by acquiring an automatic line dispenser, an ultrasensitive LFA based on SERS
detection could take shape, leading to innovation on the TBI diagnosis market.
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