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ABSTRACT

Colorimetric paper biosensors based on nanotechnology are suitable for point of care
testing, since paper is flexible, absorbent, cheap, light and can be easily disposed of by
incineration. Colorimetric signals from these sensors are commonly produced by gold
nanoparticles (AuNPSs), since they exhibit intense colors due to their high molar extinction
coefficient. Those signals can be detected by eye or by using a specialized reader. Recently,
new approaches have used mobile phone cameras to detect those colorimetric signals,
avoiding the need to purchase additional instruments. Although AuNPs are ideal for paper
biosensors, one limitation of their use is the difficulty to achieve signal amplification, since
the signal only depends on the extinction coefficient of the nanoparticles and the number of
specific interactions with the target. Another limitation is that nanoparticles tend to adsorb
irreversibly to paper substrates after drying, which makes it difficult to store them in
reservoirs made of this material. To overcome this issue, glass fiber has been integrated in
paper platforms such as lateral flow tests (LFTs). In fact, most LFTs are made of cellulose,
nitrocellulose and glass fiber. However, the incorporation of materials is not fully compatible
with biosensor designs such as origami paper-based analytical devices. These biosensors
are meant to be entirely made of paper with the purpose of simplifying their fabrication and

facilitating the contact between the parts without the use of additional adhesives.

In this PhD thesis a new and versatile technology that allows overcoming the limitations of
traditional paper biosensors was developed. This versatile technology can be used for the
rapid detection of both pathogens and sepsis marker proteins, in real matrices such as
serum, blood, sputum and bronchial aspirate (BAS). It is important to diagnose infectious
diseases quickly, since the organisms causing them can easily spread among the population
through air, contaminated food, water or body fluids. Furthermore, unattended infections can
progress to sepsis, an exaggerated response of the immune system to an infection that can

lead to multisystem failure, and that can kill the patient in a few hours.

The following steps were taken in order to adapt paper biosensors for the detection of
pathogens and protein biomarkers. First of all, some key aspects of the biosensor fabrication
were optimized in order to reduce the assay time without losing sensitivity. This included
implementing three AuNPs synthesis methods, such as the reduction of gold ions with either
citrate, poly(allylamine hydrochloride) PAH or polyvinylpyrrolidone (PVP). Then, those

AuNPs were covered with carboxylate or amine moieties, or polyvinylpyrrolidone (PVP)
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respectively to carry out three different bioconjugation routes for protein attachment.
Moreover, alternating layers of polyelectrolytes were used to improve the binding of the
capture antibody to the paper substrate. Best conditions obtained from the experiments were
applied for detecting the sepsis biomarker IL-6 in PBS with a limit of detection (LOD) of 0.1
pg-mL?. Then, an increase in IL-6 of only 12.5 pg-mL™* over basal levels was detected with
99% confidence, using whole blood from a healthy donor as biological matrix. The assay

was completed in only 17 min.

Secondly, an ultrafast immunosensor made entirely of paper was developed. It implements
a new design based on reservoirs for storing antibody-decorated nanoparticles on filter
paper. This can be achieved by modifying the filter paper with the polymer polystyrene
sulfonate (PSS). Once it is dry, a drop of AUNPs is added and let dry. Nanopatrticles in the
reservoir can be transferred with high efficiency to a receiving wet paper containing the
analyte. Once transferred, AUNPs maintain their color and their bio-recognition function. To
test this method, this reservoir was integrated in paper biosensors for the detection of the
glycoprotein B from human cytomegalovirus spiked in serum samples. A LOD of 0.03 ng-mL"

! was obtained with a total assay time of only 12 minutes.

Afterwards, using the same immunosensor design, the pathogen Pseudomonas aeruginosa
(PA) was detected in PBS, in only 8 min with a LOD of 10° cells-mL™, which is the clinical
threshold value for diagnosing an infection. This method relied on, using the endogenous
catalase from respiratory samples (mainly produced by catalase-positive bacteria in the
sample) to liquefy sputum samples. The liquefied samples were analyzed with the paper
immunosensor. As a result, samples positive for PA were differentiated from negative
samples, mixed flora samples and even from samples positive for other catalase-positive

pathogen.

By implementing the new design with the reservoir, the first biosensors for detecting IL-6
was improved since the assay time was reduced below 10 min and the LOD decreased
down to 1072 pg-mL™. Additionally, semi-quantitative measurements were acquired in a wide
dynamic range between 1072 and 10? pg-mL* when the matrix was PBS. Because of the low
LOD of this immunosensor, blood samples spiked with IL-6 were diluted 1:1000 in order to
minimize matrix interferences. Liquefied BAS samples were spiked with IL-6 and then they
were also diluted 1:10 before they were analyzed. A dynamic range up to 102 pg-mL* was
obtained in both cases. Following this protocol, IL-6 was detected in blood and BAS samples

from COVID-19 patients. As a result, patients were stratified according to severity. The ability

18



of these biosensors to detect cytokines in blood and respiratory samples paves the way for
monitoring local inflammation in the lungs as well as systemic inflammation levels in the
body.

The colorimetric signals obtained from these four approaches were amplified by performing
the assay on a folded piece of paper. The whole strategy is described in a previous work
from our lab. On the other hand, colorimetric signals from the biosensors can be read by
eye, by photographing the paper or with a smartphone-based densitometry app developed
in our lab, making the proposed biosensors a semiquantitative tool. Furthermore, the high
sensitivity and rapid turnaround time achieved by the optimizations accomplished and the
fully automated densitometry app make our biosensors a complete analytical platform, well
suited for measurements in a wide variety of healthcare settings and useful for the

identification of potential sepsis cases.
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RESUMEN

Los biosensores colorimétricos de papel basados en nanotecnologia son adecuados para
realizar mediciones en el punto de atencién, ya que el papel es flexible, absorbente,
economico, liviano y se puede desechar facilmente mediante incineracién. Las
nanoparticulas de oro (AuNPs) son el material generalmente empleado para producir las
sefales colorimétricas observadas en estos sensores. Esto es debido a que exhiben colores
intensos ya que presentan un alto coeficiente de extincibn molar. Esas sefales pueden
detectarse a simple vista 0 mediante el uso de un lector especializado. Sin embargo,
recientes aplicaciones han utilizado camaras de teléfonos mdviles para capturar las
sefales, eliminando la necesidad de comprar instrumentos adicionales. Aunque las AuNPs
son ideales para biosensores de papel, una limitacion de su uso es la dificultad para lograr
la amplificacion de la sefial, ya que la sefial depende Unicamente del coeficiente de extincion
de las nanoparticulas y del nUmero de interacciones especificas con el analito objetivo. Otra
limitacién, es que, una vez secas, las nanoparticulas tienden a adsorberse de forma
irreversible a los sustratos de papel, lo que dificulta su almacenamiento en reservorios
fabricados con este material. Una estrategia planteada para superar este problema, ha sido
la integracion en la fabricacién, de otros materiales distintos al papel, como por ejemplo la
fibra de vidrio, que es cominmente usada en los sensores de flujo lateral (LFTs por sus
siglas en inglés). De hecho, la mayoria de los LFTs estan compuestos por 3 materiales
distintos: la celulosa, la nitrocelulosa y la fibra de vidrio. Lamentablemente, la incorporacion
de varios materiales es un mismo dispositivo no es totalmente compatible con los disefios
tipo origami, dispositivos analiticos hechos a partir de una sola pieza de papel doblado. Al
ser completamente de papel se simplifica su fabricacion y se permite que todas sus partes

estén facilmente en contacto, evitando el uso de adhesivos adicionales.

En esta tesis doctoral se desarroll6 una nueva y versatil tecnologia que permite superar las
limitaciones de los biosensores de papel tradicionales. Esta tecnologia verséatil se puede
utilizar para la deteccion rapida tanto de patdégenos como de proteinas marcadoras de
sepsis, en matrices reales como suero, sangre, esputo y aspirado bronquial (BAS por sus
siglas en inglés). Respecto de las enfermedades infecciosas, es importante diagnosticarlas
rapidamente, ya que los organismos que las producen pueden propagarse facilmente entre
la poblacién a través del aire, alimentos, agua o fluidos corporales contaminados. Asimismo,

infecciones desatendidas pueden progresar a sepsis, una respuesta exagerada del sistema
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inmunolégico ante una infeccion que puede provocar una falla multisistémica que puede

matar al paciente en unas pocas horas.

Con el fin de adaptar los biosensores de papel para la deteccibn de patdégenos y
biomarcadores proteicos, se optimizaron algunos aspectos claves de la fabricacion como la
reduccién el tiempo de ensayo sin perder sensibilidad. Esto incluyd la ejecucién de tres
métodos de sintesis de AuNPs, tales como la reduccion de iones de oro con citrato,
poli(clorhidrato de alilamina) PAH o polivinilpirrolidona (PVP). Luego, las AuNPs se
cubrieron con grupos carboxilo, amino, o polivinilpirrolidona (PVP), respectivamente, para
posteriormente ser modificadas con proteinas a través de 3 vias. Del mismo modo, se
estudio el uso de capas alternas de polielectrolitos sobre el papel, para mejorar la unién del
anticuerpo de captura al sustrato. Las mejores condiciones obtenidas de los experimentos
anteriores se aplicaron para la deteccion en PBS del biomarcador de sepsis interleuquina
6 (IL-6), obteniendo un limite de detecciéon de 0,1 pg-mL™. Posteriormente, empleando el
mismo sensor, fue posible detectar un aumento de IL-6 de sélo 12,5 pg-mL* sobre los
niveles basales con un 99% de confianza y utilizando como matriz biolégica una muestra

de sangre total de un donante sano. El ensayo se completé en s6lo 17 min.

En segundo lugar, se desarrollé un inmunosensor ultrarrapido fabricado completamente en
papel. Este dispositivo implementa un nuevo disefio basado en reservorios que almacenan
nanoparticulas decoradas con anticuerpos en papel de filtro. Esto se logré modificando el
papel de filtro con el polimero de carga negativa poliestireno sulfonato (PSS). Una vez seco
el polimero sobre el papel, se le aflade una gota de AuNPs y se deja secar. Las
nanoparticulas en el reservorio se pueden transferir con gran eficacia a un papel hiimedo
receptor que contiene el analito. Una vez transferidas, las AuUNPs mantienen su color y su
funcién de biorreconocimiento. Para probar este método, se integrd este reservorio en
biosensores de papel para la deteccién de la glicoproteina B del citomegalovirus humano
afiadido a muestras de suero. Se obtuvo un limite bajo de deteccién de 0,03 ng-mL™ con

un tiempo total de ensayo de solo 12 minutos.

Posteriormente, utilizando el mismo disefio, se detectd el patdégeno Pseudomonas
aeruginosa (PA), en solo 8 min con un limite de deteccién en PBS de 10° células-mL™, que
es el valor umbral clinico para diagnosticar una infeccion. Para poder detectar esta bacteria
en muestras de esputo, fue necesario introducir un nuevo método que licuara las muestras,
ya que su alto contenido de mucinas las hace muy viscosas y densas y, por lo tanto, dificiles

de manipular. Este método se basaba en el uso de la catalasa endégena de las muestras
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respiratorias (principalmente producida por bacterias catalasa positivas en la muestra) para
licuar muestras de esputo. Las muestras licuadas se analizaron con el inmunosensor de
papel. Como resultado, fue posible diferenciar las muestras positivas para PA de las
muestras negativas, de las muestras con flora mixta e incluso de las muestras positivas

para otros patégenos productores de catalasa.

El implementar el nuevo disefio con el reservorio, permitié mejorar los resultados obtenidos
con los primeros biosensores que detectaban IL-6. En primer lugar, el tiempo de ensayo se
redujo por debajo de los 10 min y, en segundo lugar, el limite de deteccion (LOD) disminuyo6
hasta 1072 pg-mL. Adicionalmente, se adquirieron medidas semicuantitativas en un amplio
rango dindmico entre 1072 y 102 pg-mL? cuando la IL-6 estaba resuspendida en PBS.
Debido al LOD tan bajo de este inmunosensor, muestras de sangre ala cuales se les afiadio
IL-6 se pudieron diluir 1000 veces para minimizar las interferencias de la matriz, sin afectar
la medicion. Por otro lado, muestras de BAS previamente licuado se les afiadi6 IL-6 y luego
se diluyeron 10 veces antes de ser analizadas. En este caso la dilucién de la muestra
tampoco afect6 a la medicion y en cambio los interferentes de la misma se vieron reducidos.
Viendo que era posible la deteccion en muestra complejas, se siguié el mismo protocolo
para detectar IL-6 en muestras de sangre y BAS de pacientes con COVID-19. Co los
resultados obtenidos, los pacientes fueron estratificados segun la gravedad. Es importante
resaltar que, la capacidad de estos biosensores para detectar citoquinas en sangre y
muestras respiratorias abre el camino para monitorear simultdnea y rapidamente la
inflamacién local en los pulmones, asi como los niveles de inflamacién sistémica en el

cuerpo.

Las sefiales colorimétricas obtenidas en estas cuatro aplicaciones se amplificaron
realizando el ensayo en una tira de papel doblada. Toda la estrategia de amplificacion de
la sefial se describe en un trabajo anterior de nuestro laboratorio. Por otro lado, las sefiales
colorimétricas de los biosensores se pueden ver y analizar a simple vista, fotografiando el
papel o con una aplicacion movil de densitometria desarrollada en nuestro laboratorio. Lo
anterior, convierte a los biosensores propuestos aqui en una herramienta semicuantitativa.
Ademas, la alta sensibilidad y el rapido tiempo de respuesta logrados por las optimizaciones
realizadas junto con la implementacién de la aplicacion moévil de densitometria, hacen de
nuestros hiosensores una plataforma analitica completa, muy adecuada para mediciones

varios entornos de atencion médica y Util para la identificacion de posibles casos de sepsis.

22



RESUM

Els biosensors colorimétrics de paper basats en nanotecnologia sén adequats per realitzar
mesures al punt d'atencio, ja que el paper és flexible, absorbent, economic, lleuger i es pot
rebutjar facilment mitjancant incineracio. Les nanoparticules d'or (AuNPs) sén el material
generalment emprat per produir els senyals colorimétrics observats en aquests sensors.
Aixo0 és perque exhibeixen colors intensos i que presenten un alt coeficient d'extincié molar.
Aquests senyals es poden detectar a simple vista o mitjancant un lector especialitzat. A
més, en aplicacions recents s’han utilitzat cameres de teléfons mobils per capturar els
senyals, eliminant la necessitat de comprar instruments addicionals. Encara que les AuNPs
son ideals per a biosensors de paper, una limitacié del seu Us és la dificultat per aconseguir
I'amplificacié del senyal, ja que el senyal depén Unicament del coeficient d'extincié de les
nanoparticules i del nombre d'interaccions especifigues amb l'analit objectiu. Una altra
limitaci6 és que, un cop seques, les nanoparticules tendeixen a adsorbir-se de forma
irreversible als substrats de paper, cosa que dificulta el seu emmagatzematge en reservoris
fabricats amb aquest material. Una estratégia plantejada per superar aquest problema ha
estat la integracio en la fabricacié d'altres materials diferents del paper, com ara la fibra de
vidre, que és comunament utilitzada en els sensors de flux lateral (LFTs per les sigles en
anglés). De fet, la majoria dels LFTs estan compostos per 3 materials diferents: la cel-lulosa,
la nitrocel-lulosa i la fibra de vidre. Malauradament, la incorporacié de diversos materials en
un mateix dispositiu no és totalment compatible amb els dissenys tipus origami, dispositius
analitics fets a partir d’'una sola pega de paper doblegat. El fet de ser completament de
paper en simplifica la fabricacio i es permet que totes les seves parts estiguin facilment en

contacte, evitant I'Us d'adhesius addicionals.

En aquesta tesi doctoral es va desenvolupar una tecnologia nova i versatil que permet
superar les limitacions dels biosensors de paper tradicionals. Aquesta tecnologia versatil es
pot utilitzar per a la deteccié rapida tant de patdogens com de proteines marcadores de
sepsia, en matrius reals com serum, sang, esput i aspirat bronquial (BAS per les sigles en
anglés). Es important diagnosticar rapidament les malalties infeccioses, ja que els
organismes que les causen es poden propagar facilment entre la poblaci6 a través de l'aire,
aliments, aigua o fluids corporals contaminats. A més, les infeccions no tractades poden
progressar a sepsia, una resposta exagerada del sistema immunologic davant d'una
infeccidé que pot provocar una fallada multisistéemica que pot matar el pacient en poques

hores.
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Per tal d'adaptar els biosensors de paper per a la deteccié de patdogens i biomarcadors
proteics, es van fer els passos seguents. En primer lloc, es van optimitzar alguns aspectes
claus de la fabricacio del biosensor per reduir el temps d'assaig sense perdre sensibilitat.
Aix0 va incloure la implementacié de tres metodes de sintesi d'AuNPs, com ara la reducci6
d'ions d'or amb citrat, poli(clorhidrat d'alilamina) PAH o polivinilpirrolidona (PVP). Després,
les AuNPs es van cobrir amb grups carboxil, amino, o polivinilpirrolidona (PVP),
respectivament, per dur a terme tres rutes diferents de bioconjugacié per a la unié de
proteines a la superficie de les nanoparticules. Aixi mateix, es va estudiar I'is de capes
alternes de polielectrolits per millorar la uni6é de l'anticos de captura al substrat de paper.
Les millors condicions obtingudes dels experiments anteriors es van aplicar per a la detecci6
a PBS del biomarcador de sepsia interleucna 6 (IL-6) obtenint un limit de detecci6 de 0,1
pg-mL-1. Després, fent servir el mateix sensor, va ser possible detectar un augment d'IL-6
de només 12,5 pg-mL-1 sobre els nivells basals amb un 99% de confianca i utilitzant com
a matriu bioldogica una mostra de sang total d'un donant sa. L'assaig es va completar en 17

min.

En segon lloc, es va desenvolupar un immunosensor ultrarapid fabricat completament en
paper. Aquest dispositiu implementa un nou disseny basat en reservoris que
emmagatzemen nanoparticules decorades amb anticossos en paper de filtre. Aixd es va
aconseguir modificant el paper de filtre amb el polimer de carrega negativa poliestire
sulfonat (PSS). Un cop el polimer sobre el paper s’ha assecat, se |li afegeix una gota
d'AuNPs i es deixa assecar. Les nanoparticules al reservori es poden transferir amb gran
eficacia a un paper humit receptor que conté l'analit. Un cop transferides, les AuNPs
mantenen el seu color i la seva funcié de bioreconeixement. Per provar aquest métode, es
va integrar aquest reservori en biosensors de paper per a la deteccié de la glicoproteina B
del citomegalovirus huma afegit a mostres de sérum. S'obtingué un limit baix de deteccié

de 0,03 ng-mL-1 amb un temps total d'assaig de només 12 minuts.

Posteriorment, utilitzant el mateix disseny, es va detectar el patogen Pseudomonas
aeruginosa (PA), en només 8 min amb un limit de deteccié en PBS de 105 cél-lules-mL-1,
gue és el valor llindar clinic per diagnosticar una infeccid. Per poder detectar aquest bacteri
en mostres d'esput, va caldre introduir un nou metode que liqiiés les mostres, ja que el seu
alt contingut de mucines les fa molt viscoses i denses i, per tant, dificils de manipular. Aquest
metode es basava en I'Gs de la catalasa endogena de les mostres respiratories

(principalment produida per bacteris catalasa positius a la mostra) per liquar mostres
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d'esput. Les mostres liguades es van analitzar amb l'immunosensor de paper. Com a
resultat, va ser possible diferenciar les mostres positives en PA de les mostres negatives,
de mostres amb flora mixta i fins i tot de les mostres positives per a altres patogens

productors de catalasa.

Implementar el nou disseny amb el reservori va permetre millorar els resultats obtinguts
amb els primers biosensors que detectaven IL-6. En primer lloc, el temps d'assaig es va
reduir per sota dels 10 min i, en segon lloc, el limit de deteccié (LOD) va disminuir fins a
10-3 pg-mL-1. Addicionalment, es van adquirir mesures semiquantitatives en unrang
dinamic entre 10-3 i 102 pg-mL-1 quan la IL-6 estava resuspesa en PBS. A causa del LOD
tan baix d'aquest immunosensor, les mostres de sang a les quals se'ls va afegir IL-6 es van
poder diluir 1000 vegades i aixi minimitzar les interferéncies de la matriu, sense afectar la
mesura. D'altra banda, es va afegir IL-6 a mostres de BAS préviament liquat que després
es van diluir 10 vegades abans de ser analitzades. En aquest cas la dilucié també va reduir
les interferéncies sense afectar al valor de la mesura. Veient que era possible la detecci6
en mostres complexes, es va seguir el mateix protocol per detectar IL-6 en mostres de sang
i BAS de pacients amb COVID-19. Amb els resultats obtinguts, els pacients van ser
estratificats segons la gravetat. Es important destacar que la capacitat d'aquests biosensors
per detectar citocines en sang i mostres respiratories obre el cami per monitoritzar
simultaniament i rapidament la inflamacio local als pulmons i els nivells d'inflamacio

sistémica al cos.

Els senyals colorimeétrics obtinguts en aquestes quatre aplicacions es van amplificar fent
I'assaig en una tira de paper doblegada. Tota I'estratégia d’amplificacio del senyal es descriu
en un treball anterior del nostre laboratori. D'altra banda, els senyals colorimétrics dels
biosensors es poden veure i analitzar a simple vista, fotografiant el paper o amb una
aplicacid mobil de densitometria desenvolupada al nostre laboratori. Aixd0 converteix els
biosensors proposats aqui en una eina semiquantitativa. A més, la suma de lalta
sensibilitat, el rapid temps de resposta i la implementacié de [Iaplicaci6 mobil de
densitometria fan dels nostres biosensors una plataforma analitica completa, molt
adequada per fer mesures en diversos entorns d'atenciéo médica i Util per a la identificacio

de possibles casos de sepsia.
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1. INTRODUCTION

1.1 Biosensors

A biosensor is an analytical device that uses biomolecules like proteins, enzymes,
antibodies, nucleic acids or hormones to specifically recognize an analyte [1]. These
biomolecules are in contact with a transducer which transforms the biochemical reaction into
a measurable signal [2]. The resulting signal will be optical, electrochemical, piezoelectric or
thermometric (a short explanation and an example of each one can be seen in Fig. 1.1),

among others, and can be used not only to detect but also to quantify the analyte [3].

Selectivity to the analytes of interest, reproducibility to produce identical responses, stability
and robustness under ambient disturbances, sensitivity to analytes at very low
concentrations to ensure their existence in the sample, and linearity in a wide range of
concentrations are the most important characteristic of a biosensor [4]. Furthermore, it

should provide rapid or even real-time responses [5].

The first biosensor developed in a laboratory was a glucose biosensor. It was developed by
Clark and Lyons in 1962. After 10 years, in 1973, this glucose biosensor was first
commercialized by Yellow Springs Instruments [6]. Since then, biosensors have been
envisioned to play a significant analytical role in medicine, agriculture, food safety,
bioprocessing, environmental and industrial fields [5]. In addition to glucose, a wide variety
of metabolites such as lactate, cholesterol, and creatinine can be detected by using
commercial biosensors. Many of these have small dimensions, simple construction and they
are ideal for point-of-care sensing [6]. For example, the pregnancy test is a rapid, easy and
inexpensive lateral flow test that is worldwide used. Similar devices that have achieved
success in the clinical analysis field have detected analytes such as, Escherichia coli 0157,
influenza A and B viruses, Helicobacter pylori, human immunodeficiency virus, tuberculosis,
and malaria [7]. Regarding the environmental field, commercial tests are used to monitor
biochemical oxygen demand (BOD), nitrates and pesticides, among others [7]. For instance,
the biofilm-type BOD biosensor consists of a layer of immobilized microorganisms
(biorecognition element) sandwiched between a dialysis membrane and a gas-permeable
Teflon membrane. When the water sample (e.g. wastewater, effluents and polluted waters)
is injected into the system assimilable organic substrates diffuse and are assimilated by the
immobilized bacteria, resulting in an increase in the oxygen consumption and therefore, a

current decrease that will be detected by an oxygen electrode [8].
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In the food industry, it is possible to measure glutamate, glucosa, lactose, etanol, citric acid
using amperometric commercial devices which use enzymes as the recognition element [9].
Finally, to perform a biothreat/biowarfare analysis, commercial tests that detect Bacillus
anthracis, Salmonella and Botulinum toxin can be used [6]. Moreover, the enhanced
sensitivity achieved with nanobiosensors, will rapidly improve the current monitoring

capacity and will reduce the cost [10].
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Types: according to the transduction method

Electrochemical biosensor: measure
the current or potencial produced from
reactions between the analyte and the
biomolecule (in which ions or electrons
are produced or consumed) using an
electrode as the transduction element.
The electrical signal is mesured by
potentiometry, conductometry,
amperometry, or voltammetry.

Optical biosensor: Measure the
change in the phase, amplitude,
polarization, or frequency of the input
light produced by the biorecognition

process. It can be used for several types

of spectroscopy (absorption,
fluorescence, phosphorescence,
Raman, SERS, refraction, and
dispersion spectrometry). These
changes can be also observed directly
with bare eyes.

Piezoelectric sensor: mesure the
changes in resonance frequency of a
piezoelectric transducer due to mass

changes. The mass increases due to the

binding of molecules. The resulting
signal can be measured electrically.
There are two types: the quartz crystal
microbalance and the surface acoustic
wave device.

Calorimetric (thermometric): Measure
the total heat produced or absorbed in
the biorecognition reaction, that is
proportional to the total number of
molecules in the reaction. A thermistor
(usually metal oxide) or a thermophile
(usually ceramic semiconductor) can be
used as transducer. These devices do
not require frequent recalibration and
are insensitive to the optical and
electrochemical properties of the
sample.
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Fig. 1.1. Types of biosensors: according to the transduction method. [2][10][5][11][12]

Examples: implantable glucose electrode[13], suface plasmon resonance biosensor[14],

piezoelectric immunosensor [15], enzyme thermistor [16].All types of biosensors described

above are well-developed and interesting tools that can detect analytes whit high specificity

at low concentrations.
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1.1.1 Optical biosensors
These devices employ the interaction of the optical field with a biorecognition element to
detect an analyte. They can be divided in two types: 1) label-free: here, the signal is
generated directly by the interaction of the analyte with the transducer; 2) label-based: this
sensing-mode involves the use of a label (a molecule or nanoparticle in contact with the
recognition element) to produce a colorimetric, radioactive, fluorescent or luminescent signal
[17].

Surface plasmon resonance (SPR) based biosensors, Localized surface plasmon
resonance (LSPR) based biosensors and Surface-enhanced Raman spectroscopy (SERS)
based biosensors are some examples of the first type of optical biosensors. Currently, SPR
is one of the most widespread and well-known technologies [18]. The SPR phenomenon
takes place on the surface of metal when it is illuminated by polarized light at a specific
angle. Then, surface plasmons are generated and the intensity of reflected light is reduced
depending on the presence of the analyte on the surface of the transducer. To summarize,
this technigue enables direct, label-free and real-time detection of changes in the refractive
index at the sensor surface, which is proportionate to the biomolecule concentration. To give

specificity to this method, a biomolecule must be immobilized on the sensor surface [17].

In Table 1.1 we compare some limitations and advantages of optical and electrochemical
biosensors. Within the optical biosensors, specifically the colorimetric ones are mentioned
in the table, since in this document the development of three different colorimetric

approaches is described.
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Table 1.1. Comparison chart: Limitations and advantages of colorimetric and electrochemical biosensors.

Colorimetric Biosensors

Electrochemical Biosensors

Some limitations:

e Colorimetric assays may present low
sensitivity since it is often difficult to
transform detectable signals into a
color readout [19]. To solve this, a
variety of nanomaterials, such as
noble metal nanopatrticles have been
used [19]. Among them, gold
nanoparticles stand out due to their
high extinction coefficient which is 3 to
5 orders of magnitude higher than
those of organic dye molecules [11].

o Amplifying the signal in colorimetric
biosensors usually requires labile
reagents and/or additional steps,
which are not ideal for in-field
measurements [20]. To manage this,
nanomaterials can be implemented or
some architecture modifications in the
design of the biosensor could be
made [20][21].

¢ Naked-eye detection of the color is not
quantitative. It only works for
qualitative analysis [22].

Some advantages:

o When results are interpreted by eye,
[19] they do not require any equipment
for analysis, then, the cost for
implementing these sensors can be
significantly reduced. [11]

e Most of them show quick response,
are easy to fabricate and are
advantageous for point-of-care
testing. [4][19] [25]

¢ These devices have been widely used
for the quick detection of various
analytes such as DNA, proteins,
viruses, small molecules, metallic
cations, bacteria and others. [25]

Some limitations:

e Not all analytes are intrinsically
capable to serve as redox partners in
electrochemical reactions, because of
that, a label must be introduced to
promote the electrochemical reaction
at the working electrode [4, 10].

e Power and extra equipment are
required. However, their size can be
reduced by using modern
miniaturization/microfabrication
technologies [6, 10].

e Electrochemical biosensors are
sensitive to changes in temperature.
They must remain a stable
temperature or the output signal may
be altered [23].

e Many electrochemical sensors need a
reference electrode, which is difficult to
miniaturize and when they are
miniaturized, they do not last very long
[24].

Some advantages:

e They are among the mostly explored
sensors because of their versatility,
portability, and fast response. [26]

e Most of the electrochemical devices
have an excellent repeatability,
accuracy and real time measurements.
[11]

e They show very good selectivity and
strong sensitivity so that these sensors
present a wide linear response range
with low detection limits. [11]

1.1.2 Paper-based biosensors

Paper is a fibrous, soft, and porous matrix. Furthermore, this material is cheap, light,

versatile, flexible, eco-friendly, accessible (available worldwide) and biocompatible. [27—-29]
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Furthermore, paper presents many properties that make it suitable for developing sensing
platforms: [30, 31]

1.

© N o Ou

It can absorb reagents within its matrix avoiding the pipetting of reagent solutions by
users and making it ideal for developing microfluidic devices.

Paper has a large surface area which allows the immobilization of a large number of
sensor molecules and (bio)recognition elements.

Capability of self-pumping fluids within the substrate by capillary.

Can be chemically modified with biomolecules (e.g. proteins and antibodies) if
required.

Can be easily sterilized,

Disposable by incineration.

Its characteristic white color leads to better contrast (e.g. in colorimetric strategies).
Paper is easy to produce (it is available in a wide variety of sizes, thicknesses and

shapes), store and manipulate.

In the field of paper-based biosensors, different types of paper have been employed

depending on the application of the sensor. The most extensively used materials in the

literature are Whatman brand chromatography paper and filter grade paper due to their

superior wicking ability and their highest content of the fluorophore-free cellulose mass [27,

28]. Nitrocellulose is the reference material for fabricating Lateral flow immunoassays due

to the strong absorption of biomolecules through a combination of electrostatic, hydrogen,
and hydrophobic forces [27, 32].

Paper-based biosensors can be constructed using common fabrication techniques such as

wax printing, photolithography, inkjet printing, laser cutting, etc. at low cost, making them

inexpensive and portable platforms for simple, fast and accurate monitoring that is

immensely useful in resource-limited settings [27, 30].
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1.1.3 Types of paper-based biosensors
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Fig. 1.2 Applications of colorimetric paper-based biosensors. Dipstick [33], Lateral flow test [34], uPADs [35],
omPADs [36].

Paper-based biosensors can be found in different formats, from the simplest dipstick and
lateral flow test, to the complex 3D microfluidic and origami analytical devices. All of them
have proven to be useful to solve different issues by applying them in the diagnosis of
several diseases, monitoring of health conditions (e.g. glucose and lactate levels [37, 38],
cytokines increment) and detection of pathogens (virus, bacteria [39], fungi), as well as in
the monitoring of environmental agents (e.g. pesticides in river water samples [40]) and

controlling water and food safety and quality [27].

Dipsticks: these devices contain pre-deposited dry reagents within the paper substrate.
Those reagents are rehydrated when are in contact with the sample solution. Then, they
react with the analyte producing a detectable signal (colorimetric or electrochemical) [28,
29]. Dipsticks tests are simple to fabricate and provide rapid results. However, they are not

suitable for quantitative analysis [28-30].

A scheme of paper-based dipstick that enables detection of foodborne pathogens can be

seen in Fig. 1.2. In this approach, all the reagents required for assay are dried on the
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nitrocellulose membrane (at different positions) and then they are sequentially rehydrated
when the device is dipped into sample solution. Using this sensor Escherichia coli 0157:H7

and Salmonella typhimurium, two fatal foodborne pathogens, were detected [33].

Lateral flow tests (LFTs): in this format, the flow of the liquid sample is controlled by using

a narrow rectangle design and the combination of different materials [29, 30].

Four zones make up this strategy. First, the sample pad, a cellulose matrix for filtering the
impurities and storing the dried buffer. Second, the conjugation pad, which is made of glass
fibers for the storage of dried reagents. Third, the detection pad, a nitrocellulose matrix for
capturing the reagents and for signal development. Finally, the adsorbent pad, made of a
loose mass of cellulose fibers that provide a driving force to the sample, to flow through the
4 areas during the sensing process [28-30]. Usually, LFTs show two visible (colorimetric

signal) bands when the analyte is in the sample [28-30].

A schematic representation of LFT for SARS-CoV-2 from the sample application and to test
the results is observed in Fig. 1.2. Some antigen tests based on the detection of the SARS-
CoV-2 spike and nucleocapsid proteins have been developed to increase population testing

accessibility and to combat the enduring and dangerous spread of COVID-19 [34].

Microfluidic paper-based analytical devices (UPADs): they integrate hydrophobic
barriers to construct microchannels that guide the flow of the sample. The required sample
volume is minimal (microlitters). This format allows a more complex design which can branch
out and in some cases can lead to a three dimensional (3D) device. These new designs

favor multiplexing and quantitative analysis [28-30].

A simple enzyme-based biosensor that detects cholesterol by means of a colorimetric
reaction is shown in Fig. 1.2. In this approach, triangular silver nanoprisms (T-AgNPrs) are
etched by H.O- produced when cholesterol oxidase (ChOXx) is in the presence of cholesterol.
As a result, after the etching process, a blue shift occurred and a color change from blue to

light orange was observed [35].

Origami paper-based analytical devices (0PADSs): these devices are fabricated using a
single sheet of flat paper that is assembled by simple paper folding [41]. Origami-based
techniques are used to stack different layers/reagents of the test in a vertical manner. The
different reagents are dried at the designated areas of the device and then they are released
by adding buffer or sample to the paper. Liquid flows through the cellulose fibers via capillary

action, carrying reagents along the process through the different folded layers making
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possible multi-step reaction assays into a single device [42]. The signal generated by these

origami biosensors is then detected with electrochemical or optical methods [20].

A diagram of a new method for detecting different concentrations of proteins as well as light
artifacts with origami immunosensors and digital logic is presented in Fig. 1.2. With this
method, three colorimetric signals are produced due to the recognition of the analyte by
AuNPs decorated with specific antibodies. The sample containing the analyte is dried on
three different zones of a paper strip which is then folded like an accordion [20] allowing the
vertical flow of the reagents. The signals are evaluated with an augmented reality app that
generates a virtual semaphore that sequentially turns on its green, yellow and red lights
depending on the concentration of analyte. The sepsis biomarker procalcitonin (PCT) was

detected at clinically relevant concentrations by using this approach [36].

In this PhD thesis an origami design was chosen due to its advantages over the other

formats that makes it ideal for our approaches. Some of them are:

v Compared with some 3D microfluidic systems, origami PADs do not require
sequential layer-by-layer fabrication. In this case, the entire device is fabricated on
one piece of paper [28-30, 41].

v" Unlike LFTs that use at least 3 different materials (cellulose, nitrocellulose and glass
fiber) for their fabrication, increasing the complexity in the fabrication process as well
as their cost, origami PADs only use a sheet of paper. The speed of the fabrication
process increase and its cost is reduced [41].

v' The device can perform parallel tests by using a multilayer fluidic network to split a
single fluidic sample into several detection regions for multiple biomarker detection,
and the PAD can then be easily unfolded to observe the results in parallel. [42]

v" The incorporation of additional layers should not result in much additional fabrication
overhead, since increase the paper size could be enough [41].

v" Some origami PADs can be used for quantitative or semiquantitative analysis [28—
30, 41].

v" Origami PADs are highly suitable for use in public health, diagnostics, veterinary
medicine, and environmental monitoring as point of care or point of need devices
[42].
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1.2 Gold nanoparticles

Gold nanoparticles (AuNPs) are nanomaterials currently used in many applications in
different fields, due to their size and shape-dependent chemical, electronic and optical
properties. For example, AUNPs present large surface-to-volume ratio, excellent electrical
and heat conductivity, high chemical stability and inertness under physiological conditions.
They possess excellent electrocatalytic properties, excellent biocompatibility, and low
toxicity, as well as a strong absorption in the visible and near infrared wavelength region
(380-750 nm) [11, 43, 44]. Their strong absorption in the visible region make them ideal to
be used in optical biosensors, especially for the label-based sensing mode.

Michael Faraday’s work began modern scientific evaluation of colloidal Au in the 1850s. He
recognized that the color observed in the colloidal suspension was due to the nanoscale
size of the Au particles [43, 45]. Then, in 1971, Faulk and Taylor first reported the use of
AuUNPs as labels for immunoelectron microscopy [46]. Nowadays AuNPs exhibit different
sizes ranging from 1 nm to 400 nm and they are synthesized with various shapes and
structures divided into three parts: [47—49]

1) one-dimensional: nanorods, nanowires, nanotubes, nanobelts.

2) two dimensional: gold nanoplates such as pentagons, squares/rectangles, dimpled
nanoplates, hexagons, truncated triangles.

3) three dimensions: gold nanospheres, nanotadpoles, nanodumbbells (AuNDSs),

branched AuNPs such as nanopods, nanostars and gold nanodendrites [47—49].

Suspensions of gold nanospheres exhibit a brown, orange, red or purple color as their core
size increases from 1 to 100 nm, and show a size-relative absorption peak from 500 to 550
nm. This absorption band (absent in both small nanoparticles (d < 2 nm) and the bulk
material) is due to the collective oscillation of 6s electrons in the conduction band induced
by the interacting electromagnetic field. This phenomenon is known as localized surface
plasmon resonance (LSPR) and occurs when the incident photon frequency is resonant with
the collective oscillation of the conduction band electrons. As a result, the radiation is
absorbed and an absorption band can be observed [43, 44, 50]. LSPR is influenced not only
by size and shape, but also by the solvent, the surface ligand, the core charge, the

temperature and is highly sensitive to the distance among neighboring nanoparticles[44].

Surface plasmons of AuNPs, specially the large ones, have high molar extinction coefficients

3 to 5 orders of magnitude higher than those of organic dye molecules turning AuNPs in
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ideal probes for colorimetric transduction [11, 43]. Furthermore, aggregation of the AuNPs
can result in color changes, from pink to violet to pale blue. This aggregation can be
produced by the presence of an analyte and the color change can be seen by eye.
Aggregation can induce the coupling of the AuNPs plasmon modes, producing a red shift
and broadening of the LSPR band followed by a gradual decrease of the plasmon peak at
520 nm and the appearance of a new peak between ~600-700 [43]. Normally, colloidal
particles at the nanoscale present very short interparticle distances, consequently, they are
attracted to each other by van der Waals, electrostatic or magnetic forces. This results in an

unstable suspension of particles which tend to agglomerate [47].

Stabilization of colloidal Au is achieved either electrostatically or sterically by the use of
various surface ligands or by a combination of both electrostatic and steric repulsion forces.
Common colloidal stabilizers include charged small molecules, polymers and
polyelectrolytes [37]. On the one hand, for electrostatically stabilized nanoparticles,
aggregation is prevented when the electrostatic repulsion is sufficiently high [47]. However,
if the ionic strength of the colloidal suspension increases due to the addition of electrolytes
(high salt concentration), the charges on the surface of the gold nanoparticles become more
screened, favoring interactions among AuNPs and triggering their subsequent aggregation
[51].

On the other hand, in steric stabilization processes, colloidal particles are prevented from
aggregation by adsorption of large molecules (e.g. polymers or surfactants) at the particle
surface [47]. These substances provide a protective layer which works as a mechanical
barrier against aggregation and whose efficiency will depend on the physico-chemical

parameters of the polymer, its concentration and its solubility [48].

1.2.1 Synthesis methods

Synthesis can be:

» physical, such as laser ablation, sputter deposition, ion implantation, g-irradiation,
optical lithography, microwave irradiation, ultrasound irradiation, and ultraviolet (UV)
irradiation [47-49].

» chemical by the reduction of metal ions in solutions. Some chemical agents and
stabilizing agents introduced are: sodium hydroxide, sodium borohydride, cetyl-
trimethylammonium bromide, lithium aluminum hydride, sodium dodecyl sulfate,

ethylene glycol and sodium citrate [47-49].
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» biological, in which the solvent medium, reducing and stabilizer agents should be
nontoxic and safe so that, hazardous generated wastes are reduced. Intra or
extracellular extracts of prokaryotic cells (bacteria and actinomycetes) or eukaryotic
cells (algae, fungi, and yeast), and extracts from various plants (leaves, stem, flower,

fruits, peel, bark, and root) are used for this purpose [47-49].

Specifically, in the chemical synthesis of AuNPs, the reduction agent provides electrons to
reduce the gold ions, Au®* or Au* to Au® [50]. In other words, reducing agents turn the gold
salts into their reduced form, producing insoluble atoms whose aggregation generates
clusters that will grow to reach a nanoscale size and a characteristic morphology [52]. In this
case, the greater the power and concentration of the reducing agent, the smaller the
resultant particles will be [53]. Moreover, some reductants can act as stabilizing and

reducing agent at the same time [52].

The most widely used chemical method for synthesizing AuNPs is the Turkevich method.
Developed in 1951, in this method, hydrogen tetrachloroaurate (HAuUCI4) is treated with
sodium citrate in boiling water (Fig. 1.3) [54]. This method consists of two reactions, the
initial redox reaction where trivalent gold gets reduced to monovalent gold by citrate which
in turn gets oxidized to acetone dicarboxylate (DC?7). Second, the disproportionation
reaction takes place, and then, metallic gold (nanoparticles) and trivalent gold ions are
produced [55]. Here, citrate acts as both reducing and stabilizing agent. Obtaining different
particle sizes is possible by changing the gold-to-citrate ratio and controlling the pH and
temperature of the reaction [44, 47, 50]. The resulting AuNPs have negatively charged
citrate ions adsorbed on their surface and therefore they are stabilized against aggregation

by electrostatic repulsion in solutions with low salt content [45, 49, 50].
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R,: initial redox reaction
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Fig. 1.3. AuNP synthesized by the Turkevich method. Adapted from[55].

1.2.2 Functionalization methods

AuUNPs can be functionalized with biomolecules such as proteins, antibodies, nucleic acids,

enzymes etc., by covalent or non-covalent conjugation.

Non-covalent conjugation is widely utilized because it is easy (few steps and reagents are
required) and sometimes reversible. In this approach biomolecules bind to AuNPs by
different interactions such as through specific binding affinity, electrostatic interactions, and
hydrophobic interactions [44]. For example, positively charged proteins bind to AuNPs
surrounded by a layer of negative charges through electrostatic interactions [46]. Finally,
since AuNPs present high affinity to thiol groups, molecules which possess these groups

can attache to their surface through chemisorption [44, 46, 48].

To avoid flocculation of AUNPs during the functionalization process some parameters must
be taken in count. First, the pH of the reaction must be controlled. Ideally, the reaction should
occur at a pH within the range of the isoelectric point of the protein that is going to be
attached or at slightly higher pH [46]. At this pH the net charge of the protein is zero, so that,
the protein is not attracted or repelled by the particle. Aggregation can occur when both, the
nanoparticle and the protein, have different surface charge. Then, they are electrostatically
attracted, leading to aggregation and flocculation. On the other hand, repulsion between the
protein and the patrticle is achieved when they have the same charge, thus resulting in a low
yield of functionalization [56]. Second, a suitable concentration of the biomolecule must be
added. The amount of biomolecule added to the gold particles should be slightly more (by
about 10%) than the one needed to maintain colloidal stability upon addition of NaCl [46].

High overloads of protein should be avoided because this may promote aggregation [53].
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Third, an evaluation of the degree of adsorption of the biomolecule and the relative
coagulation of the gold particles must be done. This evaluation may be made for example

by obtaining the extinction spectrum to observe if there are changes in the LSPR [53].

On the other hand, when more stable constructs are required, covalent conjugation of
molecules to AuNPs is more appropriate. In this strategy, the reaction usually happens
between free biomolecules in suspension and pre-grafted ligands (containing functional
groups) on the AuNP surface [44]. Polyethylene glycol (PEG) is a polymer that usually is
used for surface modification of AuNPs. PEG provides colloidal stability since PEGylated

AuUNPs repel each other for steric reasons [48, 49].

PEG is attached to AuNPs by thiol groups at one end. The other end may have another
functional group such as carboxylate. This group can react with amines via an EDC (1-ethyl-
3- (3-dimethylaminopropyl)carbodiimide)-mediated amidation reaction [53]. EDC activates
the carboxylate particles to create intermediate EDC esters. These esters are reactive
directly with amines on proteins or other molecules to create amide bond linkages [53]. More
stable intermediates can be achieved by adding sulfo-NHS (N-hydroxysulfosuccinimide) to
the reaction and in this way the immobilization course is better controlled (Fig. 1.4).
Furthermore, since intermediate esters from sulfo-NHS are strongly negatively charged,
they maintain the repulsive force between particles, keeping them from aggregation [53].
The same reaction may be used for covalent immobilization of proteins over primary amine
particles. In this case, it is done by activation of a carboxylate group on the biomolecule and
subsequent amide bond formation with the amines on the particles [53]. Also, the surface of
an amine particle can be activated by coupling with an amine-containing ligand. For
example, one can use a homobifunctional amine-reactive crosslinker such as

glutaraldehyde or polyglutaraldehyde [53].
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Fig. 1.4 .Functionalization of carboxylate particles by amidation reaction using EDC and
sulfo-NHS (adapted from [53]).The role of biosensors in infections and sepsis diagnosis.
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1.2.3 Infections
Infectious diseases (caused by bacteria, viruses, parasites or fungi) can rapidly spread
among the population through air, contaminated food, water, body fluids or physical contact

between person to person [57].

Virus have many characteristics that make them one of the major threats for mankind. For
example, they have the ability to disseminate rapidly and their frequent mutations,
reassortment and recombination give rise to the emergence of new and diverse viral
populations [57]. Furthermore, there is a lack of specific vaccines and safe drugs for
treatment of viral infections, as well as difficulties to develop efficient and sensible diagnostic
techniques when the virus causing the infection is new or unknown [58]. Some diseases
caused by viruses that must be prioritized for research and development in emergency
contexts, according to WHO are: zika, ebola, Marburg, Crimean-Congo haemorrhagic fever,
MERS-CoV and recently COVID-19 [58, 59].

Pathogenic bacteria possess characteristics that allow them to evade the body's protective
mechanisms. When the body get in contact with pathogenic bacteria, a disease can be
produced, either by the immune system response or by the pathogen which consumes the
body resources to survive and reproduce [60]. Prompt diagnosis and timely treatment of
bacterial infections caused mainly by Gram-negative microorganisms represent a particular
challenge in human health worldwide [58]. Some pathogenic bacteria that can cause
different kinds of diseases in humans, animals, and plants are: Escherichia coli, Salmonella
typhi, Clostridium perfringens, Shigella spp., Staphylococcus aureus and Pseudomonas
spp. [58]. The appearance of multidrug resistant variants of bacteria through the years has
been favored by their indiscriminate exposure to antibiotics discharged in water or added to
food. Although the principal factor is the improper use of these drugs in hospitals (excessive
use, unfinished treatments, unnecessary use for viral infections) [57, 58]. The six pathogens
responsible for the majority of nosocomial infections are: Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp.[61]. These microorganisms also exhibit multidrug

resistance and virulence, and they are commonly known as ESKAPE pathogens [62].

Virus and bacteria detection is usually accomplished by molecular techniques such as the
reverse transcription-polymerase chain reaction (RT-PCR), or traditional culture, which
remains the gold standard for pathogen detection [58]. Body fluids used frequently for

culture are: 1) blood, which is a red fluid composed by proteins such as fibrinogen, albumin
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and immunoglobulins; electrolytes (e.g. sodium, potassium, bicarbonate, chloride, and
calcium); cells (erythrocytes, leukocytes, and thrombocytes) and other small amounts of
enzymes, hormones, and vitamins [63]. Removing the cells from blood a light-yellowish or
straw-colored fluid called plasma is obtained, while plasma without fibrinogen is called
serum [63]. 2) Respiratory samples such as sputum are made of highly cross-linked mucins
with a highly viscous or even semisolid consistency samples so that, these samples require
liquefaction and homogenization to be analyzed. The routine method for the liquefaction of
respiratory samples involves the addition of dithiothreitol (DTT), which reduces disulfide
bonds that cross-link mucins in the matrix. DTT is usually added for at least 30 min in a
temperature controlled bath, followed by sample dispersion with a vortex [64]. 3) Urine, a
yellowish fluid composed mainly by water, urea, creatinine, uric acid, and ions [65].

Identifying pathogens with these techniques requires a long time, and because of that,
physicians frequently initiate empirical broad-spectrum antibiotic treatment in order to avoid
poor outcomes. However the overuse of broad spectrum antibiotics, contributes to the
emergence of resistant pathogens mentioned before [66]. The absence of rapid and
accurate diagnostic information to direct treatment decisions at the point of care (POC) is
one of the key barriers towards improving the management of infectious diseases [66].
Consequently, it is necessary to develop new strategies that allow the faster detection of

these pathogens to effectively contain and control their impact on human health [58].

New approaches based on nanotechnological advances have emerged as suitable, easier,
cost-efficient, and powerful diagnostic platforms for detecting pathogens. This helps
healthcare professionals making informed clinical decisions based on the early detection of
infectious viral/bacterial diseases [57, 58]. Many of these platforms have been developed
utilizing nanomaterials because of their extraordinary optical, electrical and magnetic
properties with highly active functional surfaces [57]. Some strategies to detect virus or

bacteria in blood from infected patients can be seen in Table 1.2.

Table 1.2. Biosensors for the detection pathogens in clinical samples. Adapted from [67]

Dvnamic Analysis
Pathogen Technique Support LOD y Time  Ref
range .
(min)
Immunosensor 2 2 105
E. coli + optical Gold 10%cell  10°- 10 0 (e8]
. mL1 cell mL?*
interferometry
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Magnetic particles +

E. coli - . Au coated Ag
. antimicrobial 10 CFU 10- 1068
P. aeruginosa . decorated graphene 1 1 > 60 [69]
S aureus peptide + SERS oxide mL CFU mL
nanocomposites
E. coli Protein
P. aeruginosa Aggregation Naﬁg&;ﬁ;ﬁ on 26-63  10%2-108 1 [70]
S. aureus assay + aper CFUmL! CFU mL?
S. pyogenes Fluorescence pap
Antigen of Aptasensor + - . 15
epaiisCconduciy  SIOROTIRO 2 200N w
Virus mesurements
. . graphene electrodes )
Hep{:\tltls B Electrochemmal modified with gold 0.17 }ljg 10 20(1) Mg ~60 [72]
Virus Immunosensor . mL mL
nanoparticles
recombinant Fabry-Perot
IgGs, IgMs, and protein + interferometers: one same as
IgAs against interferometric  layer of SiO2 and a ELISA >180 [73]
SARS-CoV-2 optical thin
detection SU-8 polymeric film
human
|mm_unodef|C|en DNA +
cy virus and co- electroluminesc Ag electrode and 2 bM 1nM - >150 [74]
infection ITO electrode P 1000 nM
. . ence
with hepatitis C
virus
1.2.4 Sepsis

When the body responds in a dysregulated way to infection it can lead to life-threatening
organ dysfunction [75—77]. This response is known as sepsis and the clinical criteria for
identifying it includes suspected or documented infection and an acute increase of two or
more Sequential Organ Failure Assessment (SOFA) points as a proxy for organ dysfunction.
A subset of sepsis in which underlying circulatory and cellular/metabolic abnormalities are
profound enough to increase mortality substantially is called septic shock [77]. Both, sepsis
and septic shock can result from an infection anywhere in the body, such
as pneumonia, influenza, or urinary tract infections. Bacterial infections are the most
common cause of sepsis [78]. Worldwide, the incidence rate for sepsis is about 20.7 million

and it is expected to increase gradually [75]. Sepsis is more frequent in
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immunocompromised individuals such as cancer patients or the elderly, who often present
confounding factors such as chronic inflammation and dysregulated body temperature [67].
It is estimated that one-third of people who develop sepsis die and those who survive are
left with life-changing effects, such as post-traumatic stress disorder (PTSD), chronic pain
and fatigue, organ dysfunction and/or amputations [78]. Sepsis is strongly time dependent
since it usually starts as a non-lethal systemic inflammatory response syndrome (SIRS) and

then it progresses to multiorgan dysfunction [67].

Early recognition and diagnosis of sepsis together with providing the proper medication at
the right time is required to prevent the transition into septic shock and to reduce the mortality
rate [75, 77]. Measuring the alterations of the host response to an infection is a faster
alternative to the SOFA score for guiding the diagnosis of an infection that can lead sepsis.
In fact, many diagnosing algorithms include measurements of serum biomarkers, which in
addition to vital constants and epidemiological data, can be used to predict sepsis cases
[67]. Biomarkers are the biological molecules or features that can be measured objectively
and act as indicators of physiological or pathological process or response to a therapeutic

intervention [75, 76, 79]. Four broad classes of biomarkers are known: [79]

1. Diagnostic biomarkers which serve to establish the presence or absence of a
disease or clinical condition.

2. Monitoring biomarkers which provide information regarding the effectiveness of a
given therapy for the purpose of titration.

3. Surrogate biomarkers which provide information regarding the effectiveness of a
given therapy, but for the purpose of predicting a clinical outcome.

4. Stratification biomarkers which serve to stage or subclassify diseases based on

outcome risk, severity, or biological mechanism.

Sepsis biomarkers include the acute-phase proteins such as cytokines and chemokines, the
damage-associated molecular patterns (DAMPSs), endothelial cell markers, leukocyte
surface markers, micro RNA (miRNAs) and soluble receptors, as well as metabolites and
alterations in gene expression (transcriptomics) [67, 76]. For example: c-reactive protein
(CRP) has a prognosis value as high CRP levels can be linked to the severity of the infection
and lower CRP values might indicate a favorable response to the antibiotic treatment [67].
In a different way, procalcitonin (PCT) is a diagnosis biomarker of sepsis which has been
incorporated into clinical decision algorithms to guide both initiation and discontinuation of

antibiotics [67, 79] while Interleukin-6 (IL-6) is a good biomarker for both, prognosis and
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diagnosis. On the other hand, lactate is a useful biomarker for monitoring tissue oxygenation
and also an excellent prognosis biomarker of sepsis [67]. Some others useful biomarkers
are: mid-regional proadrenomedulin (MR-proADM), the neutrophil surface receptor

expression (CD64), the tumor necrosis factor-alpha (TNF-a),Interleukin-27 (IL-27), CD14

(sCD14-ST or presepsin) and Interleukin-8 [67, 75].

Identifying, developing, evaluating, and validating sepsis-related biomarkers is an arduous
process since novel sepsis biomarkers are useful only if they improve upon existing tools or

provide new information [79].

Time-dependent variations in concentration of biomarkers are observed as sepsis
progresses. For that reason, to correctly reflect the patient status, biomarker measurements
must be rapid. Additionally, as they fluctuate over time, more than one biomarker should be
measured in order to identify sepsis independently of disease stage [67]. Decentralized
measurements are also important because sepsis is managed in a wide variety of healthcare
settings, from ambulances to the emergency room, medical and surgical wards or the ICU
[67].

The above mentioned issues could be overcome by using simple and sensitive biosensors
implementing nanotechnological components for the frequent and rapid testing of multiple
sepsis biomarkers at very low concentrations in biological fluids [67, 75]. These tools should
be compact devices that are widely available and whose results at each step of the
healthcare chain can be collated and shared with other healthcare workers. Also, biosensor
readers must be portable and inexpensive, in order to ensure their widespread

implementation [67].

A large number of biosensors has been developed for the diagnosis of sepsis using different
biomarkers. Table 1.3 shows the main characteristics of new biosensors developed to
detect the most common sepsis biomarkers in real clinical samples. According to the table
most of the strategies to detect lactate use amperometry as transduction method, employing
electrodes made of different materials and functionalized with lactate oxidase (LOX) or
lactate dehydrogenase (LDH) enzymes. Furthermore, the analysis time is the shortest since
the signal can be read just in seconds. In case of IL-6, CRP and PCT most of the applications
described in the table use antibodies as recognition element but different transduction

methods to obtain the signals.
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Table 1.3 Biosensors for the detections of the sepsis biomarkers PCT, IL-6, CRP and lactated in clinical samples. Adapted from[67]

Instrumental Real matrix
Analyte Technique Support LOD Dynamic Matrix LOD Angly5|s Ref
range time
Antibody + ZnNPs-
Functionalized -
- 50 pg mL? -
carbon-silica 13 fg mL* 80 ng mLt Serum 0.01_r119 >40 min  [80]
nano-composites mL
graphene
oxide
Electrochemical i .
Antibody + Magnetic beads 0.25 - 06
1 .ong .
and carbon 90 pg mL 100 ng mL Plasma mL-L <20 min  [81]
electrodes
Antibody + Magnetic beads + 0.05 -100 Serum
PCT 20 pg mL? <15 min [82]
gold electrodes ng mL? Plasma
Antibody + Polydimethylsiloxane 250 pg mL1-
250 pg mL? ) Serum 90 min [83]
Chemiluminiscence (PDMS) 128 ug mt
) _ ] 0.05 - )
Antibody + Optical fiber 11 pg mL? Serum >75 min  [84]
200 ng mL?
Antibody + Polypyrrole _
Fluorescence microtubes with a magnetic 70 pg mL™" 0.5m1l?‘(1) ng Plasma 1r'nl|_r-]19 >30 min  [85]

layer of nickel.
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Antibody + core-shell

luminescence mesoporous silica nanoparticles  0.5ngmL? 1-200 ng mL1  plasma >10 min  [86]
+ polyvinyl chloride
Antibody + Magnetic
nanoparticles 0.25 ng
. . -1 104 -1 )
Bioluminescence Polystyrene 45 ng mL 1-10% pg mL Serum mL- 1lh [87]
nanospheres
. . 0.0lpgmLt- Human 0.1p :
1
Antibody + Gold electrode 0.1 pgmL 10 ng mL plasma mL-L 5 min [88]
Electrochemical Antibody + Nitrocellulose 2-500 Human
PVC 0.37 pg mL? 1 - 15 min [89]
Glass fiber pg mL serum
Antibody + Polydimethylsiloxane 5-1280 Human
1.0 pg mL? - 90 min [83]
L6 Chemiluminescence (PDMS) pg mL+ serum
) ] ) 5to 10 000 Human )
Antibody + Optical fiber 1.05 pg mL? - >75 min  [84]
pg mL? serum
Antibody + Paper + 103 - 102 Blood and 13
Colorimetric _ 103 pg mL? bronchial : F_)lg 10 min  [90]
gold nanopatrticles pg mL? . mL
aspirate
. . 11 pg mL?
Naked eye rgr:ltét:)c;drme'\sﬂ?lg/lrllleélg) eye 3.7-900 Human 4.15 pg
. 1.2 Lt Lt ) i
Optical spectroscopy Polystyrene (PS) iﬁgt:n pgm serum mL1 60 min [91]
microparticles
Electrochemical Carbon electrodes 2-100 0.80 _
CRP ) 0.8 ug mL? Plasma 5 min [92]
Micromotor PtNPs pg mLt pg mL?
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immunoassay 1-100 Serum 0.54 .
Polycarbonate 0.54 pg mL? 8 min [93]
pug mL1t Plasma pg mL1t
Electrochemical Carbon 10-500 8 )
8 ng mL? Plasma <20 min  [81]
Magneto electrodes ng mL?! ng mL?
immunosensor 5-1000 Blood )
1.5ng mL? <15min [94]
ng mL? Plasma
Electrochemical 5ngmL?- 1 )
i . Paper - Serum 30 min [95]
impedance device (EID) 500 pg mL? ng mL?
LOX + Screen-printed carbon
electrodes with platinum 25uM - 1.5
nanoparticles decorated carbon mM Blood 1M 60s [96]
nanofibers
LOX + Reduced Graphene
oxide, carbon nanotubes and 0.05-100 mM Blood 2.3 uM 80s [97]
AuNPs nanocomposite
Graphene oxide nanoparticles
modified pencil graphite 5-50 mM Serum 0.1 uMm 5s [98]
Lactate* Amperometry electrode
LDH + LDH NPs modified Au 0.01 pM - 55 Serum 0.01 uM 25 [99]
electrode mM
LDH + Inkjet printed AUNPs/NiO 0.6-2.2 MM Plasma 380 mM 60 s [10
NPs electrode 0]
LDH + Pt-microneedle [10
electrode- AUNPs- 0.38-12 mM Serum 50 uM - 1]

Polydopamine nanospheres

*only applications with a dynamic range within the ranges of physiological levels of lactate (> 0 mM) were included.
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2. TECHNIQUES

2.1Characterization of AuNPs

Characterizing a material requires to study its composition, structure, and properties
(physical, chemical, electrical, and magnetic). Characteristics such as size, shape,
composition, and surface properties of nanomaterials affect their activity and performance.
Consequently, it is important to be able to measure those characteristics using reliable and

advanced techniques, sensitive down to nanoscale dimensions [102, 103].

There are many techniques available for AUNPs characterization. For example, extinction
spectroscopy can be used to characterize the LSPR of AuNPs. Through this technique, it is
possible to monitor LSPR changes such as variations of peak intensity (LSPR dampening),
a blue or red-shift or a broadening of the LSPR band, as well as the emergence of new ones.
All of these parameters are related with to state of aggregation, colloidal dispersity, size,
and shape of AuNPs [48]. Other techniques are: [48]

» Dynamic light scattering (DLS) to observe and measure the hydrodynamic diameter
of AuNPs and their size distribution in suspension.

» X-ray diffraction (XRD) to confirm the purity and crystalline nature of AuNPs.

» Energy-dispersive X-ray spectroscopy (EDX) to confirm the chemical composition of
AuNPs.

» Small-angle X-ray scattering (SAXS) analysis can be used to measure the
interparticle distance in nanoparticle assemblies.

» Fourier transform infrared spectroscopy (FT-IR) to analyze the surface chemistry of
AuNPs, and determine the composition of functional groups around them.

» Scanning electron microscopy (SEM), transmission electron microscopy (TEM),
high-resolution transmission electron microscopy (HRTEM), and atomic force
microscopy (AFM), are commonly employed to determine and characterize size,

shape, and surface morphology of AUNPs.

The principle of the techniques used in this thesis to characterize AuNPs is described below.

50



2.2 Extinction spectroscopy

Spectroscopy is the study of the interaction between electromagnetic radiation and matter.
Extinction refers to the attenuation of an electromagnetic wave by scattering and absorption
when it passes through a particulate medium (e.g. a colloidal solution of gold nanoparticles)
[104]. Briefly, light absorption results when the photon energy is dissipated due to inelastic
processes, while light scattering occurs when the photon energy causes electron oscillations
in the matter. The irradiated matter then emits photons in the form of dispersed light either
at the same frequency as one from the incident light (Rayleigh scattering) or at a different
one (Raman scattering) [1L05]. Since extinction is the result of both absorption and scattering,

is described as follows:

Aext = N (Caps + Csca)
Eq 2.1Extinction equation [104]

In the last equation, extinction coefficient a,,; are related with the number of particles per
unit volume X, and with the absorption and scattering cross sections, Cas and Csca
respectively. Cross sections refer to measure of the probability that a process will occur (in

this case, the absorption or the scattering process) [104].

In regards to AuNPs, their capability of absorbing and scattering of light, is around 5 orders
of magnitude stronger than most absorbing organic dye molecules and most strongly
fluorescent molecules [105]. Although absorption and scattering occur simultaneously, there
are instances where one or the other dominates [104]. For instance, absorption dominates
over scattering when particles are small enough, while scattering dominates when the

particle size is the same as or larger than the wavelength of the incident light [104].

As in this PhD thesis small spherical AuNPs (around 45 nm) were used, most of their
extinction is due to absorption. Therefore, UV-visible spectroscopy was employed to

analyzed them.

The Lambert-Beer's law establishes that, under certain fixed experimental conditions
(radiation wavelength, optical path, temperature, among others), the absorbance of the
chemical species varies directly proportional to their concentration. The following equation

represents this law:

A=¢eg)bc

Eq 2.2. Lambert-Beer’s Law
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Where A is the absorbance (without units associated), £(4) is the molar extinction coefficient
of the sample at a certain wavelength, b is the length in cm of the cuvette containing the
sample, and c is the concentration of the sample. If the length of the cuvette is equal to 1
cm, the slope of the equation will be a constant equal to (1)+b so that, the absorbance will

change depending on the concentration [102, 106].

In practice, the liquid sample to be analyzed is contained in a cuvette and then is placed in
the radiation path where it is irradiated at a selected wavelength. When the light beam
passes through the sample, a part of it will be absorbed, while the rest will pass through the
solution to the detector [103]. This process also happens with a reference sample, so that,
the amount of light passing through the reference is subtracted from that of the sample and
then, this relative value is used to estimate the analyte concentration [106]. The ratio
between the intensity of the relative transmitted light and the intensity of the incident light
from the light source at a fixed wavelength is called transmittance, while the negative

logarithm of transmittance is the absorbance [102].

A spectrophotometer is the instrument used for measuring the transmittance or absorbance
of a sample. It is composed of six essential components: the light source which normally is
a deuterium and tungsten lamp, the monochromator which focuses the polychromatic light
generated from the source and selectively transmits only a narrow band of this light, a
sample cell, a reference cell, the radiation detector, and a readout device. Additionally, a

power supply is required for instrument operation [102, 106].

As commented above, UV-visible spectroscopy is used as a tool for identifying,
characterizing, and studying nanomaterials. Specially, in characterizing metal nanoparticles,
this strategy is a great tool for analyzing the size, shape, and surface properties of the
nanoparticles when they are in a colloidal suspension [103]. Spherical gold nanopatrticles
present a characteristic absorption spectrum which falls in the 500-550 nm range depending
on their size, shape, and dispersity (an example can be seen in Fig. 2.1). Alterations in these
properties can be detected by observing their plasmon (bandwidth, variation on the intensity
or a shift on the wavelength of the peak). For example, when the nanopatrticle size increases,
the absorption spectra shifts toward longer wavelengths. Also, when the nanoparticles are
aggregated, the original extinction peak is reduced in intensity and often the band will

broaden and a secondary band may appear at longer wavelengths [102].
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Fig. 2.1. Extinction spectra of 45 nm AuNPs.

2.3Transmission Electron Microscopy (TEM)

Nanomaterials can be imaged with atomic resolution with TEM when an incident high-energy
electron beam is transmitted through an ultra-thin sample. Specifically, the electron beam is
emitted by the electron gun (by thermionic, Schottky, or field emission with an electron
energy normally of 80-300 keV, to be able to pass through material [107]) and then is
focused by using a three- or four-stage condenser-lens system which permits variation of
the illumination aperture and the area illuminated. When the focused electrons beam enters
the thin specimen, it strongly interacts with the atoms of the sample and is transformed into
unscattered, elastically scattered, or inelastically scattered electrons. Then, these scattered
or unscattered electrons are focused on a series of electromagnetic lenses and then they
are projected on a screen [102, 103, 107, 108]. The image of the material can be recorded
by: 1) direct exposure of a photographic emulsion or an image plate inside the vacuum; 2)
a fluorescent screen coupled by a fiber-optic plate to a CCD camera to obtain a digital image
[108]. Elements with high atomic number have greater electron densities showing the

greatest contrast in TEM images [102].

This technique is carried out under a high vacuum to avoid the deflection or attenuation of
the electron beam by gas molecules in the air. Additionally, ultrathin sample sections
(generally less than 1 um) are required. Nevertheless, materials that have small enough
dimensions such as powders, nanoparticles, and nanotubes do not need to be sectioned to
be analyzed. Instead of that, they can be easily prepared by the deposition of a diluted

sample containing the particles onto supported grids [102].
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TEM has contributed significantly to nanotechnology development since it allows the
evaluation of nanostructures including nanoparticles, carbon nanotubes, graphene, and thin
films and fibers. A TEM analysis provides information about the number of material layers,
composition, polymer tethering, and physical properties of nanomaterials such as shape,
size and degree of aggregation and dispersion [48, 53, 102, 103, 107]. Even though AuNPs
are 3D, in conventional TEM they are imaged mainly in two-dimensions. In practice, they
are visible as dense, dark objects due to their high electron density [36, 39] as can be seen
in Fig. 2.2.

Fig. 2.2. TEM image of 45 nm AuNPs.

2.4Dynamic light scattering (DLS)

In DLS (also called photon correlation spectroscopy or quasielastic light scattering [103]),
fluctuations of the Rayleigh scattering of light are measured. This elastic scattering is
generated by the Brownian (random) motion of the nanoparticles with smaller size than the
wavelength of the incident light, at a fixed scattering angle. Brownian movement is a result
of the random collisions of the particles with the solvent molecules causing the particles to
diffuse through the medium. Therefore, when a monochromatic light beam, such as a laser,
irradiates in the visible light range a randomly moving suspension of nanoparticles, the light
is scattered with a different frequency depending on the size of the particles [102, 109]. The

following equation represent the intensity of the light scattered by an individual particle:

1_11+C0529(27T) n¢—-1 (d)
Y A/\n2+2)\2

Eq 2.3. Intensity of light scattered by a single particle.

6
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I, refers to the intensity of the incident light while A is its wavelength, r is the distance of the
scattering center, 6 is the angle at which the light is scattered, n is the refractive index, and
d is the particle diameter.[102, 109]

Large particles diffuse slower than smaller particles, so that, measuring this movement it is
possible to acquire information regarding the average size, size distribution, and
polydispersity in solution [102, 103]. The particle size obtained by DLS depends also on any
surface coating, the medium in which the nanoparticles are suspended in, the type of
electrolytes and the concentration of the medium. For example, nanoparticles covered with
a polymer layer will have a lower diffusion speed, and therefore the size obtained by DLS
will increase [48, 102]. The stability of the particles can be also studied by DLS since
nanoparticle aggregates will give a larger particle size and the polydispersity index (PI) will
increase (PI>1 is associated with aggregated nanoparticles). In this approach, the spherical
nature of the particles is assumed so that, DLS is not appropriate to determine the precise

size of nanoparticles of nonspherical geometries [102].

2.5Electrophoretic light scattering to measure Z potential

Zeta potential also termed as shear surface electric potential or electrokinetic potential, is
the potential at the slipping/shear plane of a colloid particle moving under an electric field
[110]. It is usually determined by electrophoretic light scattering, measuring the velocity of
charged species toward the electrode with an external electric field in a sample solution
[103].

In other words, measuring the zeta potential of colloidal hanoparticles it is possible to know
their surface charge. Nanoparticles with a net surface charge, either positive or negative,
attract a thin layer of counterions that remain strongly bound on their surface (Stern layer).
An electrical double layer is generated when the stern layer is surrounded by an outer diffuse
layer made of lightly associated ions. As mentioned before, nanoparticles in solution move
due to Brownian diffusion, this movement creates a gradient between the ions in the diffuse
layer that move with the nanoparticle and those that remain within the dispersion medium
[102]. The electrical potential produced by this gradient is called zeta potential (7) and is
calculated from the Henry equation: [102]
2¢&¢

=—f(ka
pe =~ f(ka)
Eq 2.4. Henry equation.
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In Eq 2.4 the electrophoretic mobility (u.) is inversely proportional to the absolute zero-shear
viscosity of the medium (n) and directly related to the dielectric constant (g), the zeta
potential (¢), and the Henry function (f(ka)) where ka is a measure of the ratio of the particle
[102].

The positive or negative dimensions of zeta potential are determined by identifying which
electrode the particles are moving towards during electrophoresis [110]. The stability and
aggregation state of the nanomaterials depend in part on their surface charge. For example,
particles with high positive or negative surface charge tend to repel each other resulting in
a stable colloidal solution. On the other hand, nanoparticles with low surface charge tend to
agglomerate and precipitate. Usually, zeta potential takes values in the range of +100 to -
100 mV. In practice, high degrees of colloidal stability in nanoparticles applications are linked
to zeta potential values greater than +30mV or less than -30mV (strongly cationic or anionic).
Alternatively, zeta potential values below +25mV or greater than -25mV tend to agglomerate
the nanoparticles due to interparticle interactions, including van der Waals, hydrophobic and
hydrogen bonding interactions. Finally, nanoparticles with zeta potential values close to OmV

(between -10 and +10mV) are considered neutral [102].

Changing the pH of the solution will result in an alteration of the zeta potential value as
follows: zeta potential becomes more positive in magnitude with an acidic pH and more
negative with a basic pH [110]. On the other hand, when the pH is close to the isoelectric
point, nanoparticles loss of stability because of lack of charges leading to agglomeration or

flocculation.

2.6 ELISA

The enzyme-linked immunosorbent assay (ELISA) is a biochemical assay that makes use
of antibodies to specifically capture an analyte (e.g. proteins, peptides, hormones,
antibodies), and enzymes for generating measurable signals (colorimetric, fluorescent or
guimioluminescent) [111]. ELISA is derived from the radioimmunoassay (RIA), which was
used to detect and measure biological molecules present in very small quantities by
integrating a signal generation mechanism that made use of radioisotopes. Because of the
safety concern regarding the use of radioactivity, RIA assays were maodified by replacing the
radioisotope with an enzyme [111]. Other advantage of this change was the improvement in
the signal levels in two to three orders of magnitude greater than those obtained using
radionuclides [112].
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ELISAs is a highly versatile and sensitive technique that can be used for qualitative or
quantitative determinations of practically any antigen. Reagents used in this technique are

stable, nonradioactive, and, in most cases, available commercially [113].

Enzymes are used in this technique because they are highly specific and have catalytic
activity, which can boost the yield of a reaction up to a billion times. Furthermore, enzyme
signals increase with time due to the continuous transformation of the enzyme substrate,
which enables a time-dependent signal amplification [112]. There are several enzymes
suitable for ELISA but, alkaline phosphatase (ALP) and horseradish peroxidase (HRP) are
the most commonly used. To enhance the sensitivity of the assay, the amount of enzyme
bound to the antibody can be increased using various methods, for example by using

biotinylated antibodies and enzyme-conjugated streptavidin [113].

Antibodies are another essential component to perform an ELISA, since they provide the
basis of analyte selection and detection. Antibodies are immunoglobulins produced by B
lymphocytes of the adaptive immune system. They can bind only to one type of antigen or
immunogen, which are any molecule capable to provoke a response from the immune
system. A monoclonal antibody specifically binds to just one portion of the antigen. This
zone is called the antigenic determinant or epitope. The interaction between the antibody
and the epitope is made possible by multiple noncovalent interactions similar to the

interactions that confer specificity to enzyme-substrate reactions [114, 115].

Antibodies can be classified in many ways. For example, depending on the type of molecule
they recognize, antibodies can be classified as primary or secondary. A primary antibody
attaches to specific sites of the immunogen while a secondary antibody, attaches to the
primary antibody [116]. Another classification of antibodies is polyclonal or monoclonal
antibody. Polyclonal antibody is an antiserum produced from many responding clones of
cells against an antigen. It presents a heterogeneous composition that includes an unknown
combination of immunoglobulins of different specificity, classes and subclasses, titers, and
affinities. The response to individual epitopes may be clonally diverse and antibodies of
different affinities may compete for the same epitope. Furthermore, there is a high probability
of cross-reactivity with other antigen with similar characteristics to the one to be detected
(e.g. homologous protein family members) [114, 115]. Usually, this kind of antibody is used
to detect the analyte once it has been selectively removed from a sample. On the other
hand, monoclonal antibody, derived from single type of antibody-producing cells, is

monospecific in nature and, thus, has a single affinity for a defined epitope [115]. In other
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words, is a homogenous pool of identical immunoglobulins which bind to a single antigenic
epitope with a high degree of specificity [114]. Because of its properties, this antibody is
often used as a capture antibody, since it selectively attaches the antigen of interest from a
sample, allowing the elimination of interfering molecules and the subsequent detection of

the immunogen.

Depending on the way that the analyte is capture, ELISA configuration can change. Two

different immunoassays are explained below:

e Sandwich ELISA: this technique is used to identify a specific antigen in a liquid
sample. The well surface is coated with a known amount of capture antibody specific
for the antigen. After blocking, the antigen-containing sample is applied to the plate.
Then, a specific primary antibody is added, forming a sandwich configuration
together with the capture antibody and the analyte. As in the previous configuration,
enzyme-linked secondary antibodies may be applied to bind the primary antibody.
The enzyme substrate is added and the color is produced. When a purified specific
monoclonal antibody is used as a capture antibody, there is no need to purify the
sample previously. Due to this, the assay is simplified and its specificity and
sensitivity is increased [111]. In this case, both polyclonal and monoclonal antibodies
may be used. Furthermore, for this approach to work, the analyzed antigen needs to
have at least two separate binding sites for antibodies, so that, the analysis of small

molecules is not recommended when using a sandwich assay [113].

e Competitive ELISA: in this assay there is a competition between the antigen in the
sample and the antigen bound to the wells of the plate to be recognized by the
primary antibody. First, the plate is coated with a known concentration of the antigen
while the primary antibody is incubated with the sample containing the antigen. Then,
the resulting antibody—antigen complexes are added to the previously coated wells.
After an incubation period, any unbound antibody is washed off. Therefore, the more
antigen in the sample, the more primary antibody will be bound to the sample antigen
and the smaller amount of primary antibody available to bind to the antigen coated
on the well. Finally, the secondary enzyme-conjugated antibody is added, followed

by the enzyme substrate to produce the color. Contrary to the last two configurations,
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in this approach the absence of color indicates the presence of antigen in the sample
[111].

This technique has been widely used as diagnostic tools in medicine and as quality control
measures in various industries; as well as in biomedical research for the detection and

quantification of specific antigens or antibodies in a given sample [111].

2.7Quantification of colorimetric signals: Densitometry

Since the response of many biosensors is a colorimetric signal produced by the biospecific
accumulation of colorimetric probes, measuring those signals and recording the results will
provide quantitative information about the analyte. Reflective densitometry is the standard
technique used in many laboratories for this purpose. In practice, the colorimetric test is
imaged and the region of interest (ROI) within the colored spot is manually selected. Finally,
the average pixel intensity is measured and the resulting value is associated with the
concentration of the analyte [117-119].

For example, a commercial lateral flow test (LFT) generally produces two red lines when the
test is positive and one line when is negative. These lines can be detected with the naked
eye for a qualitative analysis. However, for quantitative analysis, the optical density of these
lines must be measured. This can be achieved by using a dedicated reader, a smartphone
app or by imaging the test and then manually processing it with software (ImageJ,
Photoshop, ect.). Imaging is usually performed using a charge-coupled device (CCD) or a
complementary metal-oxide-semiconductor (CMOS) camera [22, 120]. These devices are
the most commonly used because of the advantages of their simple structure and small size.
These readers usually work as follows: first, an image of the test line is acquired as a set of
red, green, and blue (RGB) image channels, which must be processed to obtain a single
output measurement. Then, the mean pixel intensity (MPI) of the RGB channels within a
region of interest (ROI) in the image is computed [120]. Finally, the data are analyzed taking
in account the relationship between RGB values and the concentration of an analyte. It has
been proved that this method has a good agreement with the absorbance visible-light

spectrophotometer measurements [121].
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3 OBJETIVES AND WORK METHODOLOGY

3.1 General objective:

To develop a new sensing platform completely based on paper and nanomaterials, capable

of rapidly detecting both pathogens and sepsis protein biomarkers, in real samples from

patients.

3.2 Specific objectives:

a)

b)

c)

d)

f)

To evaluate several gold nanoparticles synthesis methods as well as gold
nanoparticles biofunctionalization reactions with proteins.

To develop a nanoparticle reservoir in a paper substrate that allows to store
protein decorated nanopatrticles and to release them when needed.

To integrate the nanoparticle reservoir in a paper biosensor for detecting the virus
Cytomegalovirus in a complex matrix.

To optimize the biosensor design parameters, such as analyte capture system,
total assay time, sample pre-conditioning and signal reading method.

To implement both the reservoir and the optimized parameters, in paper
biosensors for the detection of sepsis biomarkers such as interleukin-6 and
pathogens such as Pseudomonas aeruginosa.

To improve the diagnosis of sepsis by detecting rapidly the mentioned analytes

in blood and respiratory real samples from patients.
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3.3 Work methodology

1. Optimizations of gold nanoparticle synthesis and
their functionalization

» Synthesis of negative charged AuNPs by using
Turkevich method.
» Synthesis of positive charged AuNPs by using PAH
as a reducing agent.
« To implement different bioconjugation strategies.

\/

2. Fabrication of biosensors made entirely of paper

* To develop AuNPs reservoirs which allow the release
of AuNPs from cellulose on demand.
* To integrate this reservoir in only-paper
immunosensors.
* To reduce the total assay time and to implement a
signal amplification strategy.

V

3. Detection of analytes in different biological matrices

* To prove that the developed paper biosensor is able
to detect sepsis biomarkers and/or pathogens
causing infections in ideal conditions and in spiked
real matrices (e.g. plasma, serum, whole blood).

v

4. Detection of analytes in real samples from patients

* To detect sepsis biomarkers in blood and respiratory
samples from patients with infectious disease (e.g. IL-
6 in Covid-19 patients).
» To detect pathogens causing infections in respiratory
samples from patients (e.g. P. aeruginosa).

To integrate
a mobile
readout
platform.
Quantifying
the
colorimetric
signals
generated by
the plasmonic
probes, by
using a
densitometric
app.

Fig. 3.1. Schematic representation of the work methodology.

Complete sensing system

62



4 NANOPARTICLE-BASED MOBILE BIOSENSORS
FOR THE RAPID DETECTION OF SEPSIS
BIOMARKERS IN WHOLE BLOOD

4.1 Abstract

Detecting small variations in the levels of IL-6 is crucial for the early diagnosis of sepsis. To
be useful in clinical decision-making, this requires detecting IL-6 rapidly in whole blood and
with portable readers. Here we introduce immunosensors made of filter paper that use
plasmonic nanoprobes to detect IL-6 rapidly in unprocessed blood with an unmodified
smartphone. Key aspects of the biosensor fabrication were optimized in order to reduce the
assay time without losing sensitivity. This included testing three bioconjugation routes for
protein attachment to nanoprobes using gold nanoparticles covered with carboxylate or
amine moieties, or polyvinylpyrrolidone (PVP), as starting materials, and using alternating
layers of polyelectrolytes to bind the capture antibody to the paper substrate. Smartphone-
based signal quantification was achieved with a custom-made app featuring a unique
augmented reality guidance system that circumvents the need for smartphone attachments
and automates all the steps involved in color quantification. The biosensors were able to
detect IL-6 with a limit of detection of 0.1 pg-mL™ and a total assay time within 17 min. They
could also detect an increase in IL-6 of only 12.5 pg-mL™* over basal levels in whole blood
with 99% confidence. The high sensitivity and rapid turnaround time afforded by the
optimized biosensors and the fully automated real-time densitometry app make our
biosensors well suited for emergency healthcare situations such as the identification of

potential sepsis cases.

4.1 Introduction

Sepsis, an overwhelming response to an infection leading to multiorgan shutdown, can
cause death in a few hours if not treated straightaway [122]. It is also a major economic
burden for healthcare providers, costing US$24 billion per year in the US alone [123].
Treating sepsis at a very early stage can improve patient outcomes and reduce associated
costs [123]. Yet this requires identifying potentially septic patients rapidly, which is difficult
when judging only from the presenting symptoms. Fortunately, the serum levels of some

proteins such as procalcitonin (PCT), C-reactive protein (CRP) and interleukin 6 (IL-6)

63



fructuate as sepsis progresses, which can be used to identify at-risk patients.[124] Among
them, IL-6 levels increase during the first hours of infection when PCT and CRP levels have
not changed yet, making it a particularly useful biomarker for improving outcomes with an
early diagnosis [125]. However, the detection of cytokines such as IL-6, which are found at
average concentrations lower than 5.9 pg-mL? in healthy individuals, requires hour-long
ELISA procedures that are too lengthy for early diagnosis schemes [126]. Automated
immunoassay systems such as Elecsys® IL-6 can drastically reduce the assay time (18
min), but they are bulky, which makes them difficult to implement at some of the places
where septic patients could be identified early on, such as the emergency room or an

ambulance.

Biosensors are promising candidates for detecting IL-6 in the context of sepsis because they
can potentially be deployed in a wide variety of clinical settings [127-129]. Indeed, several
biosensors have already been proposed whose sensitivity is high enough for detecting
clinically relevant concentrations of IL-6 under ideal conditions [130, 131]. Yet, many of
these biosensors still require assay times longer than 30 min, and therefore they are not
suitable for aiding clinical decision-making in emergency situations [91, 132]. Furthermore,
the majority of these devices have only been tested in purified serum samples [133-136].
Remarkably, a lateral flow test has recently been proposed that can detect IL-6 in
unprocessed blood with surface-enhanced Raman spectroscopy (SERS) [137]. Yet this test
requires a microscope for detecting the biomarker at clinically relevant concentrations, which
would be cumbersome to implement in bedside diagnosis. A commercial lateral flow
immunoassay from Milenia Biotec can detect IL-6 in 20 min, but only at concentrations
higher than 50 pg-mL. In the context of the current state of the art, a biosensor that could
detect small variations in the blood levels of IL-6 in less than 20 minutes using portable,
user-friendly instrumentation could have a great impact on sepsis care by enabling the
identification of at-risk patients rapidly. Such a device could enable monitoring patients in
many clinical settings where potential sepsis cases are managed, from primary care centers
to ambulances and the emergency department, where it is imperative to identify signs of

sepsis rapidly in order to prioritize patients effectively [138].

In this manuscript we describe a plasmonic mobile biosensor designed to meet the criteria
for rapid IL-6 detection. Our biosensors reduce the assay time because they do not require
purification or pretreatment of blood samples, and gold nanoparticles generate intense

colorimetric signals with short incubation times. The device setup consists of a paper-based
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biosensor paired with a smartphone app for colorimetric signal detection. Colorimetric
signals are generated by gold nanoprobes modified with avidin and biotinylated antibodies
(Fig. 4.1 a). Since IL-6 is found at ultralow concentrations in healthy individuals, and its cut-
off values indicating sepsis risk are not much higher (ca. 25 pg-mL™ in newborns and 40-61
pg-mL? in adults),[139] great care was taken to optimize each step of the biosensor
fabrication to detect the biomarker rapidly at clinically relevant concentrations in
unprocessed blood. This included synthesizing nanopatrticles through 3 different routes for
obtaining nanoprobes using different bioconjugation strategies as well as testing several
approaches for immobilizing biomolecules on paper substrates. The optimized nanoprobes
and paper biosensors generated signals in the form of colored spots (Fig. 4.1 a) whose pixel
intensity was evaluated in real time with a custom designed companion app (Fig. 4.1 b—d).
Smartphone-based densitometry can be challenging for in-field measurements because it
requires a specific positioning of the camera with respect to the assay while at the same
time compensating for variations in the pixel intensity that did not originate from the
biospecific recognition of the analyte [140, 141]. Our app uses an innovative augmented
reality (AR) guidance system to guide the user to the correct positioning of the smartphone,
while steps such as white balance calibration, light artifact detection, selection of a region of
interest, measurement of pixel intensity, and data validation are automatically performed
with real-time image processing and data processing. This means that the user only needs
to hover the phone over the assay to obtain reliable densitometry readings within seconds.
No cradles, light-tight boxes or special attachments are required to ensure robust
measurements. The optimized plasmonic mobile biosensors were able to detect IL-6 with a
limit of detection of 0.1 pg-mL™* and a total assay time within 17 min. They were also able to
detect IL-6 spiked into unprocessed blood with the same assay time at concentrations well
below the cutoff values indicating sepsis. The rapid turnaround time, excellent sensitivity in
blood matrices and high portability of the mobile detection scheme make our biosensors well
suited for detecting IL-6 in decentralized healthcare schemes such as those involved in the

management of potential sepsis cases.
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Fig. 4.1 Schematic representation of the plasmonic mobile biosensors (a) antibody-decorated gold nanopatrticles
generate colored spots on paper substrates; (b) the color in the spots is quantified with an app that uses a virtual
frame to control the angle and distance between the biosensor and the smartphone; (c) the detection screen
appears after aligning the frame in the AR guidance system with the biosensor and pressing the Set button, and
the app automatically detects the region of interest (ROI) while at the same time sampling background signals
from 4 points around the ROI to avoid interference from uneven lighting [142]. (d) When the app has measured
50 valid points, the progress bar stops and the resulting increase in pixel intensity is displayed (see Video S4.1
in the supplementary information). Ab: antibody, IL-6: interleukin 6, AUNP: gold nanoparticle, and AR: augmented
reality.

4.2 Materials and methods

4.2.1 Materials
Poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (SH-PEGCOOH, Mn 2100),
poly(ethylene glycol) 2-mercaptoethyl ether ethylamine (SH-PEG-NH2, Mn 5000), avidin
from egg white, 2- (N-morpholino)ethanesulfonic acid (MES), N-(3-dimethylaminopropyl)-N
-ethylcarbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide sodium salt (sulfo-
NHS), glutaraldehyde (25% in water), sodium cyanoborohydride (95%), poly(- sodium 4-
styrenesulfonate) (PSS, 30% in water) and recombinant human interleukin 6 (IL-6) were
purchased from Sigma. Poly(allylamine hydrochloride) (PAH) was obtained from Alfa Aesar
and bovine serum albumin (BSA, protease free) was purchased from VWR. Phosphate
buffered saline (PBS), PBS containing 5 mg-mL?* BSA (PBS-BSA) and PBS containing
0.1% Tween-20 were prepared following standard procedures. Biotinylated proteins were
obtained with an EZ-Link biotinylation kit from Thermo Fisher and purified with a PD-
desalting column. Monoclonal anti-IL-6 developed in mice (ab11449), polyclonal anti-IL-6
developed in rabbits (ab6672) and antirabbit IgG (biotin) preadsorbed developed in donkeys

(ab7082) were obtained from abcam.

4.2.2 Nanoprobe fabrication
Detailed protocols for obtaining nanoparticles with an initial coating of citrate, PAH or PVP
molecules are available in appendix 1 Citrate-capped nanoparticles were modified with 0.1
mM SH-PEG-COOH overnight to obtain carboxylate-coated nanopatrticles, whereas PAH-

covered nanoparticles were modified with 0.1 mM SH-PEG-NH2 overnight in order to obtain
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aminecoated nanoparticles [143]. PVP-coated nanoparticles were resuspended in water
and used without further purification. Avidin attachment to carboxylate-coated nanoparticles
proceeded as follows. Carboxylate-coated nanoparticles (250 mL) were concentrated to a
final volume of 1 mL and washed 5 times with water with the aid of a centrifuge (9000 rpm,
8 min). Then carboxylate moieties were transformed into sulfo-NHS esters via addition of
EDC (1 mg) and sulfo-NHS (2 mg) to the nanoparticle suspension in 0.5 M MES buffer of
pH 6 (200 uL, [Au] =100 mM). After 30 min the nanopatrticles were pelleted with a centrifuge
and the supernatant was substituted with a solution containing avidin (200 pL, 0.1 mg-mL™?,
overnight). The pH of the avidin solution was varied from 5.5 to 7.4 with phosphate buffer
(0.1 M) to test the impact of this parameter on the reaction between the sulfo-NHS esters
and amine groups in proteins. Then 400 pL of a blocking solution containing glycine (0.1 M)
and BSA (10 mg-mL™?) in phosphate buffer (0.1 M, pH 7) was added for at least 30 min
followed by washing 5 times with PBST.

Avidin was attached to amine-coated or PVP-coated nanopatrticles using glutaraldehyde as
a crosslinker with the following procedure [144]. First glutaraldehyde (334 pL, 7.5%) in 0.1
M bicarbonate buffer of pH 9 was added to the nanoparticle dispersion (166 pL, [Au]=100
mM) for different times. Excess reagents were removed with a PD-10 desalting column
rather than by centrifugation in order to reduce covalent crosslinking between nanoparticles
upon pellet formation. Nanoparticlerich fractions were identified by their characteristic
reddish color. Then avidin (100 pL, 1 mg-mL?) was added to the nanopatrticles in the
presence of NaCNBH3 (100 pL, 100 mM), which reduces the pH-sensitive imine bonds
generated by the reaction between amines and aldehydes and yields stable amine bonds.
After overnight incubation unreacted aldehydes were blocked with glutamic acid (0.1 M) in
sodium bicarbonate (0.1 M, 100 pL) for 1 h. The resulting avidin-decorated nanopatrticles
were washed by centrifugation 5 times with PBST. Nanoparticle suspensions were
characterized by transmission electronic microscopy (TEM) with a Hitachi H-600 ABS TEM
(carboxylate- and anime-coated nanoparticles) and a JOEL 1011 TEM (PVP-coated
nanoparticles) operating at 100 kV. Extinction spectra were taken with a DU 730 Beckman
Coulter spectrophotometer. Zeta potential measurements were performed with a Nano

Zetasizer (Malvern).

4.2.3 Nanoprobe performance
The performance of the avidin-decorated nanoprobes was tested with a model biosensor

using paper substrates. The paper substrates were made of Whatman filter paper grade 41
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cutinto 2.5 x 10 cm pieces and folded like an accordion [20]. Biosensors were prepared with
3 different methods. The first method involved spotting biotin-BSA (5 pL, 0.1 mg-mL™ in
PBS) on the top paper layer at different concentrations for 5 min (direct adsorption). The
second method involved spotting PAH (1% (w/v), 10 uL) and letting it dry (10 min) followed
by spotting the protein at different concentrations, whereas the third method involved an
additional PSS treatment (1%) after adding the protein followed by washing with water and
letting the paper dry (10 min). Next the paper substrates were blocked with PBS—-BSA (1
mL). Immediately afterwards avidin-decorated nanoparticles were spotted onto the
substrate (2 pL, 4 min) followed by washing with PBST (1 mL, 3 times). Control experiments
were performed in the same way but by using non-biotinylated BSA in order to assess the
impact on non-specific interactions between the nanoparticles and the paper substrate. The
biosensors were let to dry and the colorimetric signals were evaluated with ImageJ after

scanning the samples with an MFC1910F Brother printer-scanner.

4.2.4 Development of an app for real-time densitometry
An Android app was developed on a Unity3D platform (version 2019.1.8) using OpenCV 4.0
APIs with a C# wrapper from Enox Software (OpenCVforUnity version 2.3.3) (see also Table
S1 appx 1). It was tested on a Huawei POT-LX1 smartphone. The app was transferred to
the smartphone via USB connection for debugging and final installation. An 18% standard
neutral gray card from a JJC, model number GC-11l was used for camera calibration. Taking
the laboratory-based scanner approach as a methodological starting point, we sought to
approximate and automate the steps involved in image acquisition and subsequent image
processing. A summary comparison of the procedural sequence of steps between these two
methods can be found in Table S2 appx 1 The source code showing the methods used to
automate the image processing steps is available on Github (https://gist.github.com/SMR-
83/ cdbl6aaaf56a3b7c3ba7c02efdla664b). A statistical analysis was programmed into the
app to automatically evaluate the dataset based on a conditional statement in the code which
caps the zscore of each data point at 1.5 standard deviations from the mean as the criteria
for inclusion in the dataset. A data point with a z-score greater than 1.5 is considered an
outlier, and the app is programmed to allow no more than 5 outliers out of 50 measurements

for the dataset to be considered valid.

4.2.5 Detection of IL-6 with plasmonic paper-based biosensors
Biosensors for the detection of IL-6 were fabricated as follows. Avidin-nanoparticles (100
pL, [Au] 100 mM) were modified with biotinylated anti-rabbit IgG (10 pL) for 1 h followed by
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washing 3 times with PBST with the aid of a centrifuge (7000 rpm, 5 min, final volume 25
pL). Capture antibodies (mouse monoclonal anti-IL-6) were immobilized by adding a drop
on the paper substrate (2.5 pL, 10 mg-mL™) and letting it dry for at least 10 min. Then the
biosensors were blocked with PBS—-BSA (1 mL, let dry at room temperature for at least 10
min). To detect IL-6 the paper biosensors were rehydrated with 1 mL of PBS—BSA followed
by the addition of IL-6 spiked at different concentrations in PBST, human serum or whole
blood (2.5 pL). In order to ensure that the composition of the matrix was not noticeably
altered by the spiking procedure, an IL-6 solution with a high concentration of 1 mg-mL? in
PBS was serially diluted more than 10* times with whole serum or blood to yield samples in
the concentration range between 50 and 3 pg-mL™. Blood samples were stored in tubes
containing EDTA as the anticoagulant. After 5 min the biosensor was washed up to 4 times
with PBST (1 mL). Then the detection antibody was added (2.5 pL, 10 mg-mL™) for 5 min
and the biosensors were washed once with PBST. Finally, avidin-decorated nanopatrticles
modified with biotinylated anti-rabbit IgG were added (2 uL, [Au]=400 mM) for 5 min. Then
the biosensors were washed 4 times with PBST (1 mL) and the colorimetric signals were

evaluated with the mobile densitometry app.

4.3 Results and discussion

The gold nanoparticles used as starting materials for nanoprobe fabrication were obtained
through the reduction of gold ions with either citrate, PAH or PVP molecules. Citrate- and
PAH-covered nanoparticles were subsequently modified with SH-PEG-COOH and SH-
PEG-NH2 in order to obtain stable carboxylate- and amine-coated nanoparticles,
respectively. Fig. 4.2 shows the extinction spectra and representative TEM images of the 3
types of nanopatrticles. Nanoparticle sizes calculated from the TEM images were 455 (PVP-
coated, (i), 49£12 nm (carboxylate-coated, (ii)) and 4610 nm (aminecoated, (iii))). PVP-
coated nanoparticles show a narrower size distribution, as evidenced from TEM analysis
and the narrower width of the extinction spectra in Fig. 4.2, because they were obtained
with a seeded growth method. The LSPR of PVP-coated nanopatrticles, which depends on
their size as well as on the coating around them, is 528 nm, whereas nanopatrticles coated
with carboxylate and amine groups show LSPR centered around 530 and 533 nm,

respectively.
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Fig. 4.2 Extinction spectra and representative TEM images of the (i) PVP-coated, (ii) carboxylate-coated, and
(iif) amine-coated nanoparticles used as starting materials for developing colorimetric nanoprobes. Scale bars:
100 nm.

After characterizing the plasmonic nanoparticles we endeavored to optimize all the steps
involved in the fabrication of the biosensor, from the covalent attachment of avidin to the
nanoprobes to the immobilization of proteins on the paper substrate. Bioconjugation
strategies involved amidation with carboxylate-coated nanoparticles or crosslinking with
glutaraldehyde using amine- or PVP-coated nanoparticles (Fig. 4.3a). The amidation
reaction involved transforming carboxylate groups into reactive sulfo-NHS esters followed
by the addition of the protein. The key parameter to boost the yield of this reaction is the pH
of the protein solution, since the reactivity of both the sulfo-NHS ester groups around the
nanoparticles and the amines on the protein is pH-dependent [53]. Consequently, we
prepared avidin-modified nanopatrticles using protein solutions buffered at pH 5.5, 6.5 0or 7.4
in order to discern the best conditions for obtaining nanoprobes. As shown in Fig. 4.3b, the
resulting avidin-decorated nanoprobes were tested with a model biosensor for the detection
of biotinylated proteins. As seen in this figure, the highest signals were obtained when the
reaction between the sulfo-NHS ester and the protein was performed at pH 6.5. Lower
signals for bioconjugation reactions at pH 5.5 and 7.4 are ascribed to lower reaction yields,
either because protonated amines have poor reactivity (pH 5.5) or because the sulfo-NHS
ester hydrolyzes before the reaction can take place (pH 7.4) [53]. Control biosensors
containing non-biotinylated BSA always yield very low signals, which demonstrates that

interactions with the paper substrates modified with biotinylated BSA are specific.
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Fig. 4.3 Bioconjugation reactions for binding avidin to gold nanoparticles; full dots indicate colorimetric signals
generated by the biospecific reaction between avidin on the nanoparticles and biotin—-BSA on paper substrates;
open dots correspond to non-specific interactions with substrates modified with non-biotinylated BSA; (a)
schematic representation of the reactions involved in the covalent attachment of avidin to nanoparticles; (b) effect
of pH on amidation reactions (i); increase in pixel intensity (API) generated by avidin-decorated nanoparticles
obtained by amidation in which avidin was added at pH 5.5 (green), 6.5 (red) or 7.4 (black); (c) effect of time on
bioconjugation reactions using glutaraldehyde crosslinkers; ratio between APl and nanoprobe concentration
(API/[Au]) generated by avidin-decorated nanoparticles obtained after PVP-coated (black, (iii)) or amine-coated
(red, (ii)) nanoparticles were reacted with glutaraldehyde for different times; (d) comparison of colorimetric
signals (API) generated by the three types of gold nanoprobes as a function of the concentration ([Au]) of PVP-

coated (black), carboxylate-coated (green) and amine-coated (red) gold nanoparticles.

In the case of bioconjugation reactions using glutaraldehyde and amine- or PVP-coated
nanoparticles (Fig. 4.3a), the reaction time with the cross-linker was deemed the most
important parameter to be optimized. Since glutaraldehyde is a homaobifunctional linker,
extended incubation times could lead to nanoparticle agglomeration, whereas short
incubation times could result in a low amount of proteins being bound to the nanoprobes.
As shown in Fig. 4.3c (red dots), amine-coated nanoparticles yielded the highest signal per
gold concentration when incubated with glutaraldehyde for 1 h, whereas PVP-coated
nanoparticles required 3 h to yield the same result (black dots). Control experiments yielded
very low signals which demonstrates that the color was mainly generated by biospecific

biotin—avidin interactions.

After optimizing the bioconjugation reactions for the 3 proposed types of nanoparticles, the

nanoprobes obtained under the best conditions were compared with each other in order to
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determine which were most appropriate for fabricating our immunosensors. As shown in
Fig. 4.3d, PVP-nanoparticles modified with avidin generated the least intense colorimetric
signals (black dots). Amine-nanoparticles (red dots) generated higher signals than
carboxylate-counterparts (green dots) when added at the same concentration. However, this
increase in the signal originated from non-specific interactions, since higher signals were
also observed in control experiments. We then hypothesized that the extent of both specific
and non-specific interactions could change depending not only on the type of nanoprobe,
but also on the strategy utilized to immobilize proteins on the paper substrate. To test this
idea, we compared the signals generated via direct adsorption of biotinylated BSA on paper
(Fig. 4.3d) with those obtained with biosensors fabricated with a modified cellulose matrix
(Fig. 4.4).
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Fig. 4.4 Colorimetric signals (API) generated by different concentrations of gold nanoprobes ([Au]) modified with
avidin when the paper substrate was modified with PAH (black dots) or PAH and PSS (red dots), and biotinylated
BSA (full dots) or non-biotinylated BSA (open dots). Nanoprobes modified with avidin were obtained using
carboxylate-coated (a), amine-coated (b) or PVP-coated (c) nanopatrticles.

The paper modifications entailed adding a positively charged polymer PAH, either alone or
followed by the addition of negatively charged PSS. These treatments were chosen to
evaluate the role of the paper surface charge in both attaching capture biomolecules and
establishing non-specific interactions with the nanoparticles, which have different surface
charges according to their coatings (zeta potential -2.7, 1.7 and -1.5 mV for carboxylate-,
amine-, and PVP-coated nanoparticles modified with avidin, respectively). Experiments with
another positively charged polymer (chitosan) were also attempted, but they were discarded
because it blocked the pores of the paper, making it difficult to perform washing steps.
Similarly, attempts at modifying PAH-modified paper substrates with glutaraldehyde for
covalent attachment of proteins were rejected because they resulted in yellow coloration of
the filter paper that interfered with colorimetric measurements even after reducing imines

with NaCNBH3. Fig. 4.4 shows the colorimetric signals obtained when biotinylated-BSA was
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physically adsorbed on PAH-modified paper (black dots) or PAH and PSS (red dots). As
shown in Fig. 4.4 a) carboxylate-coated nanoparticles modified with avidin generated high
non-specific signals when the cellulose matrix was modified with PAH only, but the extent
of non-specific interactions decreased upon addition of PSS. This is in agreement with the
negative zeta potential value of the nanopatrticles, which results in non-specific electrostatic
interactions with the matrix covered with positively charged PAH. As seen in Fig. 4.4 b)
amine-coated nanoparticles show the opposite behavior, that is, high non-specific signals
are generated when the matrix is negatively charged through the modification with PSS.
PVP-coated nanopatrticles yielded non-specific signals in all cases (Fig. 4.4 c), and therefore
were discarded from further appraisal. Comparison of the specific signals obtained under
the best conditions revealed that biosensors combining carboxylate-coated nanoparticles
and unmodified paper substrates, or amine-coated nanoparticles and cellulose modified with
PAH, were best suited for colorimetric detection (Fig S2 appx 1). The first design was
chosen for further studies to expedite the fabrication process and reduce manufacturing

costs, since it does not require modification of the paper substrate.

After optimizing the fabrication of the biosensor we sought to determine the best conditions
for detecting IL-6. This included optimizing the concentration of capture and detection
antibodies, as well as the time required to capture IL-6 (Fig S3 appx 1). Antibody-decorated
nanoparticles were obtained by adding biotinylated antibodies to the avidin-modified
nanoparticles. From these optimization experiments it was determined that the best
conditions for detecting IL-6 were to spot the capture antibody on the paper substrate at a
concentration of 10 pg-mL?, and to add the detection antibody at a concentration of 10
ug-mL? for 5 min (Fig S3 appx 1). The total assay time, including washing steps, was under
17 minutes. Under these conditions, recombinant human IL-6 was detected in buffered
solutions in the concentration range between 0.001 and 10 pg-mL* (Fig. 4.5, y=8x + 25,
r’=0.95). Experiments performed with control biosensors without the capture antibody
yielded lower signals, which indicates that the main contribution to the colorimetric output is
the biospecific recognition of IL-6 by the antibodies. The limit of detection, expressed as the
concentration of the first sample that yields a signal higher than 3 times the standard
deviation of the blank, is 0.1 pg-mL™. This limit of detection is much lower than the reported
threshold value indicating sepsis, which makes the optimized biosensor a promising

technology for the detection of elevated levels of IL-6 in real matrices as detailed below.
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Fig. 4.5 Scanned images (a) and the calibration plot (b) for detecting recombinant IL-6 in PBS with the proposed
immunosensors (red dots) and control biosensors without the capture antibody (black dots). [Au] = 400 mM. The
total assay time was under 17 min. Error bars are the standard deviation (n = 3).

Detecting IL-6 in the context of sepsis at the point of care necessitates the use of
unprocessed blood and a portable readout instrument capable of yielding robust results in
different locations with varying environmental conditions. The latter was achieved here with
a mobile app for performing reliable densitometry at the point of care that only requires
hovering a smartphone over the assay in order to quantify colorimetric signals (Video S4.1).
The app was calibrated using pieces of paper modified with nanoparticle drops at different
concentrations, and therefore with different pixel intensities. The calibration was repeated
under 3 different room illuminance conditions (200, 570 and 1070 lux) and compared with
the same measurements obtained using a desktop scanner and manual image processing
with Image J. As shown in Fig. 4.6, the room illuminance has very little effect on the app
performance (coefficient of variation CV 1.7% for [Au]=12.5 mM). The main difference with
the scanner method is that the app yields slightly lower signals when the nanoparticles are
spotted at low concentrations. This is attributed to the shorter distance between the assay
and the camera in the scanner compared to the smartphone-based approach. These results
demonstrate that the proposed app can yield consistent results without using any hardware
accessories attached to the smartphone to control imaging conditions, which makes it more

economical, portable and hygienic for medical diagnostics [145].
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Fig. 4.6 Calibration plot obtained by evaluating the colorimetric signal generated by gold nanoparticles at
different concentrations with the densitometry app when the room illuminance was 200 (black dots), 570 (green
diamonds) and 1070 lux (red triangles), and with a desktop scanner (purple diamonds); error bars are the
standard deviation (n = 3).

Next we tested whether we could detect elevated levels of IL-6 by combining the app with
the optimized paper biosensors. Blood samples from a healthy donor were spiked with
recombinant IL-6 and analyzed with our 17 min-long method and real-time densitometry with
the mobile app. The characteristic red color of whole blood was efficiently removed with the
proposed washing procedure and therefore was not an impediment to perform the assay
(Fig S4 appx 1). Since healthy individuals have non-negligible levels of IL-6 (<5.9 pg-mL-
1), we sought to determine which was the lowest added concentration of IL-6 that could be
detected above basal levels with 99% confidence (i.e. above 3 times the standard deviation
of the blank (s), which contains basal levels of IL-6). As can be seen in Fig. 4.7, control
experiments yielded a residual signal due to a small contribution from the color of the sample
(Fig S4 appx 1). and non-specific interactions with the whole blood matrix. Experiments with
spiked samples yielded higher dose-dependent signals, which demonstrates that the
nanoparticles are being anchored to the substrate through specific antibody—antigen
interactions. Samples spiked with 12.5 pg-mL™* yielded a signal higher than 3s. This number
is lower than the threshold value indicating sepsis in newborns or adults, which means that
our biosensors are suitable for detecting small variations in IL-6 observed in the early stages
of sepsis. This, along with the short assay time and robust signal reading afforded by the
smartphone app, makes the proposed mobile biosensors ideal for supporting a biomarker-

based diagnosis of sepsis in each of the clinical contexts along the chain of care.
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Fig. 4.7 Detection of IL-6 spiked into human blood with plasmonic mobile biosensors; (a) images of colored
spots; (b) signal quantification with the smartphone app. Control experiments were performed with biosensors
that were not modified with capture antibodies (black squares). The total assay time was under 17 min (Table
S3 appx 1). Error bars are the standard deviation (n = 3).

4.4 Conclusions

In this manuscript we have reported the fabrication and performance of a plasmonic
immunosensor for the rapid detection of IL-6 in the context of sepsis. Key aspects of the
immunosensor fabrication, including the manufacture of plasmonic nanoprobes decorated
with proteins and strategies for attaching capture molecules to the paper substrate, were
optimized. We have also introduced a companion app that quantifies the colorimetric signal
generated by the plasmonic probe in real time. Our app is unigue in that it does not require
hardware attachments added to the smartphone in order to stabilize angle and distance
parameters; instead it makes use of a software-based AR guidance system. The optimized
paper biosensors were able to detect IL-6 under ideal conditions with a low limit of detection
of 0.1 pg-mL* within 17 min. When the biomarker was spiked into serum or blood, the
biosensors were able to detect variations in the basal concentration of IL-6 as small as 12.5
pg-mL?* with 99% confidence. The ability to detect small variations in cytokine levels in
unprocessed blood using only a paper biosensor and an unmodified smartphone makes the
proposed detection scheme ideal to support evidence-based clinical decision-making. In the

context of sepsis, it would enable the measurement of biomarkers during triage, when
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prioritizing high-risk patients is essential for improving sepsis outcomes [138],[146].
Moreover, the biosensors only require a tiny sample volume (2.5 pL), which makes them
suitable for sepsis screening in neonates as well [81]. Furthermore, the same strategy could
be used to detect other biomarkers [36] and pathogens [147] by using specific antibodies

against them.
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5 NANOPARTICLE RESERVOIRS FOR PAPER-
ONLY IMMUNOSENSORS

5.1 Abstract

Biosensors made entirely of paper are becoming increasingly popular due to their low cost,
facile fabrication, and lightweight portability for in-field measurements. However, it is difficult
to store nanoparticles in paper substrates without irreversibly binding them to the cellulose
matrix. This makes it challenging to fabricate biosensors incorporating nanoparticle probes
in paper-based reservoirs. Here, we overcome this limitation with a new method for storing
protein-decorated nanoparticles on paper substrates that also allows to release them on
demand. It consists of spotting nanoparticles onto pieces of filter paper previously modified
with polystyrene sulfonate. Gold nanoparticles modified with avidin or antibodies can be
easily transferred from the dry reservoir to a receiving wet piece of paper by simply pressing
with the finger or a clamp. Paper-based immunosensors incorporating the reservoir enabled
the detection of glycoprotein B from human cytomegalovirus in serum with a limit of detection
of 0.03 ng-mL™ and a total assay time of only 12 min. The low limit of detection obtained
with a short assay time along with the long shelf-life of the reservoirs make the proposed

paper-only biosensors ideal of point-of-care diagnostics.

5.2 Introduction

Filter paper is becoming a popular substrate for developing disposable biosensors because
of its lightweight, low price, and easy disposal [148—-150]. It is commercially available in a
wide array of pore sizes and can be easily modified with biomolecules following physical
adsorption or covalent attachment methods [151, 152]. Its porous matrix can also be used
to store reagents such as enzymes and their substrates in order to fabricate reservoirs
integrated into paper-based analytical devices [153]. Such reservoirs must preserve the
physicochemical properties of the constituent reagents over time while also ensuring an
efficient release of their contents to other paper areas upon addition of liquid. Plasmonic
nanoparticles are extremely useful building blocks for the fabrication of biosensors using a
wide array of signal transduction mechanisms, from colorimetry [154] and surface-enhanced
Raman spectroscopy [155]to  fluorimetry [156] and  electrochemistry. [157] However,
plasmonic nanopatrticles tend to adsorb irreversibly to paper substrates after drying, which

makes it difficult to store them in reservoirs made of this material [158]. Traditionally, this
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issue has been overcome by making reservoirs out of glass fiber rather than conventional
paper. [159] However, this approach is not fully compatible with biosensor designs such as
origami paper-based analytical devices. These biosensors are meant to be entirely made of
paper with the purpose of simplifying their fabrication and facilitating the contact between
the parts without the use of additional adhesives [41, 160, 161]. Therefore, it would be
desirable to find a method for storing nanoparticles on paper substrates so that they could
be implemented in paper-only 3D analytical devices.

In this manuscript, we introduce a new approach for fabricating nanoparticle reservoirs on
filter paper. It consists of modifying the paper substrates with the negatively charged polymer
polystyrene sulfonate (PSS) in order to avoid the irreversible binding of gold nanoparticles
to the cellulose matrix (Fig. 5.1A). Reservoirs prepared this way can release nanoparticles
with high efficiency. PSS has been previously used in order to avoid nanoparticle
flocculation, usually in the form of alternating layers of PSS and a positively charged polymer
such as polydiallyldimethylammonium chloride [162]. It has also been used as a support for
growing nanoparticles [163] and for transferring them to a receiving substrate with soft
lithography [164]. PSS blended with poly(3,4-ethylenedioxythiophene) is routinely used in
order to modify cellulose and render it conductive [165]. In our approach we report a novel
use for PSS to avoid the irreversible binding of nanoparticles to cellulose matrices. Besides
enabling the release of nanoparticles from cellulose on demand, PSS also makes it possible
to transfer nanoparticles from the dry reservoir to a receiving wet paper substrate by simply
pressing the former against the latter (Fig. 5.1B). This makes the proposed reservoirs useful
for developing biosensors with simplified liquid handling schemes because there is no need
to add a controlled volume of buffer to the reservoir in order to transfer its contents to a
detection area. Furthermore, nanoparticles modified with a protein (avidin, antibodies) retain
their ability to specifically recognize their target ligand (biotin, antigens) immobilized on the
receiving piece of paper in a dose-dependent manner, which demonstrates the suitability of
our approach for developing biosensors (Fig. 5.1C). Vertical transfer between different
layers of paper happens efficiently with limited horizontal diffusion without the requirement
of hydrophobic barriers [166] or extra additives [151]. This generates intense colorimetric
signals due to the biospecific binding of gold nanoparticles to the receiving paper substrate.
Our method is an alternative to previously proposed paper-based reservoirs that contained
nanoparticles suspended in sucrose-supplemented buffers. The release of nanoparticles
from such reservoirs has not been characterized in full, [167] and in some cases, it has been

reported to be highly inefficient [158]. The reservoirs proposed here are easy to fabricate,
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have a long shelf life, and avoid common pitfalls associated to paper biosensors such as the
generation of patchy colorimetric signals. The proposed nanoparticle reservoirs were
incorporated into immunosensors for the detection of human cytomegalovirus (CMV) in
order to demonstrate their suitability for developing biosensors made entirely of filter paper.
Our biosensors were able to detect a key antigen of the virus [glycoprotein B (gB) antigen]
spiked into serum with a limit of detection of 0.03 ng-mL™ and a rapid assay time within 12
min. To the best of our knowledge this is the lowest limit of detection reported for this analyte

thus far, and in a matrix as complex as human serum [168-170].
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Fig. 5.1 Schematic representation of the paper-based nanoparticle reservoirs and their utilization in biosensing;
(A) reservoirs consist of pieces of filter paper modified with PSS and protein-decorated nanoparticles, the
receiving paper substrate contains antigens or biotinylated proteins; (B) pressing the dry reservoir onto the wet
receiving substrate triggers the transfer of nanoparticles from the former to the latter; (C) the nanoparticles
establish biospecific interactions with antigens or biotinylated proteins bound to the receiving paper substrate.

5.3Materials and methods

5.3.1 Fabrication of Gold Nanoprobes
Citrate-capped gold nanoparticles with a diameter of ca. 40 nm were synthesized with the
Turkevich method as previously described. [147] The nanoparticles were then modified with
0.1 mM thiolated polyethylene glycol (PEG) molecules ending in carboxylate moieties
[poly(ethylene glycol) 2-mercaptoethyl ether acetic acid, Mn 2100, Sigma] overnight. The
resulting pegylated nanoparticles were concentrated and washed with water five times via
centrifugation at 8000 rpm for 6 min. The nanoparticles were finally suspended in 0.5 M 2-
(N-morpholino)ethanesulfonic acid (Sigma) adjusted at pH 5.5. Carboxylate moieties around
the nanoparticles were then transformed into sulfo-NHS esters by adding 1 mg of N-(3-

dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (Sigma) and 2 mg of N-
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hydroxysulfosuccinimide sodium salt (sulfo-NHS, Sigma) for 20 min. Then, the nanoparticles
were pelleted by centrifugation, and the supernatant was substituted for a solution
containing 1 mg-mL™ avidin in 0.1 M phosphate buffer pH 7.4. After 1 h, unreacted sulfo-
NHS esters were capped with 0.1 M glycine and 10 mg-mL~ bovine serum albumin (BSA)
for 30 min. The nanoparticles were then washed five times with phosphate buffer saline
(PBS) containing 0.1% Tween-20 (PBST). The resulting avidin-covered nanoparticles were
kept at 4 °C until used.

5.3.2 Densitometry
Gold nanoparticles on paper substrates generate concentration-dependent colorimetric
signals that can be evaluated with densitometry as follows. First, the paper substrates were
scanned with an MFC-1910W scanner-printer (Brother). Pixel intensity (Pl) profiles were
obtained with ImageJ. In grayscale, pure white yields a 255-pixel intensity, whereas pure
black yields a 0 pixel intensity. The colorimetric signal S was obtained as follows: First, the
pixel intensity in grayscale was measured in a circular area within the area of interest with
the Histogram function of ImageJ. The colorimetric signal S was taken as the integer value
after subtracting the background signal. Please note that subtracting the background pixel

intensity yields inverted signals compared to the raw data.

5.3.3 Fabrication of Nanoparticle Reservoirs
Whatman filter paper number 41, 1, and 6 (pore diameters of 20-25, 11, and 3 um,
respectively) was used. The paper was cut in squares and modified with 50 uL of PSS (30%,
Sigma) diluted to different % (v/v) with water when required. After drying, 1 L of pegylated
gold nanoparticles modified with avidin was added and left to dry at room temperature. To
study the release of nanoparticles from reservoirs, the nanoparticle-modified dry paper
substrates were positioned on top of a folded piece of filter paper and 1 mL of PBST was
added three times. The presence of nanopatrticles after this step was evaluated by letting
the paper dry and measuring any changes in the color of the nanoparticle reservoir with

densitometry.

5.3.4 Nanoparticle Transfer and Biorecognition
The transfer of nanoparticles from the reservoir to a receiving paper substrate was studied
with the following procedure. Receiving paper substrates were modified with 2 pL of
biotinylated BSA (100 ug-mL~t in PBS). Biotinylated BSA was obtained with an EZ-Link
sulfo-NHS-biotinylation kit (Thermo Scientific). Control experiments with non-biotinylated

BSA were performed in order to assess the contribution of nonspecific interactions to the
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colorimetric signal. After drying, 1 mL of PBS-BSA (PBS supplemented with 5 mg-mL~ BSA)
was added. Then, the reservoir was placed on top of the wet receiving paper and
nanoparticle transfer was facilitated by pressing in the center of the spot for 4 min.
Subsequently, the reservoir was removed, and the receiving substrate was washed three
times with PBST in order to remove nonspecific interactions. After drying, the colorimetric

signal was evaluated with densitometry as detailed above.

5.3.5 Detection of gB from CMV
Monoclonal mouse anti-gB (Abcam, ab6499) was biotinylated with an EZ-Link sulfo-NHS-
biotinylation kit (Thermo Scientific). Avidin-decorated nanoparticles (100 uL, 72 nM) were
incubated with 10 pL of biotinlylated anti-gB for 1 h. After washing three times with PBST, 1
ML of the nanoparticle suspension (140 nM) was spotted on the paper reservoir modified
with 30% PSS. The capture antibody (mouse monoclonal anti-gB Abcam ab54023) was
spotted on the receiving paper substrate (2.5 uL, diluted 1:100 in PBS) and left to dry at
room temperature. Control biosensors were prepared in the same way with anti-Escherichia
coli (Invitrogen PA1-7213), which does not recognize gB specifically. The resulting paper
biosensors were blocked by adding 1 mL of PBS-BSA and letting it dry. To calibrate the
biosensors, recombinant gB was spiked into human serum at different final concentrations.
After rehydrating the biosensors with 1 mL of PBS-BSA, 50 L of the spiked serum samples
was added to the receiving paper substrate for 5 min. After washing once with PBST, the
reservoir containing nanoparticles decorated with anti-gB was pressed onto the receiving
paper with a clamp for 5 min (a photograph of the clamp is available in Fig S5 appx 2. After
5 min, the reservoir was peeled off and the receiving paper was washed four times with
PBST. The colorimetric signal was measured immediately afterward with densitometry as

explained above.

5.4Results and Discussion

In our hypothesis, the modification of paper substrates with PSS facilitates storing
nanoparticles in the cellulose matrix while at the same time enabling their release with a
high efficiency. This is based on previous studies using PSS to prevent the aggregation of
gold nanoparticles via nonspecific interactions [162]. To study this, filter paper was cut in
squares, and then, 50 pL of PSS at different % (v/v) was added and left to dry. Three types
of paper with different pore sizes (22, 11, and 3 ym) were studied. After drying, substrates
with a pore size of 11 and 3 um were discarded because they were heavily warped and the

PSS was unevenly distributed (Fig S1 appx 2). Paper substrates with a pore size of 22 ym
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(Whatman #41) remained mostly flat at all PSS concentrations and therefore were
subsequently used for the fabrication of nanoparticle reservoirs. They were obtained by
pipetting 1 uL of gold nanoparticles in the center of the PSS-modified paper and letting it dry
at room temperature. The most widely available gold nanoparticle suspensions are
synthesized following the Turkevich method, which renders them capped with negatively
charged citrate molecules. To avoid nanoparticle aggregation in solutions containing highly
concentrated cations or proteins, citrate molecules are often substituted for thiolated PEG
ligands [171]. This not only prevents nanoparticle aggregation but also enables introducing
reactive groups such as carboxylate moieties for further covalent attachment with
biomolecules. With this in mind, we studied the fabrication of reservoirs containing pegylated

nanoparticle probes modified with avidin via amide bond formation.

Fig. 5.2 A (top row, “before”) shows pictures of nanoparticle reservoirs prepared with
different % PSS and 72 nM gold nanoparticles modified with avidin. In these images, the
spot diameter tends to decrease as the % PSS in the paper increases. Concomitantly, the
color intensity increases as the % PSS increases. This can also be observed in the pixel
intensity profiles obtained from these images in Fig. 5.2 B. In grayscale, the pixel intensity
is the highest when the color is white (255) and the lowest when the color is black (0). In Fig.
5.2 B, the pixel intensity across the reservoir decreases as the % PSS increases. The spot
diameter follows the same trend. This indicates that the nanoparticles are found at higher
concentrations and within a smaller volume of the paper matrix as the % PSS increases.
We propose that the formation of these smaller and more concentrated nanoparticle
reservoirs is related to a slower diffusion of the nanoparticles within the cellulose matrix. It
is well established that the viscosity of a solution increases as the concentration of PSS
increases [172]. Because the diffusion coefficient is inversely proportional to the viscosity
according to the Stokes—Einstein equation, highly concentrated PSS reduces radial diffusion
and results in smaller spots containing nanoparticles at a higher concentration. Please note
that, although PSS gives a yellowish color to the paper substrate, its contribution to the pixel
intensity cannot fully account for the changes in color observed within the reservoir. For
example, in Fig. 5.2 B, the pixel intensity outside the nanoparticle area decreases from 254
to 234 due to the modification with 30% PSS, but it decreases much more in the center of
the reservoir, where the nanoparticles are found (Pl = 62). This means that the main
contribution to the observed changes in color is a higher concentration of nanoparticles in
the reservoir and not the addition of the PSS. In Fig. 5.2 B, it is also noticeable that the pixel

intensity is lower at the edge of the reservoir than in the center. This is attributed to a higher
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concentration of nanoparticles at the edge of the spots due to an uneven distribution of
solutes during the drying procedure (the so-called “coffee-ring effect”) [173]. Finally, we
sought to determine whether the nanoparticles could be released efficiently from the
reservoir, which is an important requirement for integrating reservoirs in biosensors. To this

end, 1 mL of PBST was added three times to the reservoirs.

Fig. 5.2 A (bottom row, after), the color does not change in reservoirs prepared in the
absence of PSS, showing that without the polymer, the nanoparticles are irreversibly bound
to the cellulose matrix. However, as the % PSS increases, the color within the spot
progressively disappears, which indicates that the nanoparticles exit the reservoir more
efficiently when the % PSS in the reservoir is higher. These experiments demonstrate that
PSS prevents the formation of irreversible interactions between the nanoparticles and the
paper matrix. In Fig. 5.2 C, signal quantification with densitometry shows that no color
remains in the reservoir when the % PSS utilized to fabricate the reservoir is 15% or higher,
which suggests a complete release of avidin-modified nanoparticles under this condition. All
in all, the results shown in Fig. 5.2 demonstrate that it is possible to store pegylated
nanoparticles modified with proteins in a dry piece of paper previously modified with PSS
and that the nanoparticles can be released on demand by simply adding an aqueous

solution.
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Fig. 5.2 Fabrication of nanopatrticle reservoirs with different % PSS; (A) scanned images of the reservoirs before
(top row) and after (bottom row) washing three times with 1 mL PBST; (B) pixel intensity (PI) profiles across the
reservoirs; (C) colorimetric signal (S) in the reservoir before (red circles) and after (green squares) washing three
times with PBST. Error bars are the standard deviation (n = 3). Trend lines are a guide to the eye.
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Next, we investigated the impact of nanoparticle concentration in the fabrication of a paper-
based reservoir containing avidin-modified gold nanoparticles. To this end, 1 uL of
nanoparticles at different concentrations were pipetted onto paper substrates modified with
30% PSS (Fig. 5.3 A). Profile analysis reveals that the formation of a “coffee ring” in the
reservoir observed in Fig. 5.2 can be prevented when nanoparticles are dispensed with a
concentration of 140 nM or higher because under this condition, the pixel intensity is the
same in the center and at the edge of the spot (Fig. 5.3 B). It has been proposed that
increasing the viscosity of the solution suppresses the formation of coffee rings [174]. In the
case under study, the viscosity of the solution increases as the solid volume fraction

increases in agreement with the Einstein Eq 5.1.

5
— (142 )
1] 1]0( toe
Eq 5.1 Einstein equation.

where n is the viscosity of the suspension, ng is the viscosity of the dispersion medium, and
¢ is the solid volume fraction. Therefore, we propose that the increase in viscosity afforded
by the higher nanopatrticle concentration is a driving force to prevent coffee rings. To study
the effect of nanoparticle concentration in the release of contents from the PSS-modified
cellulose matrix, the reservoirs were washed with PBST as above and the remaining
colorimetric signal was measured with densitometry. In Fig. 5.3 A, low row (after) and Fig.
5.3 C, the remaining colorimetric signal is very low at all the concentration assayed. Only a
slight increase in color can be detected at the highest assayed concentration of
nanoparticles. This indicates that 30% PSS is effective at preventing irreversible interactions
with the paper even when the reservoirs contain a high concentration of gold nanoparticles.
In summary, experiments in Fig. 5.3 indicate that the best fabrication parameters for
obtaining reservoirs with the proposed method are 30% PSS and gold nanoparticles with a
concentration of 140-210 nM. Under these conditions, nanoparticles within the reservoir are
evenly distributed (i.e., there is no coffee ring) and there is a complete release of colloids

from the reservoir (no color remains in the paper reservoir).
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Fig. 5.3 Fabrication of reservoirs with 30% PSS and avidin-decorated nanoparticles at different concentrations;
(A) scanned images of the reservoirs before (top row) and after (bottom row) washing three times with 1 mL
PBST; (B) pixel intensity (PI) profiles across the reservoirs; (C) colorimetric signal (S) in the reservoir before (red
circles) and after (green squares) washing three times with PBST. Error bars are the standard deviation (n = 3).
Trend lines are a guide to the eye.

After studying the best conditions for storing and releasing nanoparticles in cellulose, we
tested the ability of transferring the colloids in the dry reservoir to a receiving wet paper by
pressing the former onto the latter (Fig. 5.1B). Simultaneously, we tested whether the avidin
around the nanoparticles was still able to bind biotinylated molecules in the receiving
substrate. In other words, we sought to investigate whether the presence of PSS interfered
with our model biological interaction. To carry out this investigation, the dry reservoirs were
pressed against a receiving paper substrate modified with biotinylated BSA and saturated
with PBST. This transferred liquid from the wet receiving paper to the dry paper reservoir.
The resulting rehydration of the reservoir allowed the nanoparticles to be transferred from
the reservoir to the receiving substrate. After peeling off the reservoir, the presence of
nanoparticles bound to the receiving paper substrate through avidin—biotin interactions was
evaluated after washing it three times with PBST. Fig. 5.4A shows images of the receiving
substrate when the reservoir was made with the same concentration of nanopatrticles (72
nM) and different % PSS. In these images, the color in the spot is more homogenously
distributed and intense as the % PSS increases. Indeed, at low % PSS, only a nanopatrticle

ring is generated, which progressively fills up to yield a colored spot at high % PSS. Fig.
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5.4B also shows that avidin-decorated nanopatrticles tend to accumulate in the periphery of
the receiving spot when the concentration of PSS is low. As the % PSS increases, the
diameter of the nanoparticle ring decreases and more nanoparticles are observed in the
center of the spot. In Fig. 5.4C, the colorimetric signal increases as the % PSS increases
because more nanoparticles are transferred within the region of interest. The formation of a
ring made of biotin—-BSA was ruled out it the experiment shown in Fig S3 appx 2, which

indicates that the ring is originated by the transfer of the nanoparticles from the reservoir.
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Fig. 5.4 Transfer of avidin-decorated nanoparticles from the reservoirs with different % PSS to receiving
substrates modified with biotinylated proteins; (A) scanned images of the receiving substrates after pressing the
reservoirs for 4 min, removing them, and washing three times with 1 mL PBST; (B) pixel intensity (PI) profiles
across the receiving substrate; (C) colorimetric signal (S) in the receiving paper substrate. Error bars are the
standard deviation (n = 3). Trend lines are a guide to the eye.

We propose two mechanisms for nanoparticle transfer that could result in the formation of a
ring. The first mechanism implies that at a low % PSS, nanoparticles diffuse radially and
accumulate at the edges upon being transferred, whereas at high % PSS, the nanoparticles
diffuse radially to a lesser extent and are transferred homogenously to the receiving paper.
This would result in more concentrated nanopatrticles in the center of the spot as the % PSS
increases, in agreement with the observations in Fig. 5.4. In the second hypothesis,
nanoparticles are transferred preferentially from the edges of the reservoir to the receiving
paper substrate, that is, a ring is first generated which subsequently fills up with more
nanoparticles. To discern which mechanism governs nanopatrticle transfer from the reservoir
to the receiving paper, the same experiments were repeated with reservoirs made with the

highest concentration of PSS (30%), but with different contact time between paper layers.
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In Fig. 5.5A,B, the nanoparticles are transferred as a ring when short transfer times are
applied even when the % PSS is high. In Fig. 5.5C, the colorimetric signal increases as the
time increases. These results invalidate the first mechanism, since no nanoparticles are
observed in the center of the reservoir during the first stages of the transfer process at high
% PSS. Therefore, we propose that nanoparticles and PSS are preferentially transferred
from the edges of the reservoir. This generates a diffusion barrier that results in the
subsequent transfer of polymer and nanomaterials in the central area of the receiving paper,
in agreement with the second hypothesis proposed above. Experiments showing the
transfer of PSS can be found in Fig S4 appx 2. Below we study the impact of nanoparticle
concentration and paper type in the generation of specific and nonspecific signals for

biosensing applications.
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Fig. 5.5 Time-dependent transfer of avidin-decorated nanoparticles from reservoirs containing 30% PSS to
receiving substrates modified with biotinylated proteins; (A) scanned images of the receiving substrates after
pressing the reservoirs for different times; (B) pixel intensity (PI) profiles and (C) colorimetric signal (S) in the
receiving paper substrate. Trend lines are a guide to the eye. Error bars are the standard deviation (n = 3).

Fig. 5.6 shows the effect of the receiving paper pore size in the generation of colorimetric
signals when the reservoirs are loaded with 30% PSS and different concentrations of avidin-
grafted gold nanoparticles. Nonspecific interactions were evaluated with non-biotinylated
(BSA) (control lanes in Fig. 5.6A). Qualitative assessment of Fig. 5.6A shows that using
Whatman paper #6 and #1 results in higher colored spots in control experiments compared
to Whatman paper #41. This is ascribed to the higher specific area of paper types 6 and 1

because of their smaller pore sizes (3 and 11 pym, respectively), which favors nonspecific

88



interactions between nanoparticles and the receiving substrate. Analysis of the specific
signals obtained after subtracting the control experiments shows that paper # 41 produces
the highest specific signals when using nanoparticles in the concentration range between
140 and 290 nM, whereas paper #1 yields higher specific signals when using nanoparticles
in the concentration range between 36 and 72 nM (Fig S7 appx 2). In Fig. 5.6C, the pixel
intensity within the colorimetric signal is homogenously distributed (i.e., no ring formation)
when the concentration of nanopatrticles in the reservoir is 140 nM or higher and the
receiving substrate is Whatman paper #41. These results, in addition to those obtained
in Fig. 5.4, indicate that paper-based reservoirs containing 30% PSS and 140 nM
nanoparticle probes are the best candidates to generate homogenous and highly intense
plasmonic signals in biosensors. The reservoirs were able to establish biospecific
interactions even after being kept for a month in an envelope at room temperature (Fig S2
appx 2). No preservatives were added, and no additional measures such as lyophilization
or co-storage with silica gel were taken in order to further preserve the probes, which shows
that the proposed method is useful for fabricating biosensors with extended shelf-life without

the need to impose strict temperature or humidity storage conditions.
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Fig. 5.6 Transfer of avidin-decorated nanoparticles stored at different concentrations to receiving paper
substrates with different pore sizes (22, 11, and 3 um for Whatman Paper 41, 1, and 6, respectively) modified
with biotinylated proteins; (A) scanned images of the receiving substrates modified with biotinylated BSA (biotin)
or unmodified BSA (control); (B) colorimetric signals in receiving substrates made of Whatman paper #41 (red
triangles), #6 (black circles), and #1 (green squares); control experiments with non-biotinylated BSA are
indicated with dotted lines; (C) pixel intensity (PI) profiles across receiving substrates made of Whatman paper
#41. Error bars are the standard deviation (n = 3). Trend lines are a guide to the eye.

After optimizing the fabrication procedure of the nanoparticle reservoirs, we sought to apply
them in sandwich immunoassay for the detection of the antigen gB from CMV. To this end,
the avidin-decorated nanoparticles were modified with biotinylated detection antibodies and
stored in the dry paper reservoir as explained above. The receiving paper substrate was
modified with capture antibodies and blocked to prevent nonspecific interactions. The
immunoassay consisted of adding the target analyte spiked into human serum to the
receiving substrate and pressing the paper reservoir for 10 min. After washing away excess
reagents, the colorimetric signal was recorded. The whole assay took less than 12 min to
be completed. In Fig. 5.7, the proposed paper biosensors were able to detect gB with a limit
of detection of 0.03 ng-mL™* expressed as the first sample that yielded a signal higher than

three times the standard deviation of the blank (green line in Fig. 5.7, 99% confidence). This
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limit of detection is ca. 100 times lower than the one obtained with a disposable
electrochemical biosensor for detecting CMV within 45 min [170] and three times lower than
colorimetric ELISA that required several hours to be completed [169]. Control experiments
performed with biosensors modified with anti-E. coli instead of anti-gB yielded lower
nonspecific signals. These results demonstrate that the method for fabricating paper
reservoirs containing protein-decorated nanoparticles can be extended to biomolecular
interactions other than biotin—avidin interactions, for example, antibody—antigen interactions
for developing paper-based immunoassays. It can also be used to store citrate-capped
nanoparticles modified with antibodies (Fig S6 appx 2). Furthermore, the proposed method
affords low limits of detection with very short incubation times, which makes it particularly
useful for developing rapid diagnostic tests such as those required in decentralized
healthcare schemes.
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Fig. 5.7 Detection of gB from human CMV in serum with reservoirs containing antibody-decorated nanoparticles
and paper substrates modified with anti-gB (red dots) or anti-E. coli (black dots) (semilogarithmic scale). S is the
colorimetric signal. Error bars are the standard deviation from three independent experiments (n = 3). The green
line represents the limit of detection expressed as the blank signal (Sg) and three times the standard deviation
of the blank (30s).

5.5Conclusions

In conclusion, we have demonstrated that gold nanoparticles modified with PEG and
proteins can be stored in filter paper when the substrate is previously treated with PSS. This
avoids irreversible interactions with the paper, which enables a complete release of
nanoparticles upon addition of an aqueous solution. It also enables transferring the

nanoparticles from the reservoir to a receiving substrate by pressing one paper sheet
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against the other with the finger. Fine-tuning the % PSS avoids the formation of “coffee rings”
in both the reservoir and the receiving substrate. This leads to homogenously distributed
colorimetric signals resulting from biomolecular interactions between the nanoprobes and
substrate-bound molecules. The presence of PSS in the reservoir does not interfere with the
generation of avidin—biotin or antibody—antigen interactions and preserves the nanoprobes
for at least one month. The best paper types for receiving nanoparticles in paper-only
biosensors are #41 when the nanoparticles are stored with a concentration between 140
and 210 nM or #1 when the nanoparticle concentration is 36—72 nM. Nanoparticles
decorated with anti-gB were able to detect this analyte with a biosensor made entirely of
paper rapidly and with a low limit of detection of 0.03 ng-mL™ (99% confidence). These
features make the proposed reservoirs ideal for fabricating paper-only biosensors for point-

of-care diagnostics, especially when combined with wax-printed microfluidics.
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6 PAPER BIOSENSORS FOR DETECTING
ELEVATED IL-6 LEVELS IN BLOOD AND
RESPIRATORY SAMPLES FROM COVID-19
PATIENTS

6.1 Abstract

Decentralizing COVID-19 care reduces contagions and affords a better use of hospital
resources. We introduce biosensors aimed at detecting severe cases of COVID-19 in
decentralized healthcare settings. They consist of a paper immunosensor interfaced with a
smartphone. The immunosensors have been designed to generate intense colorimetric
signals when the sample contains ultralow concentrations of IL-6, which has been proposed
as a prognosis biomarker of COVID-19. This is achieved by combining a paper-based signal
amplification mechanism with polymer-filled reservoirs for dispensing antibody-decorated
nanoparticles and a bespoken app for color quantification. With this design we achieved a
low limit of detection (LOD) of 1072 pg-mL™* and semi-quantitative measurements in a wide
dynamic range between 1072 and 102 pg-mL™ in PBS. The assay time is under 10 min. The
low LOD allowed us to dilute blood samples and detect IL-6 with an LOD of 1.3 pg-mL™ and
a dynamic range up to 102 pg-mL™. Following this protocol, we were able to stratify COVID-
19 patients according to different blood levels of IL-6. We also report on the detection of IL-
6 in respiratory samples (bronchial aspirate, BAS) from COVID-19 patients. The test could
be easily adapted to detect other cytokines such as TNF-a and IL-8 by changing the
antibodies decorating the nanoparticles accordingly. The ability of detecting cytokines in
blood and respiratory samples paves the way for monitoring local inflammation in the lungs

as well as systemic inflammation levels in the body

6.2 Introduction

The SARS-CoV-2 pandemic has rapidly spread worldwide with enormous social and
economic repercussions [175]. Patients may be asymptomatic, have mild flu-like symptoms,
or progress to severe pneumonia [176]. Previous studies on SARS-CoV and MERS-CoV
show that infection of epithelial lung cells provokes a strong local inflammatory response
characterized by high levels of cytokines and chemokines [177]. When these pro-

inflammatory factors reach the bloodstream they stimulate the release of immature
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granulocytes in the bone marrow, which exacerbates the inflammation [178]. The resulting
hyperinflammatory syndrome or “cytokine storm” is believed to be responsible for many
severe cases of COVID-19. IL-6 has been extensively used for prognosticating severe cases
of COVID-19. Mild cases show serum IL-6 levels between 5.1 and 18.8 pg-mL™, whereas
in moderate/severe cases this value increases to 22.5-198 pg-mL* [179-184]. Stratifying
patients according to severity is crucial in order to optimize COVID-19 management. During
the first peak of the pandemic, saturation of hospitals forced healthcare providers to
decentralize COVID-19 care. Even after “flattening the contagion curve” many mild cases of
COVID-19 are cared for at home in order to reduce the risk of contagion [185]. Patients with
severe symptoms are rapidly transferred to hospitals, where they receive specialized care
to prevent poor outcomes. Biosensors for detecting elevated cytokine levels at the point of
care could help physicians stratify patients according to their prognosis [186]. The challenge
in designing such devices is that they would need to be highly portable, easy to manipulate,
and require minimal infrastructure to ensure an easy implementation in a decentralized
health care strategy [186, 187].

In this manuscript we meet this challenge with mobile biosensors that measure levels of IL-
6 in blood and respiratory samples from COVID-19 patients in less than 10 min. In order to
meet the urgent need for rapid testing we collated previous discoveries into a hew design
that meets the needs for decentralized COVID-19 diagnostics. It consists of devices that are
entirely made of paper and comprised of two parts: a paper square containing a nanopatrticle
reservoir and a paper strip for target capture (Fig. 6.1 A). The nanoparticle reservoir is made
by adding polystyrene sulfonate (PSS) to a region of the paper. This prevents irreversible
interactions between antibody-decorated nanoparticles and the cellulose substrate [188].
The reservoir dimensions are defined by a hydrophobic barrier made of paraffin. The paper
strip has three capture sites (CS) for amplifying colorimetric signals without adding additional
analytical steps [20]. To detect IL-6, a drop of sample is added to each capture site and
quickly dried. The paper is then folded and soaked with a blocking solution. Subsequently,
the reservoir is pressed on top of the folded strip with the aid of a clamp for 5 min (Fig. 6.1
B). During this time, nanoparticles are transferred vertically from the reservoir to the three
capture sites (Fig. 6.1 E), where the antibodies recognize IL-6 specifically. After removing
the reservoir, a colored spot appears whose pixel intensity is directly related to the
concentration of IL-6 in the sample. Since filter paper is semi-transparent when wet, and the
biosensors generated a colorimetric signal in each capture site, the colored spot on the

folded paper is the sum of the three independent signals generated at each capture site [20].
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This collective, amplified signal is then quantified with a previously developed smartphone
app for densitometry at the point of need [189]. The origami-enabled signal amplification
mechanism achieves a limit of detection of 107 pg-mL, which is one of the lowest reported
to date (Table S1 appx 3) [[130][131] [91][133] [135] [136] [137] [83, 84, 196-202, 89, 189—
195]]. Thanks to this low limit of detection in PBS we were able to dilute patient samples for
detecting elevated levels of IL-6 without performing any additional purification steps. This
was accomplished in both blood and respiratory samples, thus paving the way for using the
proposed biosensors for monitoring systemic and local inflammation. Being able to detect
high levels of IL-6 in different biological matrices, along with the rapid turnaround time and
highly portable detection system, makes our biosensors ideal for the decentralized
monitoring of COVID-19 patients both at home and in hospitals.
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Fig. 6.1 Photographs of the paper immunosensor and key analytical steps for detecting IL-6; (A) The biosensors
consists of a piece of paper containing antibody-decorated nanoparticles, and a paper strip with three capture
sites (CS); (B) After adding a drop of sample in each capture site and drying it, the paper is folded; (C) After
removing the reservoir, a colored spot appears whose pixel intensity is the sum of the colorimetric signal
generated in each capture site; (D) After washing away excess reagents the colorimetric signal is measured with
a previously developed smartphone app within seconds; (E) Unfolding the paper strip in (C) reveals that
nanoparticles are transferred vertically to the 3 binding sites; (F) Schematic representation of biomolecular
interactions; IL-6 is adsorbed onto the paper substrate and subsequently detected by antibody-decorated gold
nanoparticles.
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6.3 Materials and methods

6.3.1 Materials
Whatman filter paper #41 and #1 was obtained from GE Healthcare Life Sciences. Wax
Paper Squares (6") was purchased from NORPRO. Gold (lll) chloride hydrate, sodium
citrate tribasic dihydrate, poly (ethylene glycol) 2-mercaptoethyl ether acetic acid (thiol-PEG-
acid) 2100, N-Hydroxysulfosuccinimide  sodium salt  (sulfo-NHS), N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDAC; EDC), O-(2-biotinyl-
aminoethyl) polyethylene glycol 3000 (biotin-PEG), poly (sodium 4-styrenesulfonate,
average Mw = 70.000) 30 % solution, Tween-20, 2-ethanesulfonic acid (MES) and
recombinant human IL-6 (12786) were obtained from Sigma Aldrich. Rabbit anti-IL-6
polyclonal antibody (ab6672) was purchased from Abcam. Albumin from bovine serum
(BSA, protease free) was obtained from VWR Chemicals. PBS refers to phosphate buffered
saline pH 7.4. PBST refers to PBS supplemented with 0.1 % Tween-20. RT refers to room

temperature.

6.3.2 Antibody-decorated gold nanoparticles

Gold nanoparticles with a diameter of ca. 40 nm were obtained with the citrate-reducing
method as previously described [189]. The nanoparticles were subsequently modified with
antibodies adapting a published protocol. In brief, the citrate around the nanoparticles was
substituted for thiol-PEG-acid. Then, the carboxylated moieties were transformed into
reactive sulfo-NHS esters via the addition of EDC (1 mg) and sulfo-NHS (2 mg) in 0.5 M
MES buffer pH 5.5 for 30 min. Then 200 uL of the nanoparticles were centrifuged at 8000
rom for 6 min and rabbit anti-IL-6 polyclonal antibody (1 mg-mL™) was added overnight.
Then 200 pL of a blocking solution containing glycine (0.1 M) and BSA (10 mg-mL™) in
phosphate buffer (0.1 M, pH 7.0) was added for at least 30 min to cap any remaining sulfo-
NHS ester groups. Subsequently, nanoprobes were washed 5 times with PBST (6000 rpm,
6 min). Finally, the pellet was resuspended in 100 uL of PBST ([Au] = 250 mM).

6.3.3 Fabrication of origami biosensors
For the reservoir, Whatman paper #1 was cut into 2 x 2 cm squares, which were then printed
with wax with the following procedure. First, wax paper was cut into 2 x 2 cm squares. A 5
x 5 mm circle was removed from the center with a hole puncher. The remaining wax was
aligned with the Whatman paper and the paraffin was transferred by pressing a hot iron
against it for 5 s. The procedure was repeated on the other side of the paper to completely

seal it. Then, a nanopatrticle-reservoir was fabricated in the unwaxed paper area by adding
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3 pL of 30 % PSS and letting it dry at room temperature (RT) followed by adding 1 L of
antibody-decorated nanoparticles and letting it dry at RT. Paper strips for analyte capture
consisted of pieces of Whatman paper #41 cut into 2 x 8 cm strips as shown in Fig. 6.1 A.

6.3.4 Detection of IL-6

First, 10 pL of sample was added to the first three squares of the paper strip (CS1, 2, and 3
in Fig. 6.1 A) and dried with a hair drier for 30 s. Then, the strip was folded and 1 mL of
PBS-BSA was added. Immediately afterwards, the nanoparticle reservoir was placed onto
the strip and held with the aid of a clamp for 5 min. The reservoir was then peeled off and
the paper strip was washed five times with 1 mL of PBST. The resulting colorimetric signal
was measured immediately afterwards with the mobile app [189] Details about the
development of the mobile app have been published elsewhere [189]. The app guides the
user to establish a controlled distance and angle between the camera of the Huawei POT-
LX1smartphone and the assay by using a virtual frame on the screen that matches the shape
of the paper biosensor. After pressing “Set” the app automatically finds the region of interest,
calculates the pixel intensity and subtracts it from the background. Uneven light conditions
are also automatically corrected. The app stops taking measurements if there are any
changes in imaging conditions. This informs the user that the smartphone needs to be
realigned, at which point the measurements resume. The data set is evaluated after 50 valid
measurements have been acquired. The resulting colorimetric signal S is the highest for
black (255) and the lowest for white (0).

Spiked blood samples and bronchial aspirate (BAS) samples were obtained and processed
as follows. A blood sample from a healthy donor was spiked with IL-6 by adding 1 uL of a
solution 10 times more concentrated to 9 L of blood. The final concentration of added IL-6
was the one reported in Fig. 6.3 B. The samples were then diluted 1000 times with PBS and
tested as above. BAS samples were first liquefied by adding 100 uL of 0.3 M H»O to 10 mg
of samples for 1 min. The IL-6 concentration of these samples was determined with an in-
house ELISA (Fig S1 appx 3). A liquefied BAS sample containing less than 3 pg-mL™ IL-6
(below the limit of detection of ELISA) was spiked with the same procedure detailed for blood
samples. Samples were diluted 10 times with PBS before applying them to the paper

biosensor.

Blood samples from COVID-19 patients were obtained from the Immunology Department at
Son Espases University Hospital (Ethics Committee Protocol 1B 4169/20 PI). The IL-6

concentration was determined with a DIASource Immunoassay ELISA kit. Informed consent
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was obtained from all participants. BAS samples from patients included in this study were
provided by Biobank IdISBa and CIBERES Pulmonary Biobank Consortium, a network
currently formed by twelve tertiary Spanish hospitals integrated in the Spanish National
Biobanks Network. They were processed following standard procedures with the appropriate
approval of the Ethics and Scientific Committees and with the collaboration of the healthcare

services of the Hospital Universitario Son Espases and Hospital Son Llatzer.

6.4Results and discussion

The biosensors shown in Fig. 6.1 incorporate a signal amplification mechanism based on
adding the colorimetric signals generated in multiple capture sites. This concept has already
been tested for amplifying signals in paper immunosensors, although not for the detection
of IL-6 [20]. To test the impact of implementing this design in the IL-6 biosensors, samples
containing 0 or 10 pg-mL™ IL-6 were tested with biosensors modified with nanoparticles at
different concentrations. The colorimetric signal was measured with two methods. The first
method calculated the pixel intensity only in the capture site CS1. The second method
involved folding the paper to measure the collective signal from CS1, CS2 and CS3. Fig.
6.2 A shows scanned images for the resulting assays. As the concentration of gold
nanoprobes increased the color in the spot also increased. The color in the folded samples
(highlighted in red) was more intense than in the unfolded ones. This is because in the folded
sample, the signal from the three capture sites is cumulative [20]. Colored spots were more
intense in samples containing IL-6, which indicated that the main contribution to the signal
was the specific recognition of IL-6 by antibody-decorated nanoparticles. Fig. 6.2 B
summarizes the results obtained after quantifying the color intensity in 3 independent
experiments. In this Figure, signals increase when the paper was folded in agreement with
the observations in Fig. 6.2 A. In Fig. 6.2 C the specific sighal obtained after subtracting the
blank from the 10 pg-mL™* sample was plotted as a function of the concentration of
nanoprobes. In this plot, the specific signal was always higher when the paper was folded.
Furthermore, the standard deviation of three independent experiments was smaller when
the paper was folded than when measuring a single capture site. These results confirm that
the proposed method enhances specific colorimetric signals in paper immunosensors
without increasing variability. The method only required adding three drops of sample
instead of one. No additional reagents or analytical steps were required, making it useful for

amplifying signals in rapid diagnostic tests.
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Fig. 6.2 Colorimetric signal obtained from samples containing 0 or 10 pg-mL™ when using 3 capture sites (CS)
and the paper is folded so that the 3 signals add up (red), or unfolded and measuring only CS1 (black); (A)
Photographs of the assays; (B) colorimetric signal for 10 (dots) and 0 (squares) pg-mL™; (C) Specific signal after
subtracting O from 10 pg-mL™; Error bars are the standard deviation (n = 3).

After testing the signal amplification mechanism, we calibrated the biosensors with solutions
containing different concentrations of recombinant human IL-6 in PBS. In Fig. 6.3 A, the
biosensors generated dose-dependent signals that increased linearly with the logarithm of
the concentration of IL-6 in the range between 1072 and 100 pg-mL™. The limit of detection,
expressed as the assayed sample that yields a signal above three times the standard
deviation of the blank (99 % confidence), was 1072 pg-mL™. This is one of the lowest limits

of detection reported for IL-6, and it was achieved with a fast turnaround time under 10 min

(Table S1 appx 3).

99


https://www.sciencedirect.com/science/article/pii/S0925400520316737#fig0015
https://www.sciencedirect.com/science/article/pii/S0925400520316737#fig0015

A B c
100 150 140
y=11.2x + 65.6 y =58.8x + 13.6 y=50.9x + 6.6
» 1
80| r’=099 o 801 12_g97 1201 2_0.03 5
-~ 110 Q 100
S 60 + s <) S :
o I
40 | o’ l
& 70 , 60 °
20 50 e e ———
4 -3 2 4 0 1 2 3 0.5 1 15 2 25 0.5 1 15 2 25
log [IL-6] (pg-mL") log added [IL-6] (pg-mL") log added [IL-6] (pg-mL"")

Fig. 6.3 Detection of IL-6 in PBS (A), or spiked into blood (B), or bronchial aspirate (BAS, (C)). Horizontal green
dotted lines represent the signal above 3 times the standard deviation of the blank. Error bars are the standard
deviation (n = 3).

However, the proposed biosensors may have a drawback when detecting IL-6 in real
matrices. With our device, the analyte is captured by drying the sample in the paper. While
this expedites the detection of IL-6, biomolecules such as proteins and mucins present in
real matrices may also physically adsorb to the paper and hinder the capture of IL-6. They
may also interact non-specifically with the antibody-nanoparticles, interfering with the
detection of IL-6. Blood samples are also highly colored, which can be problematic for
colorimetric signal generation methods. Fortunately, the biosensors have an exceptionally
low limit of detection that allows for the dilution of samples prior to testing, therefore diluting
color interferents from the matrix as well. It has been proposed that healthy individuals have
IL-6 levels between 0.5 and 6 pg-mL™ [203]. Diluting samples 10® times should still enable
detecting IL-6 above 6 pg-mL™ (0.006 pg-mL* in the diluted sample), while reducing matrix
effects. With this in mind, we spiked blood samples from a healthy donor with IL-6 in the
concentration range between 10 and 100 pg-mL™. Then we diluted these samples 1000
times with PBS and tested them with our biosensors. In Fig. 6.3 B, the biosensor yielded a
linear response with the logarithm of the concentration of added IL-6 in the concentration
range proposed. These experiments demonstrate that the biosensors can detect IL-6 in
blood in the relevant range for COVID-19 care [204]. According to the standard addition
method, the basal IL-6 concentration can be estimated in Fig. 6.3 B when Y = 0. This yields
a value of 0.6 pg-mL™, which fits well with the IL-6 levels in a healthy individual. The limit of
detection obtained by substituting Spiank + 30 in the linear fitting yields a value of 0.7 pg-mL™.
Since this this has been added to basal levels in the sample, the final limit of detection in
blood is 1.3 pg-mL™. Taking into consideration that the sample was diluted 102 times, this
limit of detection in blood agrees well with the value obtained in PBS (102 pg-mL™, Fig. 6.3

A), which validates our biosensors for detecting abnormal levels of IL-6 (above 6 pg-mL™,
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highest value for healthy individuals) in blood samples. Finally, we tested whether our
biosensors could detect IL-6 in spiked respiratory samples (bronchial aspirate, BAS). To this
end, liquefied BAS samples were diluted 10 times with PBS and tested with the same
procedure shown above. In Fig. 6.3 C, all samples yield a dose-dependent signal above
three times the standard deviation of the matrix signal. These results indicate that our
biosensors could be used for monitoring variations in cytokine levels in respiratory samples

from COVID-19 patients as well.

Comparison of calibration plots in Fig. 6.3 reveals that experiments performed in real
matrices yield higher sensitivity (higher slope of the calibration plot). That is, the presence
of a diluted biologic matrix facilitates the detection of IL-6 compared to the same experiments
performed in PBS. The basal concentration of IL-6 in the samples is a constant value added
to the concentration spiked into the sample, and therefore cannot be responsible for this
increase in sensitivity. We hypothesized that biological components in the matrix that remain
in the paper after drying could facilitate antibody-antigen interactions, for example by
providing a native environment that preserves IL-6 conformation. The most abundant protein
in blood is human serum albumin (HSA), which is a present at a concentration of around 40
mg-mL™1. To test whether the presence of albumin in the sample could increase the
sensitivity of our biosensors, we repeated the calibration experiments, but instead of diluting
recombinant IL-6 with PBS we diluted it with PBS supplemented with 40 ug-mL™ bovine
serum albumin (BSA). BSA is very similar to HSA in its amino acid composition (76 %
homology, [205]), and 40 ug-mL™ is the approximate concentration after diluting the sample
10® times. In Fig S2 appx 3, the slope of the calibration plot increases from 11.2 in PBS to
22.4 in PBS-BSA. These experiments demonstrate that the presence of excess proteins in
the sample increases the sensitivity of the proposed biosensors. Furthermore, comparison
of the same tests measured with the mobile app or via image analysis with ImageJ yielded
a higher slope with the app (22.4 vs 16.3), which shows that the quantification method also
helps increase the sensitivity of the assay (Fig S2 appx 3). To summarize, the high
sensitivity and low limit of detection of our tests originate from the paper-based signal
amplification mechanism (Fig. 6.2 ), the composition of diluted biological matrices (Fig.
6.3 and Fig S2 appx 3), and the utilization of a bespoken app for color quantification (Fig
S2 appx 3). While our tests are semi-quantitative compared to ELISA (Fig S2 appx 3) their
sensitivity in real matrices may be high enough for detecting high levels of IL-6 in patient

samples at the point of care. This is explored below.
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Fig. 6.4 Detection of IL-6 in real samples; (A) blood samples from healthy donors (black) or COVID-19 patients
with IL-6 levels below (blue) or above (red) 17 pg-mL™%; (B) Bronchial aspirate (BAS) samples from COVID-19
patients with IL-6 levels below 10 pg-mL™ (black), between 10 and 100 pg-mL~* (blue), or above 100
pg-mL~(red). Dotted lines show the average signal plus 2 times the standard deviation of healthy donors (A) or
patients with IL-6 below 3 pg-mL™ (B).

Next we tested whether the proposed biosensors could be used for detecting high levels of
IL-6 in a panel of blood and BAS samples from patients, which were also analyzed with the
gold standard (ELISA) in order to quantify IL-6. In Fig. 6.4 A, patient samples containing IL-
6 above 17 pg-mL™ yielded signals statistically different when compared to blood samples
from healthy donors (Kruskall-Wallis test, p < 0.001). This threshold value was in agreement
with the cut-off value proposed in the literature to prognosticate severe COVID-19 as well
as to guide specific anti-inflammatory treatments [206, 207]. Fig. 6.4 B summarizes the
results obtained from analyzing BAS samples. BAS is usually obtained from intubated
patients, and therefore we were not able to compare our results with healthy donors. Instead,
we used samples containing IL-6 below 10 pg-mL™ in order to establish a cut-off value.
In Fig. 6.4 B, samples containing IL-6 with a concentration of 10 pg-mL™ or higher can be
differentiated from those containing undetectable levels by ELISA (Kruskall-Wallis test, p <
0.001). However, it was not possible to distinguish among samples containing intermediate
(10-100 pg-mL™1) and high (above 100 pg-mL™) levels of IL-6 with the proposed biosensors.
To the best of our knowledge no clinical study correlating the levels of IL-6 in respiratory
samples with patient severity has yet been published in the context of COVID-19. It should
be noted that the decentralized detection of IL-6 in respiratory samples would require
sputum rather than BAS, since BAS is usually obtained from intubated patients. While the
experiments shown here demonstrate the possibility of measuring IL-6 in samples from the
lower respiratory tract, further studies should be performed for determining appropriate cut-

off values in sputum samples.
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6.5 Conclusions

In conclusion we have introduced paper immunosensors with a mobile readout platform for
the detection of IL-6 in blood and respiratory samples from COVID-19 patients. The
immunosensors have a low limit of detection at 1072 pg-mL?*in PBS. Semi-quantitative
measurements can be performed in a wide dynamic range over 5 orders of magnitude due
to their paper-based signal generation design. This excellent performance enables diluting
real samples to reduce matrix interference. Thanks to this procedure, we were able to
correctly classify blood samples from COVID-19 patients with an IL-6 content higher than
17 pg-mL?, and BAS samples above 10 pg-mL?. Higher cut-off values could be set by
diluting samples to a larger extent. The biosensors could be adapted to detect other
cytokines such as TNF-a and IL-8 by substituting the antibodies around the nanoparticles
for others that can recognize these targets specifically. The tests are entirely made of filter
paper, which makes them lightweight, easy to transport and distribute, and easy to dispose
of by incineration. Our app does not require any lightbox or accessory to control
photographic conditions, making it particularly useful for home testing. These features, along
with the ability to identify patients with elevated IL-6 levels at low cut-off values, makes the
proposed biosensors a promising tool for the decentralized management of COVID-19

patients at home or in hospitals.
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7 RAPID DETECTION OF PSEUDOMONAS
AERUGINOSA BIOFILMS VIA ENZYMATIC
LIQUEFACTION OF RESPIRATORY SAMPLES

7.1 Abstract

Respiratory infections caused by multi-drug-resistant Pseudomonas aeruginosa often yield
poor outcomes if not detected right away. However, detecting this pathogen in respiratory
samples with a rapid diagnostic test is challenging because the protective biofilms created
by the pathogen are themselves surrounded by a high-viscosity sputum matrix. Here, we
introduce a method for liquefying respiratory samples and disrupting bacterial biofilms on
the spot within a minute. It relies on the generation of oxygen bubbles by bacterial catalase
through the addition of hydrogen peroxide. When coupled with a mobile biosensor made of
paper, the resulting diagnostic kit was able to detect P. aeruginosa infections in sputa from
patients with excellent sensitivity and specificity within 8 min. The quick turnaround time
along with few infrastructure requirements make this method ideal for the rapid screening

of P. aeruginosa infections at the point of care.

7.2Introduction

Unattended infections can progress to systemic inflammation and multiorgan dysfunction
(i.e., sepsis), leading to a poor prognosis and potential long-term sequelae [81]. It is known
that sepsis survival rates decrease when the antimicrobial treatment is delayed.[208]
Accordingly, protocols for sepsis management recommend an empiric antibiotic regime as
soon as possible, and preferably within the first hour of suspecting sepsis [209]. Yet,
infections caused by antibiotic resistant pathogens still yield poor outcomes even when
antibiotics are administered in a timely manner [210]. This is particularly problematic in the
context of sepsis caused by Pseudomonas aeruginosa infections because many strains are
only treatable with one antibiotic: colistin. Colistin is rather toxic when administered
intravenously and not routinely recommended within the first empirical antibiotic regime
[211]. In this situation, patients can rapidly progress to deadly septic shock. Pathogen
identification through bacteriological culture takes too long to guide the first antibiotic
treatment. Multidrug-resistant P. aeruginosa is highly prevalent in hospital acquired

pneumonia, and pneumonia is the underlying infection in 45% of sepsis cases in the US and
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Europe [212]. Thus, there is a specific need to develop technologies for the rapid detection
of P. aeruginosa in respiratory samples. Such a test would alert clinicians to infections by
this hazardous pathogen, thus providing much-needed guidance during the administration
of the first antibiotic regime.

Using a rapid biosensor could tackle this issue by revealing the presence of P. aeruginosa
in respiratory samples at the point of care [155][213—-218]. Paper-based immunosensors
would be ideal candidates for this application since they can be disposed of by incineration,
thus destroying any hazardous respiratory pathogens. However, detecting P. aeruginosa in
respiratory samples such as sputum and bronchial aspirate with immunosensors is
challenging due to the barriers surrounding the pathogen. First of all, the sample matrix is
made of highly cross-linked mucins with a highly viscous or even semisolid consistency
[219]. Pathogens trapped within this matrix are not readily available for detection. Second,
within this matrix, P.aeruginosa further encases itself in a biofilm [220, 221]. Bacteria trapped
within the biofilm are also not detectable. Thus, the detection of P. aeruginosa in these
samples requires the liquefaction and homogenization of samples as well as the rupture of
bacterial biofilms to avoid false negatives. Current approaches for processing respiratory
samples are cumbersome and often require infrastructures such as a vortex, an incubator,
or a particle manipulator [222—-227]. Furthermore, it has not been proven that these methods
disrupt biofilms. A method that instantly liquefies respiratory samples and also disrupts
biofilms could enable the detection of respiratory pathogens at the point of care. This would
enable a personalized approach for administering the first antibiotic regime since

nosocomial infections by this pathogen require a different therapeutic approach than the

rest.
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Fig. 7.1Schematic representation of sample liquefaction (A) and P. aeruginosa detection (B) with the proposed
method; (A) Bacteria are trapped in biofilms within respiratory samples (i); the addition of H20: (ii) causes
catalase enzymes to generate oxygen bubbles (iii), which liquefy the sample and destroy biofilms in one step (iv
and v); (B) The origami immunosensors consist of a piece of paper folded into four 2 x 2 cm squares (i); The top
square contains a nanopatrticle reservoir [188]. After adding the sample, the immunosensor is folded and the
nanoparticles are transferred to the detection area (ii); After washing away excess reagents, the recognition of
bacterial antigens by antibody-decorated gold nanoparticles generates a colored spot (iii); The spot is detected
and quantified by aligning the paper biosensor with a smartphone app (iv) and pressing a button (v).

In this paper, we describe a new approach for disrupting P.aeruginosa biofilms and
liquefying sputum samples in one step. It only requires adding an aqueous solution of
hydrogen peroxide to the sample. Bacterial catalase enzymes generate oxygen bubbles that
break the biofilm and liquefy the sample matrix within a minute (Fig. 7.1A). No additional
instrumentation or separation steps are required. Catalase has been previously used as an
enzyme label or biorecognition element in biosensing,[228—-230] and as a building block for
micro/nanomotors,[142] [231, 232] biofuel cells,[233] and drugs [234]. Here, we introduce a
novel use of this enzyme for liquefying respiratory samples prior to immunodetection.
Catalase is produced by P.aeruginosa, as well as by staphylococci, and Enterobacteriaceae,
which also generate biofilms and are highly prevalent in patients with hospital-acquired
pneumonia [212]. It is also present in other bacterial and fungal species, making this
approach useful for dissolving respiratory samples for a wide array of pathogens. Once the
pathogens have been released from the matrix and their biofilms, they are available to be
detected with a rapid diagnostic test at the point of care. Here, we demonstrate this concept
using paper immunosensors with a mobile readout (Fig. 7.1B). In these devices, a drop of
liquefied sample is applied to a paper substrate and dried for 30s (Fig. 7.1B(i)). This step
traps bacterial antigens in the cellulose matrix. Next, the paper is folded to transfer
antibodydecorated gold nanoparticles from a reservoir to the detection zone for 5 min (Fig.
7.1B(ii)). The specific recognition of P. aeruginosa antigens attached to the paper generates
a colored spot (Fig. 7.1B(iii)), which is then quantified with a smartphone app in a matter of
seconds (Fig. 7.1B(iv, v)) [189]. The whole process, including sample liquefaction and
pathogen detection, can be performed in less than 8 min by a frontline healthcare worker.
This quick turnaround time makes our detection kit suitable for guiding antibiotic
prescriptions at the point of care, a much-needed development for improving sepsis

management.
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7.3Materials and methods

7.3.1 Liquefaction of Sputum Samples
Sputum samples were collected by the Microbiology Unit at Son Espases University Hospital
(Balearic Islands). Quantitative culture for bacterial pathogens was carried out by plate
counting of bacterial colonies after seeding serial dilutions of sputum previously
homogenized with Sputasol (6.5 mM dithiotreitol). Samples with a bacterial load 2105
colony-forming units (cfu) were considered respiratory tract infections. Sputum samples
negative for bacterial infection, determined using Gram'’s stain screening test, were included

as controls.

Prior to liquefaction, raw samples containing Pseudomonas aeruginosa (PA+),
Staphylococcus spp., or different species of the Enterobacteriaceae family (PA-) as
infection-causing pathogens or a mixed flora (MF) were collected and kept at =20 °C until
used. After thawing at room temperature (RT), 10 mg was collected in a 1.5 mL Eppendorf
tube and liquefied by adding 0.3 M H>O- in PBS at a constant 20:1 ratio (v/w) for 60 s. To
demonstrate that sputum liquefaction is due to the oxygen bubbles produced by catalase,
enzymes in the PA+ and MF sputum samples were inhibited by adding 100 yL NaNs at
different concentrations for 2h at RT. Then, the solution was carefully removed and 0.3 M
H.0, was added. Videos and photographs were obtained using a LEICA MC170 HD digital

camera coupled to a ZuZi stereo microscope with transmitted illumination.

7.3.2 In Vitro Disruption of P. aeruginosa Biofilms

Pseudomonas aeruginosa (PA) biofilms were obtained by a closed system in 96-well, round-
bottom microtiter plates. Plates were filled with 100 pL sterile Luria—Bertani (LB) broth
culture and inoculated with the PAO1 strain. After 24 h of incubation in a 5% CO2
atmosphere and at 37 °C, biofilm formation occurred as a ring around the well. To carry out
studies of PA biofilms by confocal laser scanning microscopy (CLSM), we followed a
previously published protocol, with some modifications [235]. Briefly, eight-well microslide
ibiTreat chambers (ibidi) were filled with 300 pL LB, inoculated with the PAO1 strain, and
incubated in a 5% CO2 atmosphere and at 37 °C for 24-48 h in a closed system.

To study the effect of H2O: in the biofilm microstructure, the LB broth culture was carefully
removed from plates after biofilm formation and then the wells were gently rinsed, keeping
flocs untouched, by repeatedly filling and emptying with PBS (final volume of 100 yL per

well). Finally, 50 yL PBS containing increasing amounts of H.O, was added and incubated
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for 5 min. Micrographs were obtained using a Cell Observer inverted microscope (Carl
Zeiss). Images were obtained in the same coordinate of each microwell before and after
H.O, treatments using 5% objective lenses with bright-field illumination. Densitometric
analysis was performed with Photoshop by calculating the pixel intensity (PI) of the whole
image using the histogram function with the luminosity channel. The colorimetric signal S
was taken as the integer value after subtracting the background signal. The increase in the
colorimetric signal (AS) was obtained by subtracting S measured after H,O, treatment from
S before H.O, treatment. To evaluate with higher resolution, the effect of H,O- on the biofilm
architecture, LB broth was carefully removed from microslides prepared for CLSM studies,
and live cells and extracellular polymeric substances (EPS) were, respectively, stained with
17 UM SYTO9 (Invitrogen) and 100 pg-mL™ concanavalin Atetramethylrhodamine
isothiocyanate (ConA-TRIC, Invitrogen) in 0.1 M sodium bicarbonate (pH 8.3) [236]. CLSM
images were obtained using an LSM 710 confocal microscope (Carl Zeiss) before and after
H.0- treatments using 63X oil immersion objective lenses. CLSM measurements were also
made on biofilms grown under Fe starvation conditions to downmodulate catalase

activity[237] (following the method shown in Fig S5 appx 4 and Fig S6 appx 4).

Experiments to disrupt biofilms attached to the plates were performed as follows: first, the
plates were decanted to remove all planktonic cells and flocs. They were then rinsed in three
sequential steps by immersing the plate in sterile PBS, decanting, and tapping paper towels
over them. Next, 175 yL PBS containing increasing concentrations of H.O, was added for
60 s. To demonstrate the release of antigens from the biofilms attached to the plate, the
supernatants after hydrogen peroxide treatment were analyzed with ELISA as explained in

the Supporting Information.

The following experiments were performed to elucidate whether adding H>O> for 60 s would
kill cells and detach them from the biofilm. After following the above-mentioned biofilm
disruption protocol, H.O» was removed by immersing the plates in PBS once. Next, wells
were decanted by inverting the plate and filled with 100 L PBS. The remaining bacteria that
adhered to the inner surface of the wells were gently detached by bath sonication (two cycles
of 30 s at 160 W with 1 min intervals) and stained with 5 uL of 75 uM P-lo (propidium iodide,
BD Pharmingen) for 15 min at RT. The plates were then centrifuged at 3000 rpm for 5 min,
excess of P-lo was removed by discarding supernatants, and bacterial pellets were
resuspended with 100 uL PBS. Finally, stained bacteria were pipetted into a 96-well black

plate (Greiner Bio-One) and the P-lo fluorescence was measured in a Sinergy H1 microplate
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reader (Biotek). After autofluorescence subtraction, the percentage increase of P-lo
fluorescence intensity (FI) was expressed as [(FI after H.O, treatment - FI without H>O>
treatment)/FI without H,O- treatment] x 100.

7.3.3 Detection of P. aeruginosa with Origami Immunosensors

Gold nanoparticles (AuNPs) with a diameter of 40 nm were synthesized following the
Turkevich method as described previously.[188] Trisodium citrate at a final concentration of
0.75 mM was added to a boiling gold chloride hydrate solution with a concentration of 0.50
mM for 10 min on a heated plate with vigorous stirring.Nanoparticle growth was confirmed
by the appearance of a dark redwine color. When the solution reached RT, the AuNPs were
consecutively pegylated, concentrated, and functionalized with avidin according to the
procedure described previously [188]. Antibody-decorated nanoparticles were obtained by
adding 10 pL polyclonal biotin anti-Pseudomonas aeruginosa developed in rabbit
(Invitrogen) to 100 pL avidin-decorated nanoparticles for 1 h. Free biotin-binding sites were
capped with 0.1 mM biotin—-PEG (O-[2-(Biotinyl-amino)ethyl]-O'-(2-
carboxyethyl)-polythylene glycol, Mw: 3.000, Sigma) for 30 min. Excess reagents were
washed away by three consecutive centrifugation steps at 4 °C and 6000 rpm during 6 min
using PBST as washing buffer. Origami immunosensors were fabricated as follows:
Whatman paper #41 was cut into 2 cm x 8 cm strips, which were folded like an accordion to
yield four 2 cm x 2 cm squares as shown in Fig. 7.1B. The top square was modified with
wax. To accomplish this, waxed paper (PME) was cut into 2 cm x 2 cm squares. A5 mm x
5 mm circle was cut in the center using a hole puncher. The wax was transferred to the
Whatman paper by pressing with a hot iron, causing the melted wax to penetrate into the
paper. The procedure was repeated on the other side of the paper to completely seal it. In
the circle at the center of the paper that remained unwaxed, a nanoparticle reservoir was
fabricated by adding 3 uyL of 30% polystyrene sulfonate (PSS, MW 700.000, Sigma) and
letting it dry at RT [188]. Then, 1 yL antibody-decorated nanoparticles were added and dried
at RT.

To detect P. aeruginosa, 10 puL of sample was spotted onto the receiving paper substrate
and dried with a hair drier for 30 s. Subsequently, the paper biosensors were blocked by
adding 1 mL of PBS-BSA. The paper was immediately folded to transfer antibody
nanoparticles from the reservoir to the detection zone by pressing with a clamp for 5 min.
Next, the reservoir was peeled off and the receiving paper was washed five times with PBST.

Finally, the colorimetric signal was measured immediately afterward with a densitometry app
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as explained below. Bacterial suspensions in PBS containing P. aeruginosa (PAO1 strain)
were used as samples for calibrating the immunosensors. The suitability of the proposed
method for detecting pathogens in real patient samples was tested with a panel of sputum
samples obtained from the Microbiology Unit at Son Espases University Hospital with

approval from the local ethics committee (protocol IB 4005/19 PI).

7.3.4 Densitometry App
App development has been described elsewhere [188]. It was installed in a Huawei POT-
LX1 smartphone. To quantify signals, the user aligns the square piece of paper with a virtual
frame. This fixes the distance and angle of the smartphone with respect to the assay. After
pressing “set,” the app automatically finds the region of interest and quantifies the increase
of pixel intensity with respect to the background. Compensation for different illuminance and
uneven illumination conditions is calculated automatically. When the app has performed 50
valid measurements, the screen displays the average value. The process takes less than
10 s. Fig S8 appx 4 shows a comparison between the app and a manual method for

densitometric analysis using a scanner and image processing software ImageJ.

7.3.5 Data Analysis.
Statistical analysis was performed using GraphPad Prism software. Data are expressed as
mean + standard deviation (SD) or median with the 25th and 75th percentile. The Kruskal-
Walllis test was used to compare values of biomass and bacterial membrane permeability
among differently treated biofilms or values of immunosensor signals among different

sputum samples. A P value<0.05 was considered statistically significant.

7.4Results

Our method for the rapid detection of P. aeruginosa in respiratory samples is based on the
generation of bubbles by the enzyme catalase, which liquefies the sample (Fig. 7.1A).
Microparticles have been previously used for mechanically disrupting sputum samples.[227]
We hypothesized that oxygen bubbles could have a similar effect without using mixers to
stir the sample. Since the catalase is produced by P. aeruginosa, and bacteria are trapped
within the biofilm, we envisioned that the bubbles would not only liquefy the sputum but also
disrupt the biofilm simultaneously. To study whether oxygen bubbles could liquefy sputum,
10 mg of sputum samples containing P.aeruginosa (PA+) or a mixed flora (MF) were
introduced in an Eppendorf tube and treated with 200 pL of 0.3 M H20O.. In Video S7.1

(Liguefaction of sputum containing P. aeruginosa by H202), PA+ samples generate bubbles
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that liquefy the sample within 60 s. The sample looks transparent after dispersing the
bubbles (Fig. 7.2A), which shows that it has been completely liquefied. Mixed flora samples
also generate bubbles, although more slowly, which indicates that they contain fewer
catalase enzymes (Video S7.2 Liquefaction of sputum containing mixed flora by H.O).
Samples still contain dark spots 60 s after the addition of hydrogen peroxide, which indicates
that they are not fully liquefied. To demonstrate that the bubbles are generated by catalase,
the sputum containing P. aeruginosa was pretreated with different concentrations of a
catalase inhibitor (NaNs). In Videos S7.3-S7.5, samples incubated with NaNs; generate

fewer bubbles as the concentration of inhibitor increases.
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Fig. 7.2Sputum liquefaction. (A) Photographs of sputum samples (10 mg) containing P. aeruginosa (PA+) or a
mixed flora (MF) before (0 s) and after the addition of 0.3 M H20: for 5, 15, 30m, or 60 s. (B) Photographs of
PA+ sputum samples pretreated with different concentrations of NaNs before and 60 s after the addition of 0.3
M H20:.

In Fig. 7.2B, samples appear opaque and unchanged by the addition of hydrogen peroxide
when pretreated with NaNs. These experiments demonstrate that the bubbles are generated
by the catalase-mediated hydrolysis of H,O». They also indicate that the main factor behind
sample liquefaction is the enzymatic generation of bubbles since samples that do not
generate these bubbles remain solid after the addition of hydrogen peroxide (Fig. 7.2B, 1 M
NaNs). Next, we studied whether the hydrogen peroxide treatment could disrupt the biofilms
and liberate bacterial antigens. To this end, P. aeruginosa biofilms were grown at the bottom
of a 96-well plate. After washing away excess planktonic cells while keeping the suspended

aggregates or flocs untouched, H.O, was added at different concentrations and the
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generation of bubbles was recorded for 60 s (Fig. 7.3A). Biofilm disruption was documented
by taking a photograph before and after the treatment (Fig. 7.3B). In Fig. 7.3A, samples
without H>O- did not generate any bubbles, and micrographs of the biofilms in Fig. 7.3B
showed that they were mainly unaltered. When the concentration of H,O, was higher than
0.01 M, samples started to effervesce. As the concentration of H.O. increased, the amount
and size of the generated bubbles also increased (Fig. 7.3A). In Fig. 7.3B, images look less
opaque when the concentration of H.O increased because the biofilm flocs were being
dissolved. Densitometric analysis of the images shown in Fig. 7.3B confirmed this trend
(Fig. 7.3C).
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Fig. 7.3Biofilm disruption. (A) Photographs of P. aeruginosa biofilms grown in a 96-well plate before and after
adding H20: at different concentrations for 0, 15, 30, and 60 s. (B) Micrographs of the biofilms before and 60 s
after adding H202 at the concentrations shown in (A). (C) Increase in the colorimetric signal (illuminance, AS)
calculated from micrographs in (B). (D) Detection of bacterial antigens released from biofilms attached to the
plate after adding H20: at different concentrations for 60 s; error bars are the standard deviation (n = 6). (E)
Percentage increase of propidium iodide (P-lo) fluorescence intensity (cell death) after adding 1 M H202 (white
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bar) or 0.1 M NaOH (green bar) as a positive control for 60 s. Bars represent the mean value, and error bars are
the standard deviation (n = 5).

In Fig. 7.4A, confocal 3D images of biofilms show intense fluorescent signals and accurate
colocalization of SYTO9 (green) and ConA-TRIC (red) dyes (Fig. 7.4A(i,ii)), indicating a
dense biomass encrusted in the EPS matrix. After addition of 0.3 M H>O, both signals
drastically decrease (Fig. 7.4A(iii,iv)), which demonstrates a deep disruption of the biofilm
architecture (cells and substances surrounding them). In Fig S4 appx 4, confocal 3D images
show that despite biofilm disruption the cell viability is conserved, confirming the fact that
biofilm disruption is predominantly caused by the generation of bubbles and not by the
biocide action of H.O». To further demonstrate that the catalase-induced generation of
bubbles is key for biofilm disruption, the same experiments were repeated with biofilms
grown in the presence of an Fe chelator, which diminishes catalase activity and reduces the
production of bubbles [237]. In Fig. 7.4B, confocal 3D images of Fe-starved biofilms show
that both green and red signals (Fig. 7.4B(iii,iv)) are similar to those observed before the
addition of H2O- (Fig. 7.4 (i,ii)). This means that the biofilm architecture is much less altered
than that in Fig. 7.4A, even though the cells are less protected from the biocide action of
H.0O- (catalase activity is lower) and generate less EPS (the red signal is less intense than
that in Fig. 7.4A). These results demonstrate that the generation of bubbles is the main
factor behind biofilm disruption induced by H.O. (Fig. 7.4B(i,iii) and Fig S4 appx 4)
regardless of the amount of protective EPS (Fig. 7.4B(ii-iv)).

A Live cells EPS B Live cells EPS

Before

0.3M ‘ ==
H,0; _"
|

After

Fig. 7.4Live cells and extracellular polymeric substances in P. aeruginosa biofilms after H202 treatment. (A)
Three-dimensional confocal imaging before (i, ii) and after (iii, iv) 0.3 M H202 treatment in control biofilms or (B)
biofilms with low catalase activity grown in the presence of an Fe chelator (0.25 mM 2-2"-bipyridyl) for 48 h.
Green (SYTO9) and red (ConA-TRIC) colors indicate the presence of live cells and extracellular polymeric
substances (EPS), respectively. Scale bar: 15 um.

To demonstrate that H,O, can induce the release of bacteria from the biofilms attached to

the plate, we first washed away excess planktonic cells and flocs and added H,O; at different
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concentrations. Then, supernatants were collected at different times and analyzed with
ELISA using the method shown in Fig S1 appx 4. In Fig. 7.3D, the ELISA signal increased
as the concentration of H>O; increased, which indicates that bacterial antigens were found
at higher concentrations in the supernatants after the treatment. This further supports the
hypothesis that pathogens were liberated from the biofilm due to the generation of bubbles.
The ELISA signal slightly decreased when the concentration of H,O, was 1 M, even though
the biofilms seem to be completely dissolved in Fig. 7.3B,C. Supplementary experiments
showed that the addition of H,O interfered with antibody—antigen interactions when
supplied at 1 M (Fig S2 appx 4), which explained the decrease in signal seen in Fig. 7.1D.
Increasing the incubation time with H,O, to 3 or 5 min resulted in more bacterial antigens
being released from the biofilms at low concentrations of hydrogen peroxide, but the
maximum signal at 0.3 M remained unaffected (Fig S3 appx 4). Consequently, a H»0O;
concentration of 0.3 M and an incubation time of 60 s were chosen for subsequent
experiments, since these conditions completely liquefied sputum samples (Figure 2) and
liberated antigens from biofilms (Fig. 7.3D) without hampering immunodetection to a large
extent (Fig S2 appx 4). Hydrogen peroxide can induce intracellular production of highly
reactive hydroxyl free radicals that could compromise membrane permeability.[238] In Fig.
7.3E, a cell viability test showed that the membrane permeability of P. aeruginosa cells was
not affected by the addition of H>O> with a concentration as high as 1 M when it was added
for only 60 s. This indicates that the ELISA signals recorded in Figure 3D originated from
biofilm disruption, which was mainly caused by the generation of bubbles, and that the
biocide action of H,O- plays a less relevant role when added at 0.3 M for only 60 s. This was
also confirmed by confocal 3D imaging of biofilms after live/dead staining (Fig S4 appx 4).
Biofilms grown under Fe starvation conditions generated fewer bubbles and released fewer
antigens upon treatment with hydrogen peroxide (Fig S5 appx 4 and Fig S6 appx 4). This
experiment corroborated the evidence that the production of catalase by the pathogens was

the key factor behind the effervescence and antigen release shown in Fig. 7.3.
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Fig. 7.5Detection of P. aeruginosa with the mobile immunosensors shown in Fig. 7.1B in solutions containing
bacteria at known concentrations (A), in sputum samples classified as infected by the pathogen (PA+) or
containing a mixed flora (MF) after addition of H20: at different final concentrations (B), and in a panel of patient
samples (C). Error bars are the standard deviation (n = 3). X is the average and SD is the standard deviation. In
(A), the dotted line shows signals above three times the standard deviation of the blank. In (C), PA+ samples
contain P. aeruginosa (>10° cells-mL™, red), PA- samples contain catalase+ bacteria different from P.
aeruginosa (>10° cells-mL™, green), and MF contains a mixed flora (blue). Negative samples for bacterial
infection were determined by a Gram'’s stain screening test (black). Horizontal bars represent the mean. The
dotted line shows signals above two times the standard deviation of the negative samples. P-value was obtained
using a Kruskall-Wallis test.

After demonstrating the enzymatic rupture of biofilms and concomitant liquefaction of
sputum samples, we sought to apply this method for the rapid detection of respiratory
infection by P. aeruginosa. To accomplish this, we combined it with a mobile immunosensor
for the rapid detection of bacteria developed in our laboratory and schematized in Fig. 7.1B.
First, we calibrated the immunosensor with bacterial suspensions of known concentration.
In Fig. 7.5A and Fig S8 appx 4, the signal S increased as the concentration of P. aeruginosa
increased linearly in the concentration range between 10* and 10° cells-mL™. The limit of
detection, expressed as the sample that yields a signal higher than three times the standard
deviation of the blank, was 10° cells-mL™, which is the clinical threshold value for respiratory
infections. Next, we studied whether the immunosensor was compatible with the sample
liquefaction method and whether the matrix could interfere in the detection of P. aeruginosa.
To test this, a sputum sample from a patient suffering from an infection by P. aeruginosa
and a sample containing a mixed flora were fractioned and treated with different
concentrations of hydrogen peroxide for 60 s. In Fig. 7.5B, samples that were treated only
with PBS (0 M H»0,) could not be differentiated with the immunosensor because bacteria in
the sample were still trapped in the matrix, in accordance with our initial hypothesis. As the
concentration of H,O; increased, the signal S also increased because more antigens were

being released from the matrix and the biofilm, in accordance with the results shown in Fig.
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7.2 and Fig. 7.3. These results also demonstrate the excellent specificity of our detection
kit, which can differentiate an infection by P. aeruginosa from a sample containing a mixed

flora in a biological matrix as complex as sputum.

To further support this point, a panel of sputum samples that were either positive or negative
for infection by P. aeruginosa, as well as samples classified as mixed flora, was tested. The
method here consisted of a 60 s liquefaction step, followed by immunodetection with mobile
biosensors within 7 min. In Fig. 7.5C, all samples classified as a respiratory infection by P.
aeruginosa Yyielded a signal two times above the standard deviation of the average value of
negative samples. Using this criterion, only one negative sample out of 44 was incorrectly
classified as positive. Furthermore, only two out of 32 mixed flora samples yielded a false-
positive result. All 16 samples infected with other catalase-producing pathogens were also
correctly classified as negative, which demonstrates that higher signals obtained in samples
containing P. aeruginosa originated from the specific recognition of bacterial antigens, and
not from differences in sample liquefaction. The test diagnostic sensitivity (true-positive rate)
is 100%, and the specificity (true-negative rate) is 96.7%. While further experiments with a
larger cohort of patient samples should be performed to establish the diagnostic sensitivity
and specificity, our preliminary results indicate that the proposed method is suitable for the

rapid identification of respiratory infections by P. aeruginosa at the point of care.

7.5Discussion

The routine method for treating sputum samples prior to pathogen detection through
bacteriological culture involves the addition of dithiothreitol (DTT), which reduces disulfide
bonds that cross-link mucins in the matrix. This usually requires adding DTT for at least 30

min in a temperature controlled bath, followed by sample dispersion with a vortex.

In contrast, our enzymatic method generates bubbles that disrupt biofilms (Fig. 7.3, Fig. 7.4,
and Fig S4 appx 4) and liquefy the sample (Fig. 7.2 and Fig S9 appx 4) within 60 s. The
bubbles are generated via the enzymatic conversion of hydrogen peroxide (Fig. 7.2B, Fig
S5 appx 4, and Fig S6 appx 4), which does not reduce disulfide bonds to a large extent
(Fig S7 appx 4). The proposed method for detecting bacterial biofilms has some notable
strengths and limitations compared to the DTT method. For example, our method is more
advantageous for point-of-care measurements because it is faster and requires less
equipment than the DTT protocol. However, samples that do not contain catalase-producing

cells may not be completely liquefied with the H>O, method (Fig S9 appx 4). This is
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advantageous in the context of P. aeruginosa detection because samples that are not
liquefied will not release potential interferents. In other words, our method improves the
selectivity toward P. aeruginosa detection because pathogens that do not produce catalase
will remain trapped in the matrix. Another potential limitation is that adding hydrogen
peroxide for extended periods of time will kill the cells and therefore these will not grow under
standard bacterial culture procedures. However, it could expedite the detection of pathogens
when coupled with methods that do not require viable cells, for example, for PCR analysis
or immunodetection. Finally, it should be noted that polyclonal antibodies may not be able
to distinguish between different bacteria from the Pseudomonas genus. However, the
prevalence of infections due to bacteria other than P. aeruginosa is so low that its impact on

clinical diagnosis would be minimum [239].

7.6Conclusions

In this paper, we introduce a method for disrupting biofilms of P. aeruginosa and liquefying
respiratory samples in one step. It only requires adding a solution of hydrogen peroxide. The
formation of oxygen bubbles by catalase is the key factor for dispersing the matrix and the
cells. The release of antigens from the sample allowed us to detect P. aeruginosa in sputum
samples with a rapid diagnostic test made of paper that utilizes a smartphone as a reader.
The whole process, including sample liquefaction and pathogen detection, took less than 8
min. This rapid turnaround time makes the detection kit an ideal method to screen for

hospital-acquired respiratory infections that may lead to sepsis.
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8 DISCUSSION

The combination of the findings presented in this thesis has resulted in the development of
a new and versatile technology to produce paper biosensors based on nanomaterials that
allows to overcome the limitations of traditional paper biosensors. As a first step, some key
aspects of the biosensor design and fabrication were optimized. Several surface
functionalization and bioconjugation strategies were tested to improve the manufacture of
plasmonic nanoprobes decorated with proteins. On the one hand, an amidation reaction
between avidin and carboxylate-coated AuUNPs was carried out. Since this reaction is pH-
dependent, avidin solutions at different pH were used. The resulting avidin-decorated
nanoprobes were tested and the highest signals were obtained when the reaction was
performed at pH 6.5. On the other hand, a crosslinking reaction between avidin and amine-
or PVP-coated nanoparticles was carried out at different times, using glutaraldehyde as a
crosslinker. The resulting nanoprobes were tested and amine-coated nanoparticles yielded
the highest signal when the reaction occurred for 1 h, whereas PVP-coated nanoparticles

required 3 h to yield the same result.

Next, in order to evaluate the role of the paper surface charge in attaching capture
biomolecules, paper substrates were treated with a positive charged polymer PAH, either
alone or followed by the addition of negatively charged PSS. Best results were obtained with
biosensors combining carboxylate-coated nanoparticles biofunctionalized by amidation and
unmodified paper substrates. Therefore, this design was used for the following applications.
Once the best conditions were established, the device was implemented to detect the sepsis
biomarker IL-6. IL-6 was detected in PBS with a limit of detection of 0.1 pg-mL™. Then, an
increase in IL-6 of only 12.5 pg-mL™ over basal levels was detected with 99% confidence in

a spiked blood sample from a healthy donor. The total assay time was 17 min.

A AuNPs reservoir made of filter paper modified with the polymer PSS was developed in
order to overcome the difficulty of storing nanoparticles on plain paper substrates. To
achieve this, several filter papers with 3 different pore sizes were treated with increasing
concentrations of PSS. Using 22 ym pore size filter paper and PSS at 30% v/v, irreversible
reactions between nanoparticles and the paper matrix were completely avoided.
Nanoparticles in the reservoir could be transferred with high efficiency to a receiving wet
paper. Once transferred, the AuNPs do not diffuse away and nanoprobes keep their color

and their bio-recognition ability. This reservoir technology was implemented in each of the
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next applications. For instance, glycoprotein B from human cytomegalovirus spiked in serum
samples was detected utilizing a paper biosensor with a reservoir integrated in it. In this
approach, a low limit of detection of 0.03 ng-mL™* was obtained with a total assay time of

only 12 minutes.

A signal amplification strategy developed in a previous project [20] was implemented in all
applications described here. It does not require the use of labile reagents and/or additional
steps. It consists of performing the assay on a folded piece of filter paper. As the analyte is
on the 3 layers of the folded paper strip, a single drop of detection antibody will pass through
the layers and will react with the analytes on them, generating a colorimetric signal on each
layer. When the paper strip is wet and still folded, it is possible to see an intense signal made
of those three signals stacked on top of each other.

In order to reduce assay steps and time without losing specificity, the sandwich format used
in the last two applications was replaced by a reverse phase format [240]. In this format, the
sample is added to the paper strip and dried with a hair drier for 30 s. Then, the analyte is
detected by using specific antibodies decorated AuNPs. Replacing the capture antibody for
the absorption and dry on paper substrate, reduces the assay time at least in 5 min. By
implementing the reservoir and the new immunoassay format, the total assay time was

reduced to 10 min.

Finally, by applying all optimized conditions explained above, a new paper biosensor design
was developed and tested. The improved paper immunosensors were able to rapidly detect
either pathogens such as Pseudomonas aeruginosa or sepsis biomarkers as interleukin-6
in real samples from patients. In the case of the IL-6 levels detected in blood and BAS
samples from COVID-19 patients, the stratification of the patients according to severity was
possible. Additionally, thanks to the amplification system employed, the limit of detection
decreased down to 1072 pg-mL?, improving the one obtained on the first application
mentioned at the beginning of the discussion. At the same time, the low limit of detection
allows to detect IL-6 in diluted complex matrices. It was possible to apply respiratory samples
such as sputum and BAS to the immunosensors, thanks to the fact that they were previously
liquefied. The liquefaction method relied on using the endogenous catalase from respiratory
samples. Catalase reacted with hydrogen peroxide to produce oxygen bubbles that
mechanically disrupted the mucin network within respiratory samples. Once the sample is
liquid, it can be analyzed by using the paper-based immunosensor developed here or ELISA

[241]. Regarding the detection of Pseudomonas aeruginosa (PA), the limit of detection was
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10° cells-mL™, which is the clinical threshold value for diagnosing an infection. Additionally,
samples positive for PA were differentiated from negative samples, mixed flora samples and

even from samples positive caused by other catalase-producing pathogens.
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9 FINAL CONCLUSIONS

This thesis involves the development of a complete detection platform that includes a
disposable biosensor made entirely of paper and a real time reader based on a smartphone
app. Regarding the paper biosensor design, several of its components were optimized.
Among them, the biofunctionalization reaction of the nanoprobes, the sample pre-
conditioning, the storing of AUNPs on paper substrates and the total assay time were fine-
tuned. Due to these optimizations, the final biosensor design is a versatile technology able
to detect both pathogens and proteins in different real samples and within a few minutes.
These properties make these biosensors excellent candidates for guiding medical decisions

during the management of septic patients.

This platform could be easily adapted to detect other analytes by changing the antibodies
decorating the nanoparticles accordingly. For example, with regards to cytokines, this
platform can be adapted to detect TNF-a and IL-8, which are also common biomarkers of
inflammation. The ability of detecting cytokines in blood and respiratory samples paves the
way for monitoring local inflammation in the lungs as well as systemic inflammation levels in
the body. On the other hand, adapting this platform, it is also possible to detect other
pathogens causing infections. For example, in already liquid matrices like urine it is possible
to detect urinary tract infections caused by E. coli [39] or by Klebsiella pneumoniae [242].
Having said that, this technology could be the basis for future biosensors able to detect
several analytes at the same time in the same sample, since it is uncomplicated to increase

the number of reservoirs within the same paper sensor.
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APPENDICES

9.1Appendix 1. Supplementary materials and methods, and Figures for:
NANOPARTICLE-BASED MOBILE BIOSENSORS FOR THE RAPID
DETECTION OF SEPSIS BIOMARKERS IN WHOLE BLOOD

Synthesis of PVP-coated nanoparticles

Gold(lIl) chloride trihydrate (99.9 %, HAuCI4-3H20), polyvynil pirrolidone (PVP, MW 25000),
trisodium citrate dihydrated (99.9 %), ethanol (99.5%) and N,Ndimethylformamide (DMF,
99.9 %) were purchased from Sigma-Aldrich (Germany). All reactants were used without
further purification. Milli-Q water (18 MQ cm-1) was used in all aqueous solutions, and all

the glassware was cleaned with aqua regia before the experiments.

Synthesis of gold seeds: spherical gold nanopatrticles of approx. 15 nm diameter were
produced by a modification of the well-known Turkevich method [1-3]. Briefly, 100 mL of
water were heated to boil and an aqueous solution of sodium citrate (2.5 mL, 0.1 mM) was
added. One minute after the addition, 198 uL of a 0.127 M HAuCl, were added into the
boiling solution under vigorous stirring. A condenser was used to prevent the evaporation of
the solvent and the mixture was allowed to react for 1 hour under continuous boiling and
stirring. During this time, the color of the solution gradually changed from colorless to purple

to finally become deep red.
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Transfer and concentration of the gold seeds: The 15 nm Au particles were transferred into
ethanol using PVP as a phase transfer through a modification of the Graff method, which
renders them covered with PVP [4,5]. The as prepared gold nanoparticles (100 mL) were
added drop-wise under vigorous stirring to an aqueous PVP solution (100 ml, 4 mM) and
left under stirring at room temperature for 24 hours. Finally, the Au nanoparticles were
centrifuged (twice at 10000rpm, 35 min), and the particles were redispersed in an ethanoic
PVP solution (15 mL, 4 mM) to achieve a final Au® concentration of 1 mM.

Spherical gold nanoparticles growth: Au NPs of approx. 45 nm were prepared using a seed
mediated approach [5,6]. To this end, a growth solution containing PVP in EtOH (150 mL, 4
mM) was prepared. Next, 550 yL of HAuCl4 (0.127 M) aqueous solution were added, and
immediately after to initiate the growth, 4 mL of the Au seeds in PVP/EtOH were injected
under vigorous stirring. The solution was left undisturbed overnight to assure the completion
of the overgrowth process. Finally, the particles were centrifuged 3 (twice at 7000rpm, 10

min) and redispersed in 190 mL DMF to achieve a final Au® concentration of 3.75 x10-4 M.
Synthesis of PAH- and citrate-coated nanoparticles

Gold(lll) chloride hydrate (99.995 %) and sodium citrate tribasic dihydrate (99%) were
purchased from Sigma-Aldrich (Germany). Poly(allylamine hydrochloride) (PAH) was
purchased from Alfa Aesar. All reactants were used without further purification. Milli-Q
water(18 MQ cm-1) was used in all agueous solutions , and all the glassware was cleaned
with aqua regia before the experiments. PAH-coated nanoparticles were prepared by
bringing to a boil a solution containing 33 mg of gold chloride in 190 mL of Milli-Q water and
adding 19 mg of PAH dissolved in 10 mL of water under agitation with a magnetic stirrer
(Final volume 200 mL). The growth of gold nanoparticles was visually confirmed by the
generation of red-burgundy color. After 10 minutes the solution was let to dry at room
temperature. The resulting PAH-covered nanoparticles are unstable (the aggregate easily
after centrifugation) and therefore PAH around the nanoparticles was substituted for SH-
PEG-NH2 for the subsequent covalent attachment of proteins as indicated in the main
manuscript. Citrate-capped nanoparticles were obtained by bringing to a boil a solution
containing 0.5 mM gold chloride and adding sodium citrate to a final concentration of 0.75
mM under agitation with a magnetic stirrer (Final volume 250 mL). The solution was boiled
for 10 min after the color appeared. The citrate around the nanoparticles was substituted for
SH-PEG-COOH for the subsequent covalent attachment of proteins as indicated in the main

manuscript.
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Development of an app for real-time densitometry with an augmented reality guidance

system

Table S1 appx 1. Algorithms from the OpenCV library (Java) used to automate image
processing steps and a description of their function in the app. Full source code can be found
at GitHub, and full documentation on the algorithms can be found at OpenCV.org.

General Pre-processing Steps

cvtColor with COLOR_RGB2GRAY
GaussianBlur

Changes color space from RBG to Gray Scale
Applies a slight blur to the image to aid in edge
detection

AR Guide Box Steps

Imgproc.circle

Imgproc.rectangle

A whited-out circle that acts as a max distance
cap in the guide box

Draws a fixed position guide box superimposed
on the camera view

Biosensor Recognition Steps

threshold with THRESH_OTSU
Imgproc.Canny
RETR_EXTERNAL and

CHAIN_APPROX_SIMPLE
arcLength and approxPolyDP

Making the image black and white to highlight
edges of objects
Applies Canny edge detection algorithm to
segment edges of objects
Finds outside edges of connected lines

Checks for four-sided quadrilateral with 89-91
degree angles

Biosensor Image Remapping
Steps

getPerspectiveTransform
warpPerspective amd
INTER_LINEAR

Calculates perspective transform from four pairs
of corresponding points
Applies the perspective transformation with inter-
linear interpolation

Colorimetric Signal Segmentation
Steps

GaussianBlur

adaptiveThreshold with
ADAPTVE_THRESH_GAUSSIAN_C

THRESH_BINARY

Reduces noise for the adaptive threshold to work
well

Masks out the background substrate leaving only
the signal pixels
Prepares the mask to count total number of
signal pixels

Pixel Measurement Steps

getRectSubPix

Imgproc.rectangle

Calculates the pixel intensities at the subpixel
level for improved accuracy
Draws AR boundaries around pixel
measurement areas

AR Data Visualization Steps

putText

real-time AR display of results for the
background and the signal mean pixel densities.

142



Table S2 appx 1. Steps performed by the user for densitometric analysis with the scanner-
based method versus the app-based method.

Steps for smartphone-based

Steps for scanner-based densitometry densitometry with our app

1. Place assay in scanner 1. Place assay on a neutral background

2. Choose color space and resolution 2. Align camera using AR guide box

3. Hover smartphone until progress bar is

3. Scan the image full

4. Upload image to ImageJ

5. Invert colors

6. Zoom in to locate signal

7. Choose the region of interested (ROI)
where the signal is located

8. Use histogram function for pixel
quantification in the ROI

9. Choose the ROI where the background
signal is located

10. Use histogram function in background
ROI

11. Record the values for each ROI

12. Subtract background from signal

13. Record results

The app subsitutes hardware to fix the angle and position of the phone with the AR guidance
system shown in Fig S1 appx 1. With the AR guidance system, the user aligns the real-
world view of the immunoassay within a square frame digitally superimposed on the
smartphone screen (Fig S1 appx la-c). This guides the user to position the smartphone
within the appropriate distance and angle range to ensure reproducible measurements.
Variations in lighting conditions are compensated for by means of gray card calibration [7].
When these imaging parameters are within the correct range, the app automatically
segments the paper substrate from the surrounding visual context, locates the colored spot

generated by the immunoassay, and starts calculating the pixel intensity while at the same
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time subtracting the background signal as calculated from four points around the region of
interest (Fig S1 appx 1d). This can be followed in real time with a progress bar that advances
as the measurements are taken (Fig S1 appx 1d(i) and Video S4.1). Any changes in imaging
conditions that could result in inconsistent results trigger the app to stop taking
measurements, therefore causing the progress bar to stop. This informs the user that the
smartphone needs to be realigned with the AR guidance system to be within the accepted
range of imaging conditions, at which point the measurements resume. When the app has
acquired 50 valid measurements, the data set is evaluated to identify and remove outliers,
and the average increase in pixel intensity with respect to the background signal is

displayed. The whole process takes a few seconds (Video S4.1).

Fig S1 appx 1. Screenshots of the AR guidance system ((a) to (c)) and the measurement
screen (d). The guide box is augmented in a fixed position on top of the real-world view as
seen through the camera of a smartphone. The user moves the smartphone from a general
view of their environment (a), towards the paper biosensor (b), until the biosensor fits inside
the guide box as close to the inner edge as possible (c). After tapping the Set button, the
Measurement screen (d) appears. In this screen, the progress bar (i) fills up as valid data
points are collected. A complete data set contains 50 data points. The data points are
measured in the Analysis Zone (ii) where the pixel intensities of the background and the
signal are quantified. The paper biosensor is segmented from the real-world environment
when it is found in the Detection Zone (iii) and remapped to the Analysis Zone. The user can
switch between setting the Detection Zone and Resetting the Guide Box, as well as returning
to the Home screen by tapping on the Navigation Buttons (iv).

Additional Figures
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Fig S2 appx 1. Specific signal obtained by subtracting the pixel intensity generated by
biosensors modified biotinylated BSA from biosensors modified with non-biotinylated BSA
when using amine-coated nanoprobes and unmodified paper (red dots), aminecoated
nanoparticles and PAH-modified paper (red triangles), carboxylate-modified nanoparticles
and unmodified paper (green dots) and carboxylate-modified nanoparticles and paper
modified with PAH and PSS (green triangles). The highest specific signals are obtained with
a nanoparticle concentration of 400 mM ([Au]) and amine-coated nanoparticles combined
with PAH-modified paper or carboxylate-modified nanoparticles combined with unmodified
paper.
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Fig S3 appx 1. Optimization of immunoassay parameters; a) Immunoassay performed with
paper biosensors modified with different concentrations of capture antibody (best condition
10 ug-mL1); b) Immunoassays performed with different concentrations of detection antibody
when the biosensors were modified with (red dots) or without (black dots) capture antibodies
(best specific signal with 10 ug mL-1); ¢) Immunoassays performed with different incubation
time with the detection antibody and biosensors modified with capture antibodies (red) or
control biosensores without capture antibody (black); increasing the incubation times does
not result in higher specific signals.

Fig S4 appx 1. Scanned images of wet paper biosensors after adding a drop of blood and
performing the washing protocol described in Materials and Methods (4 times with 1mL of
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PBST). The average pixel intensity in the region of interest is 4 + 2, which is lower than the
average signal of the blank in Fig. 4.6¢c (15 + 4), therefore demonstrating that the color of
the matrix is not a major source of interference with the proposed biosensors.
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Fig S5 appx 1. Stability of avidin-modified nanoparticles over time. Recently made
nanoparticles (black dots) were compared with nanoprobes that were two months old (red
dots, kept at 4°C without any additional preservatives). The colorimetric signal DPI was
obtained by subtracting the signal obtained with control biosensors modified with BSA from
the signal obtained with biosensores modified with biotin-BSA. Both responses are very
similar at the different nanoparticle concentrations assayed, which demonstrates that the
avidin-modified nanoparticles are stable when kept for two months at 4°C.

Table S3 appx 1. Time required for each step of the assay.

Step Time (seconds)
Incubation with sample (capture step) 300
Incubation with primary antibody 300
Incubation with nanoprobes 300
Wash steps 10(each)
Mobile detection Under 5
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9.2Appendix 2. Supplementary Figures for: NANOPARTICLE RESERVOIRS
FOR PAPER-ONLY IMMUNOSENSORS.

. B
Fig S1 appx 2. Photographs of filter paper after addition of 30% PSS; (A) Whatman #1 (pore
size 11 ym); (B) Whatman # 6 (pore size 3 um); (C) Whatman # 41 (pore size 22 um). It
took a long time for the PSS solution to be adsorbed by the filter paper for paper types 1

and 6, and the substrates became heavily warped upon drying.
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Fig S2 appx 2. Variation of the colorimetric signal (pixel intensity, PI) resulting from
biospecific avidin-biotin interactions when the assay is performed using dry nanoparticle
reservoirs stored for different times at room temperature. The percentage signal was
calculated with respect to the reservoirs stored for 1 h. Error bars are the standard deviation
(n = 3). Student’s t-test shows that mean values at different times are not statistically
different from the mean value att = 1 h (p > 0.05 in all cases).
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Fig S3 appx 2. Test for the formation of a “coffee ring” made of biotinylated BSA. To rule
out that biotin-BSA generates a “coffee ring” upon drying, paper substrates containing dry
biotinylated BSA were modified with a drop of avidin-decorated nanoparticles (2 pL) at
different concentrations instead of transferring them from the nanoparticle reservoir. In Fig
S3 appx 2A the colored spots obtained after washing the nanoparticles 3 times with PBST
do not show a coffee a ring. Actually, the colored spots are more intense in the center, since
the nanoparticles diffuse laterally to a larger extent in the absence of PSS. Profile analyses
in Fig S3 appx 2B corroborate that no coffee rings are formed when the nanopatrticles are
dispensed as a drop rather than by transferring them from the reservoir. Fig S3 appx 2C
shows the quantification of the colorimetric signal in 3 independent experiments (error bars
are the standard deviation).
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Fig S4 appx 2. The characteristic yellow color of PSS was used to follow its elimination after
a washing procedure (3 times with 1 mL of PBST) or after 5 min in contact with a wet
substrate (transfer). Error bars are the standard deviation (n = 3). As shown above, the
washing procedure completely eliminated the yellow color from the paper, with the
subsequent increase in pixel intensity. The transferring process also removed the color from
the center of the paper, where the clamp pressed it against the receiving substrate. These
experiments show that PSS is transferred along with the nanoparticles upon addition of
liquids or after pressing it against a wet receiving substrate. Error bars are the standard

deviation (n = 3).
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Fig S5 appx' 2. Pictures of the clamp usedwto

tra

i .,
nsfer nanoparticles in Figure 7. It consists

of a paper clamp that has been modified with 2 flat objects in order to apply pressure evenly
in the center of the paper biosensor. The flat objects are two Eppendorf tube caps that have

been glued to the clamp.
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Fig S6 appx 2. Detection of mouse IgG with citrate-capped nanoparticles. Nanoparticles
were modified with antibodies with the following procedure based on a previously published
protocol [1]. First the pH of the nanoparticle dispersion was adjusted to 9 with sodium
bicarbonate (10 mM, pH 11). Then anti-mouse IgG Fc specific (100 yL, 1 mg-mL™?) or anti-
E. coli (100 uL, 1 mg-mL) was added to the nanoparticles under agitation (1.5 mL, 650 rpm)
for 20 min. Subsequently BSA was added to stabilize the colloids (100 uL, 1 mg-mL) for 20
min. The nanoparticles were then centrifuged at 7000 rpm for 6 min and resuspended in 6
ML of PBS-BSA. Nanoparticle reservoirs were prepared by adding 1 pL of nanoparticles to
a piece of paper modified with 30% PSS. To prove that the nanopatrticles can be transferred
and that they retain the ability to specifically recognize their antigen, a receiving paper
substrate was modified with mouse IgG (5 pL; 1000, 100, 10, 1 or O ug-mL). After drying
and blocking with PBSA-BSA (1 mL) the reservoir was pressed against the receiving paper
with the aid of the clamp shown in Figure S5. Then the biosensors were washed 3 times
with PBST and the images were scanned. The colorimetric signal was calculated as the
increase in pixel intensity with respect to the blank experiment with no mouse IgG (DS). In
Fig S6 appx 2 nanoparticles modified with anti-mouse 1gG show a concentration-dependent
signal (red dots) that is higher than in control experiments with anti-E. coli (black dots). This
demonstrates that citrate-capped gold nanoparticles modified with antibodies can be stored
in the proposed paper reservoirs. Error bars are the standard deviation of 3 independent
experiments.
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Fig S7 appx 2. Specific signal obtained from transfer experiments in Fig. 5.6. The signal S
was obtained by subtracting the signal of control experiments performed with
nonbiotinylated BSA. Error bars are the standard deviation of 3 independent experiments,
and therefore indicate a 90% confidence level. In this Figure, the specific signal was the
highest when the receiving paper was Whatman paper #41 (red triangles) and the
nanoparticles were stored in the reservoir with a concentration between 140 and 290 nM.
The highest specific signal when nanoparticles were stored at a concentration of 36 or 72
nM was achieved with Whatman paper # 1 (green squares). Specific signals obtained with
Whatman paper #6 are lower, or not significantly different from those obtained with other
paper types (black circles, p>0.05).

Reference

[1] Simple paper architecture modifications lead to enhanced sensitivity in nanoparticle
based lateral flow immunoassays Claudio Parolo, Mariana Medina-Sanchez et al. Lab on a
Chip, 13, 3, 1 2013.
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9.3Appendix 3. Supplementary information for: PAPER BIOSENSORS FOR
DETECTING ELEVATED IL-6 LEVELS IN BLOOD AND RESPIRATORY
SAMPLES FROM COVID-19 PATIENTS

Table S1 appx 3: Limit of detection (LOD) and dynamic range of previously proposed
biosensors for IL-6 detection

Instrumental
Ref Technique Detection Support LOD Matrix Dynamic Angly5|s
range time
Carbon 1 1pgmLt- L
[193] Aptamers Conductance nanotube 1 pg mL PBS 10 ng mL Real-time
Immunosensor . Organic Field 1 20 pg mL* - i
[196] aptamer Electrochemical Effect Transistors 20 pg mL PBS 210 ng mL?
Ultrafiltration
[192] | Immunosensor ELISA regenerated 31 pg mL? PBS 31_50(_)1 2h
cellulose membranes pg mL
(RC)
Magnetic 11 pg mL?
Naked eye nanoparticles (MNPS) eye 3.7 - 900
[91] Immunosensor Optical spectroscopy | and polystyrene (PS) | 1.2 pg mL? PBS pg mL1 1h
microparticles instr
PBS
Polydimethylsiloxane (30% 5-1280
[83] Immunosensor | Chemiluminescence y Y 1pg mL? fetal 1 90 min
(PDMS) calf pg mL
serum)
Localized-surface 10—10 000
[201] | Immunosensor | plasmon resonance Gold nanorod 10 pg mL? PBS 1 30 min
(LSPR) pg mL
Silicon
[198] | Immunosensor Electrochemical nanowire - PBS 5- Sr?]?_(_)lo Real-time
field effect transistor P9
[243] | Immunosensor Fluorescence Optical fiber 0.1pgmL?| PBS Opg ;n4L(')P 60 min
[135] | Immunosensor Electrochemical Graphene oxides 5 pg mL? PBS p5g‘:n5L91 30 min
60 min
[194] | Immunosensor Electrochemical Gold electrode 220 pgmLt| PBS - 10s
signal
[191] | Immunosensor Electrochemical Gold electrode 4 pg mL? PBS - >110 min
Oligonucleotides Silica wafers PBS
[195] and Optical o 88 pg mL? and - -
antibodies coated with Ti/Au sSSC
Surface-enhanced Paper and DTNB on 1 0a ML —
[244] | Immunosensor Raman scattering gold nano shell 1pg mL? PBS 1pg mL- -
(SERS) with a silica core M9
. Glassy carbon 1 5pg mLt - .
[190] Aptasensor Electrochemical clectrode 1.6 pg mL PBS 100 ng mL-: >60 min
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with p-aminobenzoic
acid,
p-aminothiophenol and
AuNPs

Magnetic
microparticles

1pgmLtl-

30 - 60

i ite- -1
[190] | Immunosensor Electrochemical and planar graphite 0.3 pg mL PBS 1 ug mL* min
screen
printed electrodes
Nitrocellulose .
[89] | Immunosensor Fluorescence PVC 037 Fig mL-| PBST- 2_5091 15 min
. BSA pg mL
Glass fiber
Fluorescence 1-1000
[136] | Immunosensor spectroscopy Nitrocellulose 09pgmL!| PBS og mL-L 30 min
Aptameric
[130] (fie? dF(Ef;‘rect Electrochemical Graphene 210 pg mL1| PBS nt] mlf 1 6 min
transistor )
[131] | Immunosensor Differential pulse _TI:Au on 20pgmL?t | PBS 0- 60_1 2.5 min
voltammetry silicon subtrate pg mL
[84] Immunosensor | Chemiluminescence Optical fiber 1.05 Eg mL- PBS 5 :)OglrgI??O >75 min
[200] | Immunosensor Electrochemical Indium tin oxide (ITO) 6.0 fg mL? PBS 0'02_1_? >30 min
electrode pg mL
[189] | Immunosensor Colorimetric Plasmonic nanoprobes 0.1pgmL?| PBS 17 min
and paper
Localized-surface
[245] | Immunosensor | plasmon resonance Poly(pyrro_lg N.-hydroxy 10 fg mL? PBS 0.03 - 2_21'5 -
(LSPR) succinimide) pg mL
i _ 4
(23] | . Multiplexed LSPR glass 11.29pg | pgg | 10-10% | 45 min
Immunosensor mL pg mL
. . sub pg mL™"
[24] im:s;%fcl)ﬂ?rlg electrochemical gold 0.05mt|c_)_12 P9 | serum | to well above | <60 min
y ng mL™")
This 3 ; 103-10? pg :
Immunosensor Colorimetric Paper/AuNPs 10 P9 ML pps mL-L 7-8 min
work
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Fig S1 appx 3. Calibration plot for IL-6 detection with an in-house ELISA in semi-logarithmic
(A) or log-log (B) scale. The calibration plot was obtained as follows. A 96-well ELISA
microplate (Thermo Scientific) was coated with 100 uyl of mouse anti-human interleukin-6
(IL-6) monoclonal capture antibody (Abcam) at 1 ug-mL-1 in bicarbonate buffer (0.1 M, pH
9.6). After overnight incubation at 4 °C, wells were washed 3 times with PBS containing
0.1% Tween 20 (PBST), blocked during 2 h at 37 °C with PBS containing 2% of bovine
serum albumin (BSA) and washed again 3 times with PBST. The calibration curve was
obtained by adding 100 ul of IL-6 solutions to coated wells and incubated 2h at room
temperature (RT) in a swinging shaker. IL-6 solutions were also applied to wells without
capture antibodies in order to subtract nonspecific signals. Each sample was assayed in
triplicate. Next, plates were washed 3 times with PBST and then 100 yL of biotinylated
mouse anti-human IL-6 monoclonal detection antibody (Sigma-Aldrich) at 10 ug-mL-1 in
PBST-BSA 1% was added. After 2h of incubation at RT in a swinging shaker, plates were
washed 5 times with PBST and 100 uL of streptavidin-HRP diluted 1:1000 in 1% PBST-BSA
was added for 30 min at RT. Then, plates were washed again 5 times with PBST and 100
ML of ready-to-use 1-Step Ultra TMB (Thermo Scientific) was added for 30 min at RT. Finally,
the colorimetric reaction was stopped with 100 pL of 2N H2S04, and absorbance was
measured at 450 nm. Absorbance was read with a Biotek power wave plate reader. The
limit of detection expressed as the sample that yields a signal above three times the standard
deviation of the blank is 3 pg-mL™.
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Fig S2 appx 3. Calibration plot with IL-6 diluted in PBS-BSA (40 pug mL?) instead of in PBS.
(A) Scanned images of the paper biosensors; (B) Calibration plot obtained via densitometric
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analysis of images in (A) with ImageJ; Sblank + 3s = 59; (C) Calibration plot obtained when
measuring the colorimetric signal of the same assays with our app; Sblank + 3s = 23. Error
bars are the standard deviation of the three independent experiments.
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9.4Appendix 4. Supplementary methods and results for: RAPID
DETECTION OF PSEUDOMONAS AERUGINOSA BIOFILMS VIA
ENZYMATIC LIQUEFACTION OF RESPIRATORY SAMPLES.

ELISA for P. aeruginosa

ELISA protocol: 100 pL of samples containing P. aeruginosa was added to a 96-well ELISA
plates and dried by overnight incubation at 37 °C on a heating plate. Next, plates were
washed 3 times with PBS containing 0.1% Tween 20 (PBST), blocked during 2 h at room
temperature (RT) with PBS containing 5 mg-mL-1 bovine serum albumin (BSA) and washed
again 3 times with PBST. Then, 100 uL of primary anti-Pseudomonas mouse IgG
monoclonal antibody (Abcam) diluted 1:600 in PBST was added and incubated for 1 h at
RT. After washing 5 times with PBST, 100 L of secondary biotinylated anti-mouse 1gG (Fc
specific) produced in goat (ThermoFisher, 1:3000 in PBST) was added for 1 h at RT. After
washing 5 times, 100 uL of streptavidin-HRP diluted 1:3000 in PBST was added for 30 min
at RT. Subsequently, the plates were washed 5 times with PBST and 100 pL of 100 pg/mL
of TMB (3,3',5,5'-Tetramethylbenzidine, Sigma) with 1.2 mM of H202 in 50 mM acetate
buffer (pH 5.0) was added for 5 min at RT. Finally, the colorimetric reaction was stopped

with 100 pL of 2N H.SO. and absorbance was measured at 450 nm.
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Fig S1 appx 4. Detection of P. aeruginosa with ELISA; Absorbance with respect to the
concentration of P. aeruginosa (red dots), E. coli (black squares) or S. aureus (green
diamonds) after following the proposed ELISA protocol for P. aeruginosa detection using
bacterial suspensions in PBS.
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Fig S1 appx 4 shows a calibration plot using solutions containing known concentrations of
P. aeruginosa and E. coli or S. aureus as controls. Experiments with increasing
concentrations of P. aeruginosa show a concentration-dependent signal, whereas the signal
in control 3 experiments remains constant. These experiments validate the proposed ELISA
for the specific detection and quantification of P. aeruginosa antigens.

To demonstrate that bacterial antigens are released from the plate by the H.O».-mediated
generation of bubbles (Fig. 7.3D), the plates were rinsed after biofilm formation and 175 pL
of PBS containing H202 in the concentration range between 0.01 M to 1 M was added. After
1, 3or 5min, 100 pL of the resulting samples was collected and kept at -20 °C until analyzed
with the ELISA protocol shown above. Results are shown in Fig. 7.3 in the main text and in

Fig S3 appx 4.
Impact of H.O, treatment on antibody-antigen interactions

100 L of solutions containing known concentrations of P. aeruginosa were added to a 96-
well ELISA plates and left to dry. After washing and blocking as detailed in the last section,
100 pL of primary anti-Pseudomonas mouse IgG monoclonal antibody (Abcam) diluted
1:600 in PBST with increasing concentrations of hydrogen peroxide between 0.01M and 1M

was added for 1 h at RT. Subsequent ELISA steps were performed as before.

In Fig S2 appx 4 there is a light decrease in signal when the concentration of H202 is 0.3 M
and the concentration of bacteria is 10° cells-mL?* or higher. This decrease is more
pronounced when the concentration of H,O is 1 M. These experiments show that adding

an excess of H,O, may impair antibody-antigen interactions in sandwich-type ELISA.
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Fig S2 appx 4. Evaluation of the impact of H.O, treatment on antibody-antigen interactions;
Absorbance with respect to the concentration of P. aeruginosa detected by a modified ELISA
protocol in which the primary monoclonal antibody against P. aeruginosa is incubated in the
presence of hydrogen peroxide at 0 M (black), 0.01 M (red), 0.03 M (blue), 0.1 M (purple),
0.3 M (green) or 1 M (orange). Error bars are the standard deviation (n = 5). Data are
expressed as the increase in absorbance (AA) with respect to the wells without bacteria for
each experimental condition.

Impact of incubation time with H.O, on antigen release from biofilms.

Fig S3 appx 4 shows ELISA performed in the same conditions as the experiment in Fig.
7.3D but adding H.0O- for 3 or 5 min. Increasing the incubation time with H.O- increases the
ELISA signal at low concentrations of peroxide. However, the signal is the same when H>O,
is added to a final concentration of 0.3 M regardless of the incubation time. Since our aim is
to disrupt the biofilms as rapidly as possible, and adding 0.3 M H>O, has a small impact on
antibody-interactions (Fig S2 appx 4), an incubation time of 60 s with 0.3 M H.O, was
chosen as optimal for posterior experiments involving the detection of P. aeruginosa in

respiratory samples.
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Fig S3 appx 4. Influence of incubation time with H.O, on bacterial antigens release;
Absorbance measured after releasing bacterial antigens from biofilms using H»O; at different
concentrations for 3 min (left) or 5 min (right), following the proposed ELISA protocol to
detect P. aeruginosa. Error bars are the standard deviation (n = 6).

H202 effect on microstructure and cell viability of P. aeruginosa biofilms evaluated
by CLSM

We performed confocal laser scanning microscopy (CLSM) experiments to observe with

higher resolution the biofilm microstructure and the integrity of the bacterial membranes after
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hydrogen peroxide addition (Fig S4 appx 4). After growing P. aeruginosa control biofilms or
Fedeprived biofilms for 24 hours in micro-slides for CLSM observations, as detailed in the
methods section of the main text and S5-S6, cells were died by a double staining procedure
with SYTO9 and Propidium iodide using the FilmTracer LIVE/DEAD Biofilm Viability Kit
(Invitrogen). Then, CLSM images were obtained with a LSM 710 confocal microscope (Carl
Zeiss) previously and after 0.3 M H>O treatment by using 63X oil immersion objective
lenses.

In Fig S4 appx 4 confocal 3D images of biofiims show the intense fluorescent signal of
SYTO9 dye (green) and negligible signal of Propidium iodide (red) in biofilms grown in the
absence or presence of Fe chelator (Fig S4 appx 4(i-ii)) indicating a high density of viable
cells within biomass. After addition of 0.3 M H202 the green signal drastically decreases in
control biofilms without Fe deprivation (Fig S4 appx 4(i-iii) but remains unaltered in those
grown in the presence of Fe chelator (Fig S4 appx 4(ii-iv). In contrast, the red signal is
absent when H;O; is added in both cases (Fig S4 appx A4(iii-iv)). This experiment
demonstrates that when catalase generates bubbles by the hydrolysis of H.O, the biofilm
architecture is deeply disrupted and that this disruption can be prevented if catalase activity
is inhibited. Cell viability is conserved, reinforcing the idea that biofilm disruption is originated
by the generation of bubbles and not by the biocide action of H2O,.
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Fig S4 appx 4. P. aeruginosa biofilm microstructure and bacterial membrane integrity after
H.0, treatment; 3D confocal imaging before (i-ii) and after (iii-iv) 0.3 M H,O, treatment in
control biofilms (left) and biofilms with low catalase activity grown in the presence of 0.25
mM 2-2’- Bipyridyl as Fe chelator (right) for 24 hours. 3D confocal imaging after adding 0.1
M NaNs (v) as positive control of membrane integrity loss (cell death) in a control biofilm.
Green (SYTO9) and red (Propidium iodide) colours indicate the presence of live and dead
cells respectively. Scale bar: 15 um.

Biofilms grown under Fe starvation conditions.

When P. aeruginosa biofilms are grown in the presence of a chelating agent the resulting
Fe starvation condition decreases the catalase activity of the bacteria [20]. With this in mind,
we designed experiments to prove that catalase activity is responsible for release of
antigens shown in Fig. 7.3D. PAO1 strain of P. aeruginosa was inoculated into 96-well round
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bottom plates filled with 100 pL of LB broth culture supplemented with the chelating agent
2,2’-bypiridyl (Sigma) to increasing final concentrations between 0.125 mM and 1.75 mM.
Then, plates were incubated 24 h in a 5% CO; atmosphere and 37 °C until biofilms were
formed. Next, we followed the protocol for in vitro disruption of P. aeruginosa biofilms
(detailed in the methods section of the main text) and evaluated the antigen release by
ELISA as explained before.

When biofilms were formed under Fe limitation conditions the production of bubbles after
addition of H,O; decreases, as shown in Fig S4 appx 4A, which shows that catalase activity
is reduced. We analyzed the bacterial membrane permeability by a propidium iodide staining
protocol (detailed in the methods section of the main text) in order to evaluate the extent to
which catalase activity can be inhibited without increasing cell death susceptibility against
hydrogen peroxide. To this end, we applied the 0.3 M H2O: treatment for 60 s and then we
analyzed the membrane permeability. In Fig S4 appx 4B adding H.O- has no effect when
the concentration of 2,2’-bypiridyl is 0.5 mM. However, at higher concentrations the cell
permeability increases as the concentration of chelating agent increases because catalase

activity is reduced, and therefore the cells are more susceptible to the biocide action of H,0.
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Fig S5 appx 4. Effect of Fe starvation on bubble production (A) and cell death susceptibility
(B). (A) Photographs of P. aeruginosa biolfims grown in the presence of the Fe chelator 2-
2’-Bipyridyl in a 96-well plate after adding H.O- at 0.3 M for 0, 15 and 45 s. (B) Percentage
increase of propidium iodide (P-lo) fluorescence intensity (cell death) after adding H202 at
0.3 M for 60 s to biofilms grown in the presence of increasing concentrations of Fe chelator.
Data are expressed as medians with interquartile range (n = 24). *p-value < 0.05 obtained
with a Kruskall-wallis test.

To prove that catalase activity is responsible for releasing antigens, we quantified the
concentration of antigens in supernatants after adding hydrogen peroxide to biofilms grown
under optimal conditions to preserve cell survival (<0.5 mM chelating agent, Fig S4 appx
4B). Inhibiting catalase activity under this condition decreases the ELISA signal in Fig S5
appx 4A, which indicates that less antigens are being released from the biofilm. The
following experiment was performed to demonstrate that the lower ELISA signal is originated
by a reduction in antigen release and not by variations in the biomass of the biofilm induced
by the Fe starvation protocol. Briefly, Fe-starved biofilms were decanted in order to remove
all planktonic cells and flocs and washed 3 times by immersion in sterile PBS. Then, 125 uL
of 0.1% crystal violet was added to empty wells containing adherent biofilms and plates were
incubated for 15 min at RT. Finally, stained biofiims were washed 3 times again and
dissolved for 10 min with 200 pL of 30% acetic acid prior to biomass quantification by
measuring the absorbance at 590 nm. In Fig. S5B the biomass of biofilms is not altered
when the chelating agent is added at the concentration used in Fig S5 appx 4A. Since the
biomass (Fig S5 appx 4) and susceptibility to the biocide action of H,O, (Fig S4 appx 4B)
are not significantly altered by the Fe starvation protocol, then the decrease in ELISA in Fig
S5 appx 4A can be attributed to a decrease in antigen release due to the inhibition of
catalase activity in the biofilm. These experiments demonstrate that the formation of bubbles

by catalase is the key factor for disrupting biofilms with the proposed method.
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Fig S6 appx 4. Effect of H,O, addition on antigen release (A) and biomass (B) of biofilms
grown under Fe starvation conditions (2,2 bipyridyl at 0, 0.125 and 0.25 mM). (A)
Absorbance measured after releasing bacterial antigens from biofilms using H»O; at different
concentrations for 60 s following the proposed ELISA protocol to detect P. aeruginosa. Error
bars are the standard deviation (n = 5). Data are expressed as the increase in absorbance
(AA) at different H202 concentrations with respect to the release of bacterial antigens
induced by PBS alone (no H202). (B) Biomass of P. aeruginosa biofilms grown without Fe
chelator (black) or under low Fe starvation conditions (green and red). Data are expressed
as medians with interquartile range (n = 30). P-value was obtained with a Kruskall-wallis
test.

Hydrogen peroxide reduction of disulfide bonds

Sputasol (dithiotreitol 6.5 mM) acts as a liquefying agent for sputum samples by reducing
disulfide bonds within mucin. We performed an Ellman’s test in order to evaluate the
reducing properties of hydrogen peroxide under the experimental conditions proposed for
our alternative sputum liquefaction protocol. Briefly, 20 puL of 4 mg-mL-1 Ellman’s reagent
(5,5'-dithiobis-(2-nitrobenzoic acid) or DTNB from Sigma) in Ellman’s buffer (0.1 M
phosphate supplemented with 1 mM EDTA, pH 7.4) was added to 100 uL of Ellman’s buffer
with 0.3 M hydrogen peroxide or 0.3 mM dithiotreitol (Sputasol from Oxoid) in a 96-well
ELISA plate. The reduction of disulfide bonds within DTNB produces a measurable
colorimetric reaction. After 15 min of incubation at RT 80 uL of Ellman’s buffer was added
to wells and the yellow-colored product was measured at 412 nm, following the instructions

provided by the manufacturer.
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Fig S7 appx 4. Ellman’s reagent reduction by hydrogen peroxide and dithiotreitol. Plot
representing the absorbance after adding Ellman’s reagent to control buffer (black), 0.3 M
H20; (blue) and 0.3 mM dithiotreitol (DTT, red). Error bars are the standard deviation (n =
3).

In Fig S6 appx 4 the addition of 0.3 M H:O: has little effect compared to the experiment
performed in the presence of 0.3 mM DTT. It should be noted that 0.3 mM DTT is 20 times
less concentrated than Sputasol; this dilution was necessary in order to obtain a quantifiable
signal with the Ellman test. These experiments demonstrate that 0.3 M H2O- has negligible
reducing power compared to 6.5 mM DTT, which is the standard procedure for liquefying
sputum samples. Therefore, these results demonstrate that the main factor for the rapid
liquefaction of respiratory samples with the proposed method is the generation of bubbles

by the enzyme catalase and not the reduction of disulfide bonds by H2O,.

Detection of P. aeruginosa with immunosensors and a scanner
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Fig S8 appx 4. Detection of P. aeruginosa with immunosensors and a scanner instead of
with the mobile app; Calibration plot representing the colorimetric signal S with respect to
the concentration of P. aeruginosa (red dots) measured by scanning the paper biosensor
with a desktop scanner and quantifying the pixel intensity in grayscale in a circular area
within the area of interest with the histogram function of ImageJ. The dotted line shows the
signal above 3 times the standard deviation of the blank. Error bars are the standard
deviation (n = 3).

Representative images of sputum samples liquefied with 0.3 M H2O- for 60 s

Images shown in Fig S8 appx 4 show sputum samples after the liquefaction procedure. As
shown in Fig. 7.2 in the main manuscript, sputum samples infected by P. aeruginosa are
almost completely dissolved, whereas those containing a mixed flora show different degrees
of liguefaction and negative samples are almost intact. These results agree well with the
idea that the presence of catalase-producing cells in respiratory samples is the key factor

for liquefying samples after the addition of hydrogen peroxide.
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Mixed flora

Fig S9 appx 4. Liquefaction of sputum samples. Photographs of sputum samples (10 mg)
negative for bacterial infection (upper row) and containing P. aeruginosa (middle row) or a
mixed flora (lower row), after the addition of 0.3 M H>O, for 60 s.
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Table S1 appx 4. Comparison between our immunosensor and other methods to detect P. aeruginosa.

Detection , . Culture
Target Principle LOD Dynamic Range Sample Time required
Alhogalil et al* Protease Colorimetric 102 cells/mL NP Sputum 1 min Yes
Thet et al? Toxins Fluorescence |107 -108 cells/swab| 107 -108 cells/swab Wound 2h No
Ciui et al® V]!rulence Electrochemical NP NP Surfaces 4 min No
actors
Bai et al* Cells Near-field sensing NP 0.5-1x10* cells/mL Medium 5 min NP
Liu et al® Nucleic acid Colorimetric 10! cfu 0-10cfu water 70 min No
: 46 : : 3 Saliva, water, :
Ferreira e Silva® | Pyocyanin | Electrochemical 50-10° nM 10 nM surfaces 10 min No
Sheybani’ Cells Electrochemical 102 cfu/mL 102 -10° cfu/mL Wound 5 min Yes
Liu et al® Cells Electrochemical 102 cfu/mL 102 -10° cfu/mL Tris—HCI buffer | 30 min No
Chen et al® Nucleic acid Colorimetric 20 cfu/mL NP Water, soil 50 min Yes
Krithiga et al*° Cells Electrochemical 9x10? cfu/mL 10! -107 cfu/mL buffer 45 min No
saline,
Alatraktchi et al*' | Pyocyanin | Electrochemical 172 nM NP endolaryngeal | 1 min No
suctions
Mukama et al*? | Nucleic acid Colorimetric 1 cfu/mL NP Milk, serum, 20-80 No
sputum min
Elkhawaga et al**| Pyocyanin | Electrochemical 500 nM 1.9 - 238 uM culture NP Yes
Maldonado et al** cells BiMW 49 cfu/mL 8x10?% -107 cfu/mL PBST 12 min No
Ji et al'® Nucleic acid SH-SAW 0.28 nM 0.1-103nM NP NP No
Zhao et al'® Nucleic acid Colorimetric 10 fg NP sputum 40 min No
Zhou et al'’ Nucleic acid | Electrochemical 10 cfu/mL 10% -108 cfu/mL S'Snr:lljtlﬁﬁd 375 min No
Das et al'® Cells Electrochemical 60 cfu/mL 6x10! - 6x107 cfu/mL water 10 min No
Peng et al'® Cells Colorimetric 100 cells NP Water, serum | 60 min No
This work Cells Colorimetric 105 cells/mL 104 -109 cells/mL sputum 8 min No

NP: not provided, “Culture” refers whether bacteriological culture was necessary prior to or during the detection.
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