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Graphical abstract

The graphical abstract depicts the interdisciplinary nature of this thesis, which com-
bines physics, engineering and biology together. The main achievements are: an origi-
nal technique for detecting minute quantities of analytes — multiscattering-enhanced
absorption spectroscopy; a novel class of optical probes for highly sensitive and contin-
uous biosensing experiments; a new portable oxidative stress sensor to assess the tox-
icity of nanomaterials; and finally, an advanced multi-layered microfluidic chip that
paves the way for completely new ecotoxicological studies.

iv



Incident light

.

Needle

Automatic
spotting

5nl

Membrane

OPL=L OPL>L 384-well plate Glass
. Multiscattering-enhanced Multianalyte optical probes
absorption spectroscopy for biosensing

Physics

Biology

Portable oxidative Advanced microfluidics
stress sensor for ecotoxicological studies

v

Control layer

Objective

i







Abstract

Ithough reactive oxygen species (ROS) are an inescapable part of every living
organism, we are at the beginning to understand their functions and mechanics.
s of now, we know that ROS are involved in cell signalling, stress-response and
defence against pathogens. New theories suggest that ROS also play an important role
in various diseases and aging. However, further research is hindered by the fact that
ROS are small and highly reactive molecules, making them very difficult to detect.
Therefore, we need new sensitive and biocompatible tools with the ability to perform
continuous measurements of ROS. The development of such a tool is the main objec-
tive of this thesis.

To realise such a sensor, I first developed an original scheme for sensitive absorption
measurements — multiscattering-enhanced optical absorption or MEAS. MEAS benefits
from the advantages of conventional absorption spectroscopy and relies on extending
the optical path of light through the sensing volume by creating a multiscattering con-
figuration. This way, higher sensitivity and lower limit of detection, compared to those
of conventional absorption spectroscopy, were achieved. I further studied numerically
the energy transfer from light into the absorbing background in the presence of a ran-
dom medium. I discovered that there is a regime of maximal absorption in such a sys-
tem, which corresponds to a specific filling factor of random medium. This is of particu-
lar interest not only for absorption spectroscopy, but also for improving solar cells and
random lasers.

Having understood principles involved in sensing using random media, I designed and
fabricated biocompatible and miniature optical probes: picomoles of the protein cyto-
chrome c printed inside a porous matrix. The refractive index of porous membrane
exhibits spatial variations leading to multiscattering of light and consequently to en-
hanced optical path lengths. Such probes can trace the dynamics of hydrogen peroxide
(H,O, — the most stable ROS) with a detection limit of 40 nM. Next, I have incorporated
the developed optical probes into a portable oxidative stress sensor — a stand-alone
device specifically designed for efficient and easy analysis in the field. As a potential
application, I detected the dynamics of H,0, release from the green alga Chlamydomo-
nas reinhardtii exposed to either quantum dots or to TiO, nanoparticles. I further ex-
tended multiscattering-enhanced optical probes to continuous measurements of glu-
cose and lactate — important metabolites in cells. The detection scheme is based on
cytochrome cin conjunction with the respective enzymes. I obtained limits of detection
of 240 nM and 110 nM for lactate and glucose, respectively. These values are at least one
order of magnitude lower than the state of the art. To demonstrate the potential of these
probes, I successfully traced the dynamics of micromolars of glucose uptake by

vii



Abstract

C.reinhardtii. Overall, the developed multifunctional detection scheme provides a pow-
erful tool to study cellular biochemical processes.

After realising very sensitive optical probes with the possibility of continuous measure-
ments, I used the developed portable sensor to study the dynamics of H,O, released by
C.reinhardtii under stress. Besides the tremendous importance for fundamental ROS
biology, this is also a way to assess and compare the toxicity of different engineered
nanomaterials (ENMs). Indeed, standard ecotoxicological methods are currently not
applicable to describe the effect of ENMs. However, ENMs exhibit a correlation be-
tween the surface area and ROS-generating capabilities, which is often called an oxida-
tive stress paradigm. In this context, I fabricated a multi-layered microfluidic chip with
integrated microfluidic valves and microsieves that allows carrying out experiments
with complex sequences of analytes exposure, mixing and rinsing. The response of al-
gae to two Cd-based toxicants (ionic Cd and CdSe/ZnS quantum dots) was studied. As a
result, I showed quantitative dynamics of extracellular H,0,, the recovery of cell homeo-
stasis after short-term stress and the cumulative nature of two consecutive exposures.
These experiments pave the way for completely new types of experiments for ROS biol-
ogy as well as for the toxicity assessment of ENMs.

Keywords: Random media; biosensing; cytochrome ¢ multiscattering-enhanced optical
probes; toxicity; oxidative stress; reactive oxygen species; microfluidics; hydrogen per-
oxide; glucose; lactate; algae; continuous measurements; absorption spectroscopy.
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Résumé

ien que les dérivés réactifs de I'oxygene (DRO) fassent inévitablement partie de

tout organisme vivant, leurs mécanismes et leurs fonctions commencent seule-

ment a étre compris maintenant. Pour I'instant, nous savons que les DRO sont
impliqués dans la signalisation cellulaire, la réponse des cellules au stress ainsi que la
défense contre les pathogénes. De nouvelles théories suggerent que les DRO jouent
aussi un réle important dans plusieurs maladies et dans le vieillissement. Néanmoins,
des recherches plus approfondies sont entravées par le fait que les DRO sont des molé-
cules petites et tres réactives, rendant leur détection difficile. Il est donc nécessaire de
trouver de nouveaux outils, sensibles et biocompatibles, capables de faire des mesures
en continu. C’est I'objet principal de cette these.

Pour créer un tel capteur, j’'ai d’abord développé un nouveau procédé sensible de me-
sure de 'absorption — 'absorption optique augmentée par multidiffusions (MEAS). La
méthode MEAS a les avantages de la spectroscopie d’absorption et consiste a augmen-
ter le chemin optique a travers le volume sensible en créant une configuration permet-
tant de multiples diffusions. Grace a cette technique, une meilleure sensibilité ainsi
qu'une limite de détection plus basse (comparée aux autres méthodes conventionnelles
de spectroscopie) a été obtenue. J’ai aussi étudié numériquement le transfert d’énergie
entre la lumiéere et le milieu absorbant en présence d'un milieu aléatoire. J'ai découvert
qu’il existe un régime d’absorption maximale, qui correspond a un certain facteur de
remplissage du milieu aléatoire. Cette découverte est particulierement intéressante non
seulement pour la spectroscopie d’absorption, mais aussi pour améliorer les cellules
solaires et les lasers aléatoires.

Une fois les principes relatifs a la détection avec un milieu aléatoire compris, j’ai congu
et créé des sondes optiques miniatures et biocompatibles: des picomoles de protéines
cytochrome ¢ imprimées dans une matrice poreuse. L’indice de réfraction des mem-
branes poreuses possede des variations spatiales qui ont pour conséquence des diffu-
sions multiples de la lumiere et donc une augmentation du chemin optique. Ces sondes
sont capables de détecter la dynamique de molécules de peroxyde d’hydrogene (H,O,,
le plus stable des DRO) jusqu’a une limite de 40 nM. J’ai ensuite incorporé ces sondes
dans un capteur portable de stress oxydant — un appareil autonome spécialement con-
cu pour des analyses efficaces sur le terrain. Dans 'idée d'une application potentielle,
j’ai détecté la dynamique de la libération de H,0, par l'algue verte Chlamydomonas
reinhardtii exposée soit a des boites quantiques, soit a des nanoparticules de TiO,. J’ai
ensuite étendu la méthode de multidiffusion a une mesure continue de glucose et de
lactate — des métabolites importantes. Le principe de détection est basé sur un mélange
de cytochrome cavec les enzymes correspondantes. J’ai obtenu une limite de détection
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de 240 nM et 110 nM pour le lactate et le glucose, respectivement. Ces valeurs sont plus
petites d’au moins un ordre de grandeur comparées a I'état de I'art. Afin de montrer le
potentiel de ces sondes, j'ai, avec succes, identifié la dynamique d’assimilation de mi-
cromoles de glucose par C.reinhardtii. De maniére générale, le protocole de détection
multifonction développé fournit un outil puissant pour étudier des processus cellulaires
biochimiques.

Aprés avoir créé ces sondes optiques trés sensibles permettant une mesure continue,
j’ai utilisé le capteur portable pour étudier la dynamique de libération de H,O, par
C.reinhardtii sous stress. En plus de son importance majeure pour la biologie fonda-
mentale des DRO, cette méthode permet aussi d’évaluer et de comparer la toxicité po-
tentielle de différents nanomatériaux artificiels (ENMs). En effet, les méthodes stan-
dards d’écotoxicologie ne sont pour l'instant pas applicables pour décrire I'effet des
ENMs. Cependant, les ENMs ont montré une corrélation entre leur surface et leur capa-
cité a générer des DRO, ce qui est en général appelé paradigme de stress oxydant. Dans
ce contexte j'ai introduit des puces microfluidiques multicouches munies de valves
microfluidiques et de micro tamis qui permettent d’effectuer des expériences compre-
nant I'ajout, le mélange et le rincage de séquences complexes d’analytes. La réponse de
I’algue a deux toxiques basés sur le Cd (Cd ionique et des boites quantique CdSe/ZnS)
est étudiée. Les résultats m’ont permis de montrer la dynamique quantitative de pro-
duction d’H,0, extracellulaire, le rétablissement de ’homéostasie des cellules aprés un
stress de courte durée et la nature cumulative de deux expositions consécutives. Ces
expériences ouvrent la voie pour de nouveaux types d’expériences pour la biologie des
DRO ainsi que pour I’évaluation de la toxicité des ENMs.

Mots clefs: Milieu aléatoire; biodétection; cytochrome ¢ sonde améliorée multi-
diffusions; toxicité; stress oxydant; dérivées réactifs de 1'oxygéne; microfluidique; pe-
roxyde d’hydrogene; glucose; lactate; algue; mesure continue; spectroscopie
d’absorption.



AHorals

€3aBKaroud Ha Te, 10 peaktuBHi (opmu kucHiO (PPK) € HeBix' eMHOIO

YaCTHHOIO KOJKHOT'O JKHBOTO OpPraHi3My, MU TiIBKH ITOYMHAEMO PO3YMITH IXHi

¢yHkuii i MexanizmMu. Hapaszi Bigomo, mo P®OK mnpwuiimatore yuacte y
CUTHAJIBHHUX KIITHHHUX CHCTEMaX, y PeaKIlil Ha MOopa3HeHHs Ta 3aXKUCTi BiJ] iHQEKIIHHIX
30yMHUKIB. 3TiTHO HOBITHIX Teopil, kinbKicTh POK BU3Hauae mepedir pizHOMaHITHUX
XBOpiO Ta MBUAKICTH mpolecy cTapiHag. OIHaK, MoJanbllle BUBYCHHS YCKIaJHEHE THUM,
mo POK € Manumu i gy’ke peakTHBHUMH MOJIEKYJaMH, 110 POOHUTH 1X BHUSIBICHHS AY)KE
BaXkuM. OT>ke, HaM MOTPiOHI HOBI Iy>Ke UyTIHBI 1 610CYMiCHI mpUiIaay 3i 3MaTHICTIO 0
HerepepBHUX BUMipoBanb PDK. Po3pobOka Takux mpuiagiB i € TOJOBHUM 3aBIaHHAM
JIlaHOT pOOOTH.

[0 cTBOpUTH TakKi CEHCOpH, CHEpIIy 5 PO3POOUB OPUTIHATHHHNA METOJ JJISl Uy TIUBHUX
MIOTJIMHAHIBHAX BUMIPIOBAaHb — ONTHYHE TNOTJIMHAHHS TMifCHIEHE MYJIbTHPO3CISHHIM
(MEAS). MEAS 06a3yerbcsi Ha CTBOPEHHI MYJIBTHPO3CIIOBAIILHOTO PEXHUMY, SKHH
MOJIOBXKY€E ONTHYHUHN CBITJIOBHHA MIISX 4Yepe3 BHUMIPIOBAIBHHN 3pa30K, BOIHOYAC
30epiraroun BCi TepeBard 3BHYAWHOI MOTIMHAIBHOI CHEKTpocKomii. TakuMm dYuHOM, Y
MOPIBHSAHHI 31 3BHYAHOIO TMOTJIWHAIHHOIO CIIEKTPOCKOIIIEI0, TYTIMBICTE BHMIiPIOBAaHb
T ABUIYE€THCS, a MEKa BUABICHHS MOKPAIIYEThCS. TaKoX 5 YUCENbHO BUBYHB Neperady
EHeprii BiJI CBITJIa JO MTOTJIMHAIOYOTO 3pa3ka y MPUCYTHOCTI BUTIAAKOBOTO cepeioBuIa. B
Takiii cHCTeMi S BIIKpHB ICHYBaHHS pPEKHMY MaKCHMAJbHOTO IOTJIMHAHHS, IO
BIZIITOBIZa€ TTIEBHOMY (haKTOpPy 3alOBHEHHS BHUIIAAKOBOTO cepeioBwina. lle BIAKpHUTTS €
BOXUIMBAM HE TUTBKH JJISl TIOTJIMHAIBHOI CHEKTPOCKOTII, ajie TaKoXX JUIA TOKpamleHHs
COHSYHMX OaTapeil Ta BUMIAIKOBUX Ja3epiB.

3pO3yMIBIIM MPUHUMNK BHUSBICHHS PEUYOBHMH Ha OCHOBI BHIIAJKOBHUX CEpPEAOBHII, 5
CIPOCKTYBaB i BUTOTOBHB OlOCYMIiCHI 1 MiHIaTIOpHI ONTHYHI MpoOH: MiKOMOJNi OiIKY
XpOMOCOMHM ¢ HaJIpyKOBaHi BCepeArHi MOpHUcTOi Marpuui. [lokasHHUK 3aIoMIICHHS
NOPUCTUX  MATPULb 3a3Ha€ MPOCTOPOBUX  Bapiamiid, 1m0 CTBOpIOE  edekT
MYJIbTUPO3CIIOBaHHS CBITJIA, SIKE MOJOBXKYE HOro ONTHYHMHN HUIAX. Taki IpoOH MOXYTh
BUMIpIOBaTH AMHaMIKy rigpokcuny BoaHio (H,O, — Haiibinem crabinsaunii POK) i3
mexxero BusiBneHHs 40 HM. S Takox iHTEerpyBaB po3poOiieHI ONTHYHI MPOOH Yy
HOPTaTUBHHUN CEHCOP IS OKHCIIOBAIBHOTO crpecy. Lleil aBTOHOMHMI mpmian OyB
CHeIiansHO po3po0iaeHnid it eeKTUBHOTO 1 mpocToro aHamizy. s gemMoHcTparii s



AHoTaunis

BuMipsB 1uHamiky H,O, Bumymenoro senenmmu Bomopoctamu Chlamydomonas
reinhardtil BHacniziok KOHTaKTy i3 KBAaHTOBMMH TOYKaMH i HaHouyactuHkamu TiO,. B
MOTAJIBITIOMY ST TAKOK PO3POOWB IMOKPAICHI MYJETHPO3CIIOBAaHHSIM ONTHYHI MPOOH ISt
HETEPEPBHOTO BUMIPIOBAHHS TIIFOKO3W Ta JIAKTO3W — BAXKJIMBUX KIIITHHHUX METaOOMITIB.
Cxema BHUMIpIOBaHHsS 0a3ye€TbCs Ha XPOMOCOMI ¢ y TIO€IHAHHI 13 BiIMOBIIHUMHU
tdhepmenramu. S orpumas mexi BusneHas 240 #M 1 110 #M st makto3u i riroko3u. Li
3HAYCHHS € NIOHAWMEHIE BICCATEPO MCHIIMMHU Y TOPIBHSIHHI 3 IHIIMMH CYYaCHUMH
po3poOkamm. JIyis AeMOHCTparlii s YCIIOIHO BiACTHIAKYBAaB JWHAMIKY ITOTJIMHAHHS
MIKpOMOJIiB TIFOK03HU KiituHamu C.reinhardtii. Po3po6iaenuit MynsTH()YHKITIOHATBHIH
BUMiPIOBTBHHM MPUCTPIH € MTOTYKHAM METOJIOM ISl BABYCHHSI 010XiMIYHUX TPOTICCIB.

[Ticns cTBOpEHHsS MyXe YyTIUBUX ONTHYHUX MPOO 13 MOMIIMBICTIO HENEPEepPBHUX
BHMIpIOBaHb, S BHKOPHCTAaB MNOPTATHBHUN CEeHCOp s BHBYeHHsA auHamikun H,O,
sunymienoro C.reinhardtii min dac crpecy. OKpiM BEIMYE3HOTO 3HAYCHHS IS
(dbyanamentansHoi PDK Oionorii, Taka poboTa BifKpUBaE NMUISIX JII BUMIipIOBaHHS Ta
MOPIBHSHHS TOKCHYHOCTI pi3HMX HaHomarepiamie (HM). [lilicho, crangapTHi
TOKCHKOJIOTi4HI MeTou He B cuiti onucatu epekt HM. Onnak, HM maroTh 38’130k Mix
TUTOIICI0 MOBEPXHI 1 3MaTHICTIO 10 cTBopeHHs: PDOK, mo 4acTo Ha3WBaIOTh MapagurMor0
OKHCIIOBABHOTO cTpecy. Came ToMy s pO3poOMB OaraTOIIAPOBHI MiKpOTiApO-
MUHAMIYHUN TpUIaa 3 iHTETPOBAHMMH MIiKPOTiIPOIMHAMIYHIME KJIalTAaHAMH 1 CHTaMH,
SKi JIO3BOJISIFOTH TIPOBOJUTH CKCIIEPHUMEHTH 31 CKJIAJHHMH MOCHTiIOBHOCTSMH BBOIY,
3MIITyBaHHS 1 BUBOAY TOKCHYHUX PEYOBHH. Bysl0 BUBUEHO peakiriro BOAOPOCTEH Ha IBi
tokcnyni pedoBuHn (iomrmit Cd Tta CdSe/ZnS xBantoBi TOYKH). Pe3yipraTn
MPOBEJCHUX EKCHEePUMEHTIB mokasamu auHamiky H,O,, BiZHOBIEGHHSA KIITHHHOTO
rOMEOCTa3y MiCisi KOPOTKOTPUBAJIOIO CTPECY 1 CYKYIHY MPHUPOAY IBOX IOCIIIOBHHX
BUMIpIOBaHb. Lli JOCHi/DKEHHS BIOKPUBAIOTh ILISX JO I[UJIKOBUTO HOBHX BHUJIIB
excriepuMeHTiB y POK Oionorii, a Takox HOBITHIM MeTOX s BUBYCHHS TOKCUYHOCTI
HM.

KawuoBi caoBa: GioceHcop, XpoMocoma ¢, ONTHYHI TOpoOM  TOKpaiieHi
MYJIBTHPO3CISIHHSM, TOKCHYHICTh, OKHCIIOBAaJbHUH CTpEC, PEakTUBHI (OPMH KHCHIO,
MIKpOTIiIpOIMHAMIKa, TEPOKCH] BOJHIO, IJIIOKO3a, JIAKT03a, BOJOPOCTI, HEMEpepBHI
BUMIpIOBaHHsI, IOTJIMHAJIbHA CIIEKTPOCKOIIiS.
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Chapter 1 Introduction and thesis
objectives

ignificant amounts of oxygen started to appear in our environment over 2.2 billion
Syears ago, mostly with the evolution of O, produced by photosynthetic organisms

[1]. Since an O, molecule has two unpaired electrons with the same spin quantum
number, it is a free radical [2]. This spin restriction makes O, prefer to accept only one
electron at a time, leading to the generation of O,*—, which is a prime example of
reactive oxygen species (ROS). In general, ROS are chemically reactive molecules
containing activated oxygen such as HOe, H,0,, HO,*—, ROOe¢ and RO¢, where R stands
for any alkyle group [2, 3]. ROS are produced continuously as byproducts of various
metabolic pathways in different cellular compartments such as chloroplasts,
mitochondria and peroxisomes [4, 5]. Although ROS have been an inevitable part of our
life since ages, we have only recently started to discover their importance and functions.
For instance, in 1908 Warburg discovered increased consumption of oxygen by sea
urchin eggs [6]. Only in 1978, this was explained by the H,O, producing respiratory
bursts [7]. In 1929, Fleming discovered that Penicillium notatum releases an
antibacterial product, but it took another 78 years before it was discovered that many
antibiotics, including penicillin, partly work by causing bacteria to generate ROS [8].
Nowadays it is known that in biological systems ROS keep a fragile equilibrium with
antioxidants (AOX) securing cellular homeostasis [2]. ROS are involved in different
physiological processes including stress-response, signaling and pathogen defense [2,
9-13]. Imbalanced generation of ROS, called oxidative stress, plays an important role in
many diseases and aging [14-18]. Our current knowledge about ROS biology is not
complete, but represents a very promising and fascinating field: we can potentially step
into physiological and medical advances with better understanding of ROS, their
functions and dynamics [3, 12].

As the subject of ROS is very broad, in this thesis, I focus on stress-related ROS
generation in aquatic microorganisms. This topic is interesting not only from the
fundamental biological perspective, but also has immediate and very important
practical aspects: ROS generation and oxidative stress are currently one of the best
accepted paradigms to assess and compare the toxicity potentials of different
engineered nanomaterials (ENMs) [19]. In this context, aquatic microorganisms are
expected to be the primary targets for ENMs released in the environment [20].

By some estimates, nanotechnology promises to exceed the impact of the Industial
Revolution [19]. ENMs have become a versatile new class of materials that are already
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applied in an extremely broad range of industrial and consumer products including
electronics, packaging, optics, ceramics, agriculture, textiles, paints, cosmetics,
personal care products, biotechnology, pharmaceutics, energy, automotive and
aerospace [20-24]. Such a success is governed by the unique material properties of
ENMs that directly arise from their nanometer size and distinctly set them apart from
equivalent bulk materials [25, 26]. These material properties have made ENMs so
appealing for their exploitation but, at the same time, also a real challenge for hazard
assessment and the currently used standard toxicity methods [27-29]. So far, no
parameter has been identified that best describes the dose-response relationship for
ENMs toxicity tests [30, 31]. Expressing the ENMs dose in terms of surface area instead
of mass shows a promising correlation with toxicity [32]. However, it is broadly
accepted that the underlying toxicity mechanisms of ENMs are generally poorly
understood and that there is a severe lack of data linking the particles toxicity with the
properties of the ambient medium [19, 33]. To fill this gap, the Swiss National Science
Foundation launched an interdisciplinary program NRP 64 “Opportunities and risks of
nanomaterials”, and this thesis was framed within this program.

In addition to their direct effects on biological entities (dissolution, Fenton chemistry,
redox cycling, electron-donor/acceptor groups, etc.), ENMs have also shown a
correlation between the surface area and their ROS-generating capability [34-38]. This
is presently the best developed paradigm to explain the toxic effects of ENMs. Briefly,
ENMs have the potential to stimulate ROS generation and break the balance between
ROS and AOX, creating oxidative stress [39]. According to the hierarchical oxidative
stress hypothesis, the lowest level of oxidative stress is associated with the induction of
antioxidant and detoxification enzymes [40, 41]. At higher levels of oxidative stress, this
protective response is overtaken by inflammation and cytotoxicity. Prolonged or
chronical oxidative stress can lead to the oxidative damage of subcellular components,
including membrane and DNA, and ultimately to cell death [42-45].

With this in mind, the aim of this thesis is to provide a novel tool to detect ROS and to
study ROS dynamics induced by toxicants in aquatic microorganisms. The working
principle is based on another fascinating subject — light propagation in random media.

Historically, random media first received attention as an obstacle: astronomers trying to
image distant galaxies were hindered by light scattered by the interstellar medium [46].
Additionally, biologists struggled with a similar problem - imaging through a turbid
tissue for sensing and medical diagnostics [47, 48]. Since then, the field of random
media has grown immensely. After the fundamental experiments, the discovery of
Anderson localization for electrons [49] has stimulated works on strong localization in
optics [50-55]. In parallel, numerous works on weak localization have also emerged [56-
61]. Recent developments in adaptive wavefront shaping techniques have opened new
possibilities for experiments on the highly transmitting (or so-called open) channels in
random media [62-65], light focusing below the diffraction limit [66, 67] and coherently
enhanced absorption [64]. From the application perspective, works are devoted to
random lasing [68-72] and imaging through turbid media [73-77]. Random media also
offer a possibility to improve photovoltaic devices by enhancing their absorption and



increasing the optical path of light [78-82]. Finally, elongated optical paths — present in
random media — recently paved the way for new applications in gas camera sensors
[83]. In this context, the thesis concentrates on using random media to extend sensing
applications further. The main principle will rely on embedding absorbing analytes in
non-absorbing random media.

Ch.4: Measuring
ROS dynamics
under complex
exposure patterns

Ch.2: Random Ch.3: Multiscat-
media tering-enhanced
for sensing optical probes

Physics Engineering Biology

Figure 1.1. llustration of the different thesis chapters. Circles sizes represent moving to
more specific sensing applications as the thesis progresses. Colors indicate the topical
transition from physics to biology through engineering.

The main objectives of this thesis are the following:
1. To optimize random media for sensing applications.

2. To develop a sensitive and continuous, multiscattering-enhanced optical probe
to detect ROS.

3. To develop a stand-alone setup for oxidative stress measurements.

4. To develop microfluidic chips that can hold aquatic microorganisms together
with the sensing probe in order to perform complex exposures to toxicants.

5. Using the developed platform, to gain new insights into the ROS dynamics
induced by toxicants in aquatic microorganisms.

The thesis is organized as follows. In Chapter 2, I give a brief overview of absorption
spectroscopy and present an extension called multiscattering-enhanced absorption
spectroscopy, based on light propagation in random media, to improve the detection of
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low concentration analytes. I further discuss how to engineer random media to maxim-
maximize the energy transfer from the incident light to the absorber. I start Chapter 3
with an overview of the existing techniques to detect ROS. Next, I present a
multiscattering-enhanced optical probe to detect H,O, down to 40 nM as well as a
portable oxidative stress sensor. I also extend this platform to multianalyte and
multiplexed measurements for glucose and lactate. In Chapter 4, I combine the
developed optical probe with a multi-layered microfluidic chip to study the dynamics of
ROS during the exposure of aquatic microorganisms to ionic Cd and CdSe/ZnS
quantum dots. In the last chapter I conclude and provide an outlook for further
research.



Chapter 2 Multiscattering in
random media for sensing
applications

n original scheme for sensitive absorption measurements, particularly well-
Asuited for low analyte concentrations, is presented in the first part of this

chapter. The technique is based on multiscattering-enhanced absorption
spectroscopy and benefits from the advantages of conventional absorption
spectroscopy: simplicity, rapidity and low costs. The technique relies on extending the
optical path through the sensing volume by dispersing dielectric beads in the solution
containing the analytes of interest. This results in multiple scattering of light, which
increases the optical path length through the sample. The influence of different
parameters describing the scattering medium is investigated in detail experimentally
and numerically, with a very good agreement between the two. The investigated
parameters can be effectively used to tailor the enhancement for specific applications
and analytes.

In the second part of this chapter, I engineer random media so that the absorption for a
given volume is maximized. In particular, I study the influence of the geometrical and
scattering properties of the system on the absorption. By combining a random medium
with an open photonic cavity, I numerically demonstrate a 23-fold enhancement of the
absorbed energy. These findings are of particular interest for sensing applications as
well as for solar cells, light trapping platforms and random lasers.

2.1 Introduction

Absorption spectroscopy is a fast, simple and inexpensive method for the detection of
biomolecules such as nucleotides, proteins, steroids, antibiotics, amino acids and
terpenoids, as well as pharmaceuticals, pesticides or hydrocarbons [84-92]. This
diversity makes absorption spectroscopy a tool of choice for a broad range of
applications in research, medical laboratories and industry. Additionally, it
complements separation techniques such as high performance liquid chromatography
[93] and capillary electrophoresis [94] to identify and quantify analytes. Recently, its
field of applications has been broadened by novel assays, where molecules are tagged to
quantum dots, nanoparticles or fluorescent dyes to enhance the assay performance [95-
98]. Alternative methods for detecting biochemical entities such as mass spectroscopy
[99] and electrochemistry [100] have their own limitations. Mass spectrometry requires
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extensive equipment while in electrochemistry the analyte must undergo a redox reac-
reaction, which limits the materials where it can be applied. Further alternatives are
chemoluminescence [101] and fluorescence [102]. However, these techniques can result
in bleaching and require specific and often expensive optical filters and, furthermore,
invasive chemical species which interact with the sample of interest. Due to all these
limitations associated with competing techniques, absorption spectroscopy is a
commonly used detection method.

In conventional absorption spectroscopy, the light beam passes through the absorbing
sample and the spectral intensity of the light is measured before (I,) and after the
sample (I). Knowing the absorption coefficient of the analyte under study, its
concentration can be determined using Beer-Lambert’s law [103]:

I = Iyexp(—aCl), 2.1

where C is the molar concentration, ! the optical path length of light and a the molar
absorption coefficient. The minimal detectable concentration is determined by the
relative change of intensity Al/I, = (I, — I)/I,, which depends on the equipment used,
the amount of averaging, etc. Al/I, is typically limited for spectroscopic measurements
to ~10™ or using specific data analysis algorithms to 5-10°, while smaller signals cannot
be distinguished anymore from the noise [104, 105]. For many practical applications the
concentrations of the analyte provide intensity changes lying below the limit of
detection (LOD). For example, a typical dye — rhodamine 6G — has the strongest
absorption of 116000 cm™-M™" at the wavelength 1=532nm [106]. The detection of
0.1 nM rhodamine would require an optical path of 86 cm with a Al /I,~1073 accuracy.

The sensitivity of absorption spectroscopy can be improved by increasing the optical
path of light (OPL) and several techniques have been developed to do so: photoacoustic
spectroscopy [107], thermal-lensing effects [108], liquid-waveguide capillary cells [109],
cavity enhanced spectroscopy [110], integrating sphere [111] and attenuated total
reflection spectroscopy [112]. Unfortunately, all these techniques require rather
expensive and sophisticated equipment and a simple technique able to push the LOD
below the limit of conventional absorption spectroscopy is of great interest. In the
following, I demonstrate both experimentally and numerically that disordered media,
which increases the OPL via multiscattering, can significantly improve the LOD for
absorption spectroscopy and, therefore, can be utilized in efficient sensing
applications.

2.2 Monte Carlo simulations for light propagation in
random media

Scattering of light in random media is a complex phenomenon, especially when the size
of the scatterer is comparable to the wavelength of the light, as is the case here. The
scattering for an individual particle in such a system is shown in Fig. 2.1a. The total
scattering cross section of the system results from the superposition of the individual
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amplitudes, making the problem rather complicated. Transport theory (or diffusion
approximation) [59, 80, 113] and probabilistic Monte Carlo simulations [114, 115] are
the two main numerical methods used to tackle this problem. While the former method
requires the knowledge of the macroscopic parameters of the system such as density
and diffusion coefficient, the latter resorts to microscopic parameters such as distance
between the particles and their size. Here, I use the Monte Carlo procedure to get a
better understanding of the multiscattering phenomenon and to study the influence of
the various parameters describing the PS beads dispersion in the absorbing medium.
This choice is dictated by the broad range of the validity of Monte Carlo procedure as
compared to the diffusion theory, which is generally faster, but is only valid in the
strongly scattering regime.

The scattering process is simulated as follows. I divide the incident light into
wavepackets, which are sequentially launched into the system. Wavepackets have been
chosen instead of single photons in order to simulate the absorption along the OPL. To
describe each scattering event between wavepackets and particles, I introduce a
probability function p(8), which describes the angular dependence of the scattering.
This function depends on the scattering cross section o of the particle; and is
approximated by the Henyey-Greenstein distribution [46], [116]:

1—g2

() = 4m(1+g2-2gcos0)3/2’

(2.2)

where g = <cos 0> is the average scattering angle [117]. The wavepacket continues to
propagate after the scattering event in a randomly chosen direction determined using
the probability function that reproduces the angular dependence of the scattering
(Fig. 2.1b). Thus, scattering from a large ensemble of wavepackets resembles a realistic
scattering distribution. Since the absorption of polystyrene beads (which are used as
scatterers in this work) is very weak and, moreover, is cancelled out by the appropriate
baseline in the experiment, it can be neglected in the simulations. Hence, only
absorption from the background medium between two successive scattering events is
considered.

Next, I proceed to describe a probabilistic approach based on a Monte Carlo scheme. A
validation of this framework can be found elsewhere [114, 118]. The random medium
consists of spherical scatterers with diameter d distributed homogeneously in an
absorbing background. The simulation is performed on a finite volume of the random
medium with the form of cuboid (Fig. 2.1c,d). Incident light is launched though the
central point of one of the surfaces at normal incidence unless stated otherwise.
Between two successive scattering events the wavepacket travels in a straight line losing
a part of its energy through absorption in the background according to Beer-Lambert’s
law [119]. The mean free path of light [;,.. between two successive scattering events is
determined as:

2d
3FQscd’

lfree = 2.3)
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where F = nd3C?5 /6 is the filling factor, C*S the concentration of scatterers and Qs the
scattering efficiency for each individual scatterer. The transport mean free path is de-
determined as: I" = g /(1 — g). Qscq and g are calculated using Mie theory [118]. I
assume that the interparticle distance p follows the random distribution expressed by:
p = —lgree logX, where X is sampled uniformly between 0 and 1. When a wavepacket
experiences a scattering event from a particle, it changes its direction.

(b) (c) Wavepackets

@)
Incident light
Ar ¢
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Scattered light 2
o
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(refractive index of particles, scattering wavepackets wavepacket from
size, filling factor) and —> properties — > sequentially —>~ ©one scatterer to the
boundary box (size, wall using Mie other until it escapes
reflections) theory the box
If it exits, If it does not escape, Scattering event:
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direction and <€— scatterer and decrease its -€—— direction, determine
)y energy according to the distance to the next
Beer's law scatterer

Figure 2.1. Light propagation in a random medium. (a) Schematic illustration of the Mie
scattering process: the incident light is scattered by the particle in all directions. The
graph shows the scattering angle 6 distribution. (b) Simulated scattering process: the
incident light is scattered probabilistically in one direction, following Mie theory. A
collection of wavepackets leads to the probability distribution shown in the graph,
which agrees well with the Mie scattering distribution in (a). (c) Schematic drawing of
three wavepackets propagating through a box with a random scattering medium. (d)
Schematic illustrating the principal steps involved in the computation of wavepackets
propagating through random medium.
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The wavepackets are sequentially traced until they reach the box boundaries, where the
directions and energies of such output wavepackets are recorded. The total initial ener-
energy of all wavepackets is set to unity for normalization purposes. The transmitted
energy T (respectively, reflected energy R) is calculated as the total energy of
wavepackets that exit the system with a zero or positive (respectively, negative) scalar
product between their direction and the incident light direction. In this way,
wavepackets that exit the side walls of the medium are also accounted for in
transmission and reflection. Finally, the absorbed energy E,, is calculated as the
difference between incident energy and the sum of reflected and transmitted energies.
The optical path of light (OPL) for transmitted OPL; (respectively, reflected OPLy)
direction is calculated by taking the ratio of transmitted (respectively, reflected) light
energy to the corresponding energy in the absence of the absorber T, (respectively, R,)
and using Beer-Lambert’s law: OPL; = —log(T/T,)/a, where « is the absorption
coefficient and OPL; = —log(R/R,)/a. Unless otherwise stated, I use the following
values for the simulation parameters: the spherical scatterers have a diameter
d = 0.5 um; the surrounding medium is a solution with refractive index n = 1.33. The
simulations have been carried out at the absorption peak wavelength (1;) of the
solution of interest (e.g., 1; = 570 nm for phenol red).

Let us now briefly discuss the validity of Beer-Lambert’s law in the random medium.
The expression for the intensity of the collected light can be written as the sum of the
individual packets having initial intensity I,,c and travelling individual paths with
different lengths I;: I = I,54er 2 e~ *“'.In the absence of scatterers all wavepackets
trajectories have the same length, thus the sum represents a single exponential function
(Eq. (2.1)). In the case of random media, characterized by trajectories having different /;,
an exponential function can be constructed by introducing a function G: I = [je~%¢C.
The parameter G represents a virtual OPL, which allows quantification of the optical
enhancement for every individual configuration of the random media. For very low
absorption, the contribution of every wavepacket can be approximated as e *‘% ~ 1 —
aCl; (there are always some wavepackets, which have very long [;, but there contribu-
tion is negligible). In this case, the absorbance in random medium (4,.,,) can be written
as A, = aCG, which obviously follows Beer-Lambert’s law.

Note that this approach does not hold for densely packed or so-called short-range
random media [120]. In that case, densely packed scatterers modify the refractive index
of their neighbours and influence the Mie scattering properties of each particle. The
short-range regime is reached when [f,.. becomes smaller than the diameter d of the
scatterer. I refer to low scatterer concentrations if the following relation holds: l¢,... > d,
whereas moderate concentrations are associated with I, = d. In this thesis, I am
working in the former regime with I, ranging from 5 to 25 um as compared to d =
0.5 um, therefore, the model can be applied. On the other hand, l;., will be much

smaller than the geometrical thickness L, which fulfills the condition that wavepackets
propagating in such a medium experience multiscattering.
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2.3  Multiscattering-enhanced absorption spectroscopy

Here, I present a simple, tunable and sensitive optical method, based on
multiscattering in random media, for measuring low concentrations of dispersed or
dissolved analytes. Examples of a random media are thick membranes with high filling
factor used by Svensson ef al. [83]. Those membranes exhibit large OPLs and show an
excellent performance for gas detection. However, similar porous membranes show an
increased response time for measurements in liquids, due to slow diffusion of the
analyte [121]. Hence, diffusion of the analyte into the random medium is a limiting
factor for dynamic measurements performed in liquids. In this section, the
multiscattering configuration is achieved by introducing an appropriate density of
dielectric spheres inside a solution containing the analyte of interest. In such a
configuration the diffusion is not an issue because active mixing can be performed and
consequently a rapid diffusion of the analyte can be achieved. This multiscattering-
enhanced absorption spectroscopy (MEAS) allows us to enhance the absorbance with
respect to conventional absorption spectroscopy for a broad variety of analytes.
Specifically, I demonstrate this technique for phenol red, 10 nm gold nanoparticles and
envy green fluorescent dyes. By applying MEAS to a hydrogen peroxide bioassay I show
that the sensitivity of the measurements can be increased and the optimal optical path
length can be determined. This way, I show both experimentally and numerically that
variations in size, concentration, as well as geometrical thickness of the scattering
medium, control the optical path enhancement. The possibility of OPL tuning provides
a way to design disordered media adapted to the application at hand (limit of detection,
diffusion, sensitivity, robustness).

2.3.1 Chemicals

DMEM (Dulbecco's modified Eagle's medium) medium with phenol red (40 uM),
hexanedithiol, 10 nm gold particles and envy fluorescence dye encapsulated in 60 nm
latex beads are purchased from Life Technologies, Sigma Aldrich, BBI solutions and
Bangs Laboratories, respectively. The polystyrene beads (PS) microsphere kit is
purchased from Polysciences and the colorimetric assay for hydrogen peroxide
detection is purchased from Cell BioLabs (OxiSelect). Since the DMEM medium without
phenol red does not absorb in the visible range, in our experiments I attribute the
absorption of the DMEM mixture with phenol red to the corresponding concentration
of phenol red. In the following, when I mention “phenol red” dilutions, I refer to the
dilution of pure phenol red, not to dilutions of the mixture DMEM with phenol red.

All dilutions are done with deionized water if not stated otherwise. Different PS beads
diameters and concentrations are used to investigate the influence of multiscattering,
as described in the text. It should be noted here that PS beads do not aggregate thanks
to the presence of negatively charged surfactants (e.g. <0.1 % sodium dodecyl sulfate,
according to the supplier).

10
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2.3.2 Optical measurements

The spectral measurements are carried out in transmission mode using a 20x objective
(UPlanFL 20x, Olympus, NA = 0.41) and inverted microscope (IX71, Olympus) coupled
to a monochromator (TRIAX 550, Horiba Scientific) and a liquid nitrogen cooled CCD
camera (Symphony, Horiba Scientific). The typical integration time to record one
spectrum is on the order of 300 ms. Absorption spectra are normalized with reference
spectra obtained by measuring the same solution without the absorbing element; i.e.
pure water is used as reference spectrum for conventional absorption spectroscopy,
while water with dispersed PS beads is used as the reference for MEAS. It has to be
mentioned that not the entire spectrum, but only the values at the absorption peaks are
used as reference points: values at A =520 nm for gold nanoparticles, at 1 =530 nm for

envy green dye, at A=570 nm for phenol red and at 1 =595 nm for H,O, bioassays.
Standard 384-well plates containing cuvettes with a 3.3x3.3 mm’ square cross-section
are used as sample chamber, except for the experiments with varying thicknesses,
where 96-well plates with a 7.3x7.3 mm’ cross section are used. This precaution
prevents crosstalk between neighboring cells. For 40 ul samples I did not observe
crosstalk in 384-well plates, but experiments with a 1 cm optical path, require a 96-well
plate with a larger cross-section to effectively suppress crosstalk. Using such wells
demands only small volumes of analyte, which is advantageous for expensive biological
samples. However, MEAS can also be implemented in larger absorption spectroscopy
cuvettes.

2.3.3 Improving the limit of detection

When light goes through the cuvette containing a homogeneous solution, its optical
path is determined by the geometrical thickness L of the sample. In the following,
absorption enhancement refers to a configuration corresponding to the standard
absorption spectroscopy. If the sample is inhomogeneous, i.e. exhibits noticeable
spatial variations of the refractive index, the passing light undergoes multiscattering.
Consequently the OPL is increased as schematically illustrated in Fig. 2.2a. In this work,
this is achieved by adding spherical PS particles to the solution containing the analyte.
Hence the OPL becomes longer than the geometrical thickness of the sample, resulting
in multiscattering-enhanced absorption spectroscopy.

Let us first illustrate this approach by measuring the transmission through a cuvette
containing 40 pl of 0.6 uM phenol red solution diluted in water, corresponding to a
geometrical thickness L=3.7mm. The base line is determined by transmission
measurements trough the cuvette containing the same volume of pure water. In the
second cuvette, I prepared a mixture containing 0.6 uM phenol red and 0.6 nM of PS
beads with a diameter of d = 0.5 um. To determine the base line for this configuration I
recorded the transmission spectrum of a 40 pul dispersion containing the same
concentration of PS beads in pure water. I obtained two normalized transmission
spectra for the same concentration of phenol red solution. As displayed in Fig. 2.2b, the
absorption dip of phenol red is much less pronounced in the absorption spectroscopy

11
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measurement than in the MEAS configuration, which clearly indicates in the latter case
an enhanced absorption due to multiscattering.

c
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©
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Phenol red:
— In water
—— In water/PS beads
0.6 L " 1 L L
450 500 550 600 650

Wavelength (nm)

OPL=L OPL>L

Figure 2.2. MEAS configuration. (a) A schematic drawing of the absorption spectroscopy
and the MEAS configurations. The optical path length (OPL) is increased by the
presence of the scatterers in the MEAS configuration.(b) Normalized transmission
measurements for the two configurations: 0.6 uM phenol red in water and 0.6 UM
phenol red with 0.6 nM PS beads (d = 0.5 um) in water.

I quantified the enhancement provided by MEAS and compared the performance of
this technique with conventional absorption spectroscopy for three different analytes:
phenol red, 10 nm gold nanoparticles and envy green fluorescence dye. Phenol red is a
commonly used molecule for colorimetric measurements to determine the pH of a
solution, since the magnitude of its absorption dip at A =570 nm is sensitive to the pH
[122]. Following the same experimental procedure as described above for Fig.2.2, 1
measured the unitless absorbance A for different phenol red concentrations, using
Eq. (2.4):

I
Io

A==-In(1)=acL (2.4)
where I, respectively I, is the measured intensities of the outcoming light, respectively
the baseline. The measurements are carried out using water and two mixtures
containing 0.5 um PS beads in two different concentrations: ¢ = 0.6 nM and ¢{5=
3.0 nM. Figure 2.3a shows that the absorbance A is proportional to the phenol red
concentration, which is in agreement with Beer-Lambert’s law. In order to quantify the
enhancement of the absorbance, I introduced a factor k defined as the ratio between
the absorbance of the analyte in water and in water/PS beads dispersion for a given
wavelength:

12
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k=Ap water/PS/AIn water: (2.5)

The presence of PS beads increases the absorbance A by a factor k; = 3.3 for ¢S and a
factor k, = 7.2 for €£5. The horizontal line in the Fig. 2.3a corresponds to three times the
noise level. Its intersection with the absorbance of the solution gives the calculated
LOD, which scales linearly with the invers of k. Defining LOD,¢ as the limit of detection
in the solution with dispersed PS beads and LOD as the limit of detection without them,
I obtained:

LODps = LOD/k. 2.6)

Therefore, MEAS significantly improves the LOD for phenol red from 200 nM to 28 nM.
The amplification factor k does not depend on the phenol red concentration € and,
according to Eq. (2.4), the OPL scales linearly with k:

OPLps = k - OPL, @2.7)

where OPL;g refers to the bead configuration and OPL to the optical path length without
PS beads. While absorption spectroscopy is routinely used for colorimetric
measurements, other assays use tagging strategies where the molecule of interest is
attached onto various types of quantum dots, nanoparticles or fluorescent dyes that
enhance the performance of such assays and serve as indicators for the presence of
molecules. MEAS can also be utilized in that context and I demonstrated its utilization
for the detection of gold nanoparticles or fluorescent dyes. The scattering of gold
nanoparticles with sizes larger than 100 nm dominates over their absorption and such
nanoparticles can be detected with high sensitivity using a dark-field configuration
[123, 124]. This is not the case for nanoparticles smaller than 55 nm in diameter, for
which the scattering cross section drops dramatically and the absorption cross section
starts to dominate [123, 125]. However, the latter remains very weak for such small gold
nanoparticles, which makes their detection quite challenging so that only a few
complicated techniques have been successfully demonstrated so far [126-128]. This is
detrimental for novel nanodevices that rely on extremely small metallic nanoparticles
[129, 130]. Similarly, fluorescent dyes are the basis for a large number of assays
commonly used in biology and chemistry and the ability to measure their absorption
can provide additional quantitative information [131].

Applying the same experimental scheme, I measured the transmission for 10 nm gold
nanoparticles and envy green fluorescent dyes dissolved in water or in water/PS beads
(d =0.5 um) dispersion with a bead concentration of S = 0.6 nM. The corresponding
absorbences A4 are shown in Fig. 2.3b and 2.3c. The 10 nm gold nanoparticles have an
absorption peak at A=520nm, while the envy green fluorescence dye absorbs at
A=530nm. Note that it is quite exceptional to be able to measure the signal of
nanoparticles as small as 10 nm. As for the phenol red, the absorbance 4 is proportional
to the concentration C of the solution. When the scattering medium is used, an
enhancement factor of k=3.3 is observed for both the nanoparticles and the dye, while
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the LOD decreases correspondingly. These results suggest that the enhancement factor
k does not depend on the type of analyte, but only changes with C?5, as will be investi-
investigated in following.
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Figure 2.3. Absorption enhancement for different analytes. (a) Phenol red absorbance 4
in water only and in water with two different PS beads (0.5pum) concentrations
(CFS=0.6 nM and ¥ =3.0nM); 3 times the noise level determines the LOD at A =
570 nm. (b) Absorbance A for 10 nm Au nanoparticles in water and in water/PS beads
(d = 0.5 um, CF?®) at A = 520 nm. The inset shows the normalized transmission spectrum
T of the nanoparticles. (c) Same as (b) for envy green fluorescence dye at A = 530 nm.
The error bars represent the standard deviation over 5 measurements.

2.3.4 Enhancing the sensitivity of bioassays

In addition to the LOD the sensitivity S represents an important parameter for
bioassays. This parameter is of special interest when the analyte evolves with time (i.e.
changes its absorption a or its concentration C), for instance, during a chemical
reaction or a biological process. Here, I considered the case where the intensity changes
only with the concentration, thus:
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_|o

— —acCl
el = ale . (2.8)

From Eq. (2.8), it can be seen that in a fixed volume with given @ and C the sensitivity
cannot be changed in conventional absorption spectroscopy. In contrast, S can be
tuned by changing the OPL in MEAS (Fig. 2.4a). For short [, S is small since the system is
in the weak-absorbing regime (regime I in Fig. 2.4a) and large changes in C are needed.
On the other hand, when [ is very large the medium absorbs most of the light and S
drops also towards low sensitivity (regime III in Fig. 2.4a). The optimal OPL [,,, for
which the sensitivity reaches its maximum is where dS/dl = 0, leading to Eq. (2.9)
(regime Il in Fig. 2.4a):

lopt = é (2.9)

For a given a and C, with the corresponding l,,. given by Eq. (2.9), the maximal
sensitivity is S,,; = e~'/C. To demonstrate this experimentally, I showed that S and
LOD of a commercially available assay for the detection of hydrogen peroxide
(OxiSelect) can be improved for low concentrations. As already mentioned in Chapter 1,
H,O, plays an important role in biological systems: it acts as the signalling molecule in a
broad variety of transduction processes and is a marker for oxidative stress which is
involved in ageing but also in various diseases [132, 133]. OxiSelect works on the
principle of the oxidation of Fe* to Fe™ in the presence of H,0, which forms a ferric
xylenol orange (Fe-XO) complex. The formation of Fe-OX complexes leads to an
alteration of the molar absorption coefficient, providing information on the H,O,
concentration present in the solution.

The experiments in this work are carried out using the bioassay according to the
instructions provided by the supplier, particularly the absorption is determined at
A=595nm. Not only the H,0, concentration but also the rate of change is a very
important parameter providing information about the dynamics of biological processes
under study. The sensitivity for different H,0, concentrations is determined by
measuring the change in the signal when 1pM of H,0O, is added to a known
concentration. Similarly I measured the sensitivity S¥ in the presence of 0.6 nM of PS
beads having a diameter of 0.5 um. As observed in the previous experiments, the OPL
increases by a factor of k = 3.3 for L = 3.7 mm and consequently S** is enhanced for low
concentrations as shown in Fig. 2.4b. Moreover, the lower limit of the working range,
given as 1 uM by the manufacturer, can be reduced to 300 nM. In the configuration at
hand S?5 is larger than S in water for H,0, concentrations lower than the threshold
value C;, = 30 uM, while for higher concentrations the sensitivity S without PS beads
dominates. The expressions for S,,, and [,,, suggest that very high sensitivities can be
achieved for low concentrations with a corresponding large [,,,, Eq.(2.9). In our
experiments, I showed that it is possible to improve the performance of the bioassay by
the factor $75/S =2.5 for 2 uM of H,0,. Therefore, the concentration of the PS beads can
be adapted in order to obtain maximal sensitivity for the concentration range of
interest.
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Figure 2.4. Enhancing the sensitivity using MEAS. (a) Sensitivity S of the H,0, assay as a
function of the OPL for a fixed concentration and (b) as the function of the
concentration, in a L =3.7mm cuvette filled with water and with 0.6 nM PS beads
dispersion (d =0.5um, k=3.3) at 1= 595 nm. Points refer to measurements and the
lines are fitted according to Eq. (2.8). The OPL is calculated using Eq. (2.7). Inset in (a)
shows three distinct regions: I — growing sensitivity, II — maximal sensitivity and III —
decreasing sensitivity. Inset in (b) shows the absorbance A4 in water and in water/PS
beads dispersion (d=0.5um) (CPS=0.6nM, L=3.7mm, k=3.3). The error bars
represent the standard deviation over 5 measurements.

2.3.5 Enhancing the sensitivity of colorimetric detection with gold
nanoparticle probes

For a further demonstration of the performance of MEAS, I study the aggregation of
10nm gold nanoparticles in the presence of hexanedithiol. Dispersed gold
nanoparticles can be used as basis for sensitive colorimetric probes [134]. In this
experiment, the two free thiol groups of hexanedithiol can bind two or more gold
nanoparticles together. This leads to a gradual aggregation of the nanoparticles, which
can be monitored via the optical response. As shown earlier, 10 nm gold nanoparticles
exhibit an absorption peak at 4 = 520 nm, which decreases with progressive aggregation
of the nanoparticles (Fig.2.5). At the same time, a broad peak corresponding to the
aggregated particles emerges at higher wavelength. Thus, A can be directly related to
the amount of hexanedithiol in the solution. Applying the described experimental
scheme to Au nanoparticles suspended in water, A decreases from 0.05 to 0.02 upon
addition of hexanedithiol. In contrast, in water/PS beads dispersion with a bead
concentration of €S = 0.6 nM A changes from 0.16 to 0.07, indicating an enhancement
of k =3.3. To be complete, it is worth mentioning that hexanedithiol does not bind to
the PS beads surface. In conclusion, I demonstrated an enhanced sensitivity to
hexanedithiol using 10nm gold nanoparticles as colorimetric probes in MEAS,
compared to conventional absorption spectroscopy.
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Figure 2.5. Enhancing the sensitivity of gold nanoprobes. (a) Normalized transmission
spectra for 20 uM (black), 134 uM (red) and 670 uM (dark blue) hexanedithiol with
10 nm gold nanoparticles (80 uM). The dashed line indicates the wavelenegth (1=
520 nm) at which A was calculated. (b) Absorbance A of 10 nm gold nanoparticles
(80 uM) with respect to different concentrations of hexanedithiol in water and in
water/PS beads dispersion (d = 0.5 pm, C?S = 0.6 nM, L = 3.7 mm, k = 3.3). The error bars
represent the standard deviation over 5 measurements.

2.3.6 Control of the path length enhancement

Let us now discuss the parameters that influence the OPL in a random medium. The
enhancement of the OPL is determined by the number of times the wavepackets are
scattered while travelling through the disordered medium. For a multiscattering
medium the OPL in transmission scales with the reciprocal of the mean free path I* in
the dispersion [135]:

0PL~ll*. (2.10)

I only considered non-opaque samples since low absorption measurements are of
special interest for absorption spectroscopy.

As seen from the experiments with phenol red (Fig. 2.3a), the PS beads concentration,
and thus the filling factor F, affects the OPL enhancement [82]. If C?S is low, [* becomes
larger than L, hence, k goes to unity and the system is no longer in the multiscattering
regime. Figure 2.6a displays both the measured and simulated k as a function of F for
phenol red. The graph indicates that k can be increased up to 15 for F = 0.1. The value of
F has an upper limit, which is determined by the close-packed configuration i.e. F
cannot go beyond 0.5-0.7 depending on the type of packing [136]. Note in Fig. 2.6a the
excellent agreement between simulations and measurements.

The numerical analysis of MEAS relies on a homogeneous statistical distribution of the
scatterers within the sample volume. Hence, aggregation of the scatterers can reduce
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the OPL enhancement. Such an aggregation is more likely for a high PS beads concen-
concentration. Aggregation can be caused by the background media, which could
reduce the OPL enhancement and hence the sensitivity. More detrimental is the case
where aggregation is caused by the analyte itself, since in that case the base line
measurement corresponds to a non-aggregated system. However, in our experiments I
targeted very low concentrations of analytes, which limits aggregation. It goes without
saying that the scattering medium should not interfere chemically with the species
under study; this is the case for the PS beads used in the different experiments reported
here.
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Figure 2.6. Tuning optical path length (OPL). (a) Optical path length (OPL)
enhancement as a function of PS beads filling factor F for a 40 ul mixture, when
changing the PS beads (d = 0.5 um) concentration. (b) OPL enhancement for PS beads
with different sizes for a 40 pl mixture, keeping the filling factor F equal to 0.052. (c)
Optical path for phenol red in water and in water/PS beads dispersion (d = 0.5 um)
(calculated using Eq. (2.7)) as a function of the measurement cell thickness L. The PS
beads concentration is kept constant CPS =0.6 nM. Error bars represent the standard
deviation for 5 samples.
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To investigate the influence of the PS beads size I prepared bead dispersions with dif-
different concentrations €S and different diameters d while keeping the filling factor F
constant; the following PS beads diameter/concentrations are used: 0.5 um / 3.0 nM,
0.75um / 0.9nM, 1 um / 0.375nM, 2 pym / 38 pM and 3 pm / 14 pM. Since 2 and 3 pm
beads sediment in water within a few minutes, the solution density must be increased
by addition of 0.05g/ml of glucose leading to a final density of 1.02 g/ml, which
efficiently hinders sedimentation (PS density p = 1.05 g/ml, glucose p = 1.6 g/cm’). This
addition of glucose does not affect the refractive index of the solution significantly,
which changes from 1.33 to 1.34. In this case Egs.(2.3) and (2.10) lead to
OPL~ Qs.q(1 —g)/d. I compare k for a 40 pl solution with 1 uM phenol red solution
(Fig. 2.6b). A maximum of the k value can be observed for PS beads with a diameter
d =0.75 pm. Simple calculations using Mie theory show that Q,., strongly varies with d
while the change in the value of g is insignificant. Furthermore, the two maxima of the k
values around d =0.75 and 3.5 um agree well with maxima in Q,., obtained from Mie
theory. It is worth mentioning that Q. can also be tailored by tuning the refractive
index contrast An between the surrounding medium and the particle [137].

It is known that for disordered media the OPL increases with L? since the number of
scattering events increases with L [83]. Consequently, according to Eq.(2.7), the
enhancement factor k increases with L and therefore MEAS, compared to absorption
spectroscopy, benefits even more from increasing L. In order to vary the geometrical
thickness L, I prepared a solution of 1 uM phenol red with 0.6 nM PS beads (d = 0.5 pm)
and fill different volumes of the mixture in a 96-well plate (the larger cross section area
available in such a well ensures no cross talk between neighboring wells). Transmission
measurements confirm that the OPL of phenol red in water increases linearly with L
(Fig. 2.6c), whereas in water/PS bead dispersion it grows quadratically with L. For
conventional absorption spectroscopy L changes from 4 to 10 mm, whereas for MEAS
an OPL increase from 13.2 to 73 mm was observed as shown in Fig. 2.6¢c, corresponding
to a change in absorption enhancement k from 3.3 to 7.3.

2.3.7 Spectral dependence of the path length enhancement

Till now, I determined k only for a single wavelength. As follows from Egs. (2.3) and
(2.10), k changes with the wavelength due to the dispersive nature of Q. [137]. As
indicated in the Appendix B, for the experiments on phenol red, gold nanoparticles and
envy green reported here, k changes only by 2% in the wavelength range of 450-650 nm
(d =0.5um, F =0.0104, L =4 mm), with the largest value of k obtained for the smallest
wavelength, in good agreement with Mie scattering [137]. The optical dispersion
increases further with the cell thickness L, the F factor and the PS beads diameter d.

2.4  Maximal absorption regime in random media

Collecting light transmitted through random media gives access to photons with long
optical paths. However, in this configuration most of the light is lost. In the present
section, I aim to find conditions of maximal absorption of light in the presence of
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random medium. This regime would correspond to the optimal coupling between light
and the absorber. Additionally, if one finds the way to collect all non-absorbed light,
then maximal absorption would also lead to the best sensing. With this in mind, I
studied three-dimensional random medium with varying filling factors — ranging from a
homogenous medium to a diffusion-like and, finally, to a close-packed random
medium - in an absorbing background using numerical simulations. To this end, vast
number of theoretical works that studied reflection and transmission of light in random
media with absorption or gain has to be acknowledged [138-150]. This work is distinct
because the effects of geometrical parameters as well as scattering properties on the
absorbed energy are examined. Additionally, embedding the random medium into an
open cavity increases the absorbed energy further, providing 23-fold enhancement
compared to the random medium without cavity. As a potential application, I
theoretically demonstrate that random medium improves the absorption of light in the
existing light trapping system. In this section, I use an absorption coefficient o =30 m"
and the incident free-space wavelength is 2 = 550 nm.

2.4.1 Identifying maximal absorption

As the filling factor F of the random medium is increased, OPL; increases from being
equal to the thickness of the medium L (horizontal dashed line in Fig. 2.7a) to much
larger values corresponding to the multiscattering regime. However, for F >1 % only
small part of energy is transmitted in the forward direction as indicated by blue line in
the inset of Fig. 2.7b. Concurrently, OPLy, rises slightly at first due to the multiscattering,
but decreases for F >1 % because the sample reflectivity increases. The nature of light
propagation evolves from ballistic to highly scattering: according to Eq. (2.1), the mean
free path I, changes from several meters (for F <10” %) to only a few micrometers
(F >10 %).

In such a system, the absorbed energy E,; exhibits a non-monotonic dependence that
peaks at F;=1.3% corresponding to ls., =7 um (Fig. 2.7b). This behaviour is
associated with different regimes of light propagation: weak (I), moderate (II) and
strong (IIT) (Fig. 2.7¢). In the weak scattering regime (F << 1 %), most of the energy is
transmitted in the forward direction along the path of incident light and, thus, Eg;
grows with OPL;. In the moderate or so-called diffusion regime, all photons lose their
initial direction after having travelled about 100 um in the medium and spread over the
entire absorber volume. In the strongly scattering regime (F >5 %), the energy is mostly
backreflected, so that negligible amount of light reaches the distant parts of the
absorber (black regions in the colormap). In this case, E,,; follows the same trend as
OPLy, decreasing with increasing F. Therefore, maximal absorption occurs when the
number of scatterers is high enough that the incident light experiences multiscattering,
but low enough that the light is not strongly confined close to the incident interface and
benefits from the full absorber volume. Finally, let us emphasize the difference between
maximal absorption and maximal OPLy, which is commonly used in sensing [83]. The
latter is characterized by low transmission, high values of OPL; and hence benefits from
high F values in contrast to maximal absorption.
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Figure 2.7. Absorption in a random medium. (a) Optical path lengths OPL; and OPLg in
a cubic random medium (L Xw Xw) with L=500pum and w=500pum formed by
spherical scatterers (d = 0.5 um, n =2.6). The dashed horizontal line corresponds to L.
The inset shows the geometry under study. (b) Absorbed energy E,;s in the random
medium. The inset shows the normalized transmitted T (dark blue) and reflected R
(red) intensity of light. (c) Logarithmic energy distribution of the light propagating in
the central plane of the random medium described in (a) corresponding to (I) F = 10" %,
(Il) F=1%, and (III) F =10 %. The color scale is common to all three colormaps. The
dimensions are given in micrometers.

2.4.2 Effect of geometrical and scattering properties on the absorption

The absorbed energy is determined by the geometrical size and the optical properties of
the random medium. To study the first effect, consider in Fig. 2.8a random media with
various width w, while keeping L constant at 500 um. For F <10° %, E,,s does not
depend on w because light propagates mostly without scattering events (Fig. 2.8a).
Defining E, as the absorbed energy in the absence of scatterers, I observed that the
presence of a random medium increases E,;,s as compared to E, for w =500 pm and
750 pum, Fig. 2.8a. At the same time, for w = 250 pm and 100 um, E,;; first decreases with
increasing F and then reaches a local maximum. This is because for such small lateral
dimensions, photons that undergo scattering events predominantly exit the system
from the sides, resulting in a lower OPL as compared to photons that propagate along
the incident direction in the absence of random medium. With further increase of F, the
emergence of multiscattering improves OPL and E,,,; reaches its local maximum.
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However, for F > 10 %, E,;; decreases in all cases because of the strong reflection. If w
increases above 500 pm, the peak value of E,;; (which I call E,,,,) grows until it satu-
saturates for w > 1000 um, implying that for very wide samples E,;; is limited not by the
lateral confinement, but by the photons escaping through the top and bottom surfaces
(Fig. 2.8c). Therefore, for those parameters, the presence of a random medium
improves E,;,; as compared to E,, only ifw > 0.8 L.
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Figure 2.8. Effect of geometrical and scattering properties in free random medium.
Absorbed energy E,,s for a square prism with dimensions L x w x w filled with a
random medium when varying: (a) the width w (L =500 pum, d = 0.5 uym, n = 2.6); (b) the
length L (w =500 um, d =0.5 um, n =2.6); (c) the dependence on w of the maximum
absorbed energy enhancement E,, .. /Ey; (d) Epq/Eo as a function of L; (e) the refractive
index n (L =w =500 um, d = 0.5 um); and (f) the scatterers diameter d (L =w =500 pm,

n=2.6).
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Next, I varied L while keeping a constant width w = 500 pm. Figure 2.8b shows that for
L =100 pm, 250 um and 500 um (w > L) E,;,, follows a bell-shaped curve. However, I ob-
observed a local minimum for L=750pum at F=0.1%, which resembles the E,;
behaviour for w <250 um observed previously. For L >1000um or w<0.8L, the
enhancement due the presence of a random medium E,,,,/E, tends toward unity (with
F,; going to zero), demonstrating that increasing L is not beneficial without
simultaneously increasing w (Fig. 2.8d). If L < 10 um the sample consists only of a few
layers of scatterers and does not support multiscattering, therefore E,,,./E, again goes
to unity. I did not observe a similar behaviour for large w and L = 500 pum since in that
case the medium was always in the multiscattering regime. The presence of a random
medium brings maximum improvement (E,,,,/E, reaches its maximum value of 2.4) for
a distance of L ~ 200 um, which corresponds to w ~ 2.5L.

Table 2.1. Properties of scatterers of different refractive indexn (d = 0.5 pm).

n 9 Qsca Coripart./ml)  Fepy (%) lppee (nm)atFepy 1" (um)  Epgy
1.6 0.76 0.78 8.59-10" 5.62 7.61 31.68 0.0316
2.0 0.72 3.63 1.84.10" 1.20 7.63 27.33 0.0306
2.6 0.45 3.62 1.85-10" 1.21 7.61 13.84 0.0252

Table 2.2. Properties of scatterers of different diameter d (n = 2.6).

d (ym) 9 Qsca Cori(part/ml)  Fery (%) lpree (wm) at Fpy 1" (um) Emax
0.5 045  3.62 1.8510" 1.21 7.61 13.84 0.0252
1 065 331 5.04-10" 2.64 7.62 21.80 0.0291
2 068 262 15910" 6.66 7.64 23.88 0.0299

Let us now study the effect of the scatterer refractive index n and size d while the other
parameters are kept fixed. Figures 2.8e, respectively 2.8f, depict E,;sas a function of F
for selected values of n, respectively d. These parameters affect the values of Q,., and g
for individual scatterers as shown in Tables 2.1 and 2.2. While all E,;,; curves have
similar shapes, the values for F,,.; and E,,,, differ. Furthermore, notice how media with
spheres that have similar g (n = 1.6 and 2.0) or Q,., (n=2.0 and 2.6) still have different
F,.;. In Table 2.2, T observe that the main parameter determining light confinement in
the random medium [, shows almost identical values at F.; for the different
diameters d. Hence the maximal absorption regime is linked to certain ;. for a given
geometrical configuration. For example, it is clear from Eq. (2.3) that increasing d while
keeping C" constant would decrease l;,.. That is, to achieve the same value of I, for
increasing values of d, we have to decrease C*S. This is why C,,;decreases on increasing
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d as seen in Table 2.2. The behaviour observed here is similar to random lasers for
which ;... determines their quality factor [69]. Finally, as evident from Fig.2.8a and
2.8b, the value of F,,; also depends on the geometry of the random medium.

Although [, defines the position of maximal energy, Ey,q, values are different. From
Tables 2.1 and 2.2, notice a correlation between the mean free path [* and E,,,,. In the
diffusive regime, all OPLs and, in turn, E,;, scale with [* [151]. This is the reason why [*
determines E,, 4.

2.4.3 Random medium in an open cavity

To increase the absorbed energy in the random medium, I embedded it into an open
fully reflective cavity, which contains two square openings with dimensions s X s: one at
the center of the top and one at the bottom face for the reflected and transmitted light
(see the inset in Fig. 2.9¢). I choose such a configuration to compare the performances
of the random medium in an open cavity (henceforth referred to as the open cavity) to
that of the random medium without reflective walls with exactly the same geometry
(henceforth referred to as the free random medium). Additionally, I calculated different
enhancement factors k to quantify the enhancement provided by the open cavity.

The open cavity configuration leads to an increase in the effective volume which, in
turn, enhances OPLs. For instance, OPL, increases by a factor kz =32 for low F
compared to the free random medium (Fig.2.9a, b). The OPL; enhancement, k;
reaches a maximum of 27 at the critical filling factor F,,; = 0.07 % and then drops along
with OPLg . This is because for F > 1 % most of the light is confined in a volume smaller
than the size of the cavity; hence very little is reflected from the walls leading to the
decrease of the enhancement factors k to unity, Fig. 2.9b. The energy absorption Eg;
peaks at F,; = 0.13 %, with an enhancement k; =23 for the absorbed energy compared to
the free random medium (Fig. 2.9¢c, d). The fact that the maximum energy absorption
occurs at different filling factors for the free random medium and for the open cavity is
caused by the different effective volumes for these two geometries. To visualize the
absorption in the cavity, in Fig. 2.9¢e I plot the light intensity in the central plane of the
cavity with the same colour scale as in Fig. 2.7c. The second diagram illustrates the
maximum of the absorbed energy, whereas the third diagram shows strong
backreflections corresponding to high values of F.

Let us now study the influence on light absorption of various parameters describing the
random medium in the open cavity. Similar to the free random medium, the filling
factor F,.; producing the largest absorption shifts when the refractive index n of the
scatterers changes; for the three different indices investigated in Fig. 2.10a, I observed
that l;,... at F,; is close to 56 um, which is about eight times larger than in the case of the
free random medium. Furthermore, in contrast to the free random medium, now the
Enax values remain similar for the different refractive indices. This is caused by the
reflective walls which now play the major role, rather than [*, for confining the light, as
is evident from the 23-fold enhancement observed for E,;,; in Fig. 2.9d. The probability
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of light escaping from the open cavity is given by the ratio of the openings area to the
total cavity area. This is demonstrated by changing w while keeping s fixed: E,;,; chang-
changes, but retains a bell-shaped profile for all w, in contrast to the free random
medium (compare Fig. 2.10b and 2.8a). Similarly, the light confinement changes with s,
leading to different E,;¢ (Fig. 2.10c). By reducing s to 5 um, absorption of 99% can be
achieved simply due to the high confinement of the cavity.
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Figure 2.9. Random medium in an open cavity. Absorption in a random medium
(d =0.5 pm, n = 2.6) surrounded by a fully reflective cavity (L =w =500 um) containing
two square openings with size s = 100 pm. (a) OPL; and OPLy. (b) OPL enhancements
compared to the free random medium k; and kg. () E,ps in the medium; the inset
shows a schematic of the geometry. (d) Enhancement of the absorbed energy compared
to the free random medium k;. (e) Logarithmic intensity distribution of light
propagating in the central plane corresponding to (I) F=10"%, (II) F =0.05 %, (III)
F =10 %. The color scale is common for all three colormaps. The dimensions are given
in micrometers.
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Figure 2.10. Effect of geometrical and scattering properties in an open cavity. Absorbed
energy E,;, for a random medium (d = 0.5 pum) surrounded by a fully reflective cavity
(L =500 um) containing two square openings with size s (see Fig. 2.9c¢ inset) as a
function of: (a) the refractive index n of the scatterers (s = 100 um, w = 500 um), (b) the
cavity width w (s = 100 um, n = 1.6) and (c) the openings size s (w = 500 um, n = 1.6).

2.4.4 From weak to strong absorbers

Different light trajectories have different OPLs in the random medium. With the
presence of the absorber, the energy transmitted through the system for a given
trajectory is modified according to Beer-Lambert’s law [119]. The trajectories with
longer OPL undergo stronger absorption. As a result, the nature of light propagation
also depends on the value of the absorption a: while for weak absorbers it is diffusion-
like, it becomes dominantly ballistic for strong absorbers, reducing multiscattering
effects [152]. In the latter case, Fig. 2.11 shows that E,,,,/E, decreases to unity for
a > 10" m”, meaning that the benefits of multiscattering are then lost.

To characterize the effect of absorption in the medium, I introduced the absorption
mean free path [, that can be related to [* and to the inelastic mean free path [;, which
is defined as the travelled length over which the light intensity is reduced by a factor 1/ e
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due to absorption (I; = 1/a); 1, is then defined as the average distance between begin
and end points for paths of length [; [70]:

labs = [31'Li = \/g (2.11)

The parameter [, reflects the nature of light propagation in random media with gain
or losses [69]. As the absorption « in the background is increased, F,.,; decreases, as can
be seen in the Fig. 2.11c. This shift is less pronounced for the open cavity since the light
confinement in that geometry is dominated by the reflective walls (for F <10 %) and,
thus, weakly depends on [, (Fig. 2.11b and d).
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Figure 2.11. Effect of a on multiscattering. Absorbed energy E,;,; on the absorption
coefficient o for: (a) free random medium (L = 500 pym, w =500 um, d = 0.5 um, n = 2.6);
(b) open cavity with same parameters as in (a) and s = 100 um. « =30 m"' (black), 150 m
(red), 750 m" (green), 1500 m" (orange) and 6000 m" (dark blue). (c,d) Dependence of
Eqx/E, for the respective geometries as in (a) and (b).
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2.4.5 Light trapping scheme to improve the absorption of light

Photovoltaics or light transformation into electric current is a renewable and pollution-
free source of energy. Recent trends suggest moving towards thin film solar cells, where
recombination losses of generated hole-electron pairs would be minimized [153].
However, such a trend also requires efficient light trapping methods to maximize the
absorption of solar cells [154]. Existing light trapping schemes utilize geometric
engineering [155-159], plasmonic nanoparticles [160-162], metallic and dielectric
gratings [163, 164], resonant dielectric nanoparticles [165, 166] and photonic crystals
[167-169]. Geometric engineering schemes and gratings can suffer from defects and
often require alignment or a tracking system, whereas nanoparticles and photonic
crystals are resonant and do not necessarily cover the full solar spectrum [167]. In this
context, random structures offer broadband and wide-angle performance, which is
crucial in solar energy harvesting [79].

To date, random structures for light trapping applications include randomly textured
patterns on front or back sides of solar cells [79, 170-172]. Interestingly, these works
mainly focus on two dimensional structures. From the other perspective, their
performance is evaluated only in terms of structural correlations: authors seek the
optimal conditions, in which the light can be efficiently coupled to the Anderson closed
loops that provide high absorption. However, recently it was shown that the so-called
diffusive regime with moderate filling factors is also beneficial for the absorption
because of the formation of eigenchannels with long optical paths [152].

To illustrate an application of maximal absorption, consider the optimization of the
light trapping system shown in Fig. 2.12a. Using such device for thin solar cells,
Tvingstedt et al. demonstrated a 25% increase in the absorption of the solar cell and
photocurrent [155]. The proposed geometry includes highly reflective mirrors with light
trapped in the space between them. The absorption happens only in the thin layer
(50 nm) of active material with the absorption coefficient a =10°m”, while all the
remaining material is non-absorbing. A concentrator focuses all the light reaching its
surface into the opening in the top mirror. Here, an array of glass lenses with focal
distance f =1 mm acts as concentrator [155]. The choice of lens material and the
quality of fabrication constrain the value of f for a given w [173]. The cone of light
entering the solar cell covers a range of incident angles between =0 and = 14° for
w =500 um. Such a low B does not allow the solar cell to efficiently trap light inside,
since the incident light is just reflected back by the structure. To overcome this
limitation, I introduced a random medium in the space between the top mirror and the
active layer. To simulate the light behaviour in this device, a truncated unit cell with
reflective side walls is considered (Fig. 2.12b).
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Figure 2.12. Light trapping device. (a) Schematic of light trapping device with two
reflective surfaces, active photovoltaic layer (in red) and an array of concentrators on
top. (b) Schematic of the truncated unit cell used in the numerical simulations. (c) E
as a function of F for light entering the opening at different angles in the presence of a
random medium (d =0.5pum, n=2.6, L =100 um, w =500 um, s=>50um). The blue
dashed line corresponds to F =0.025 % and the red one to F =0.5%. (d) E,s as a
function of B; the yellow area corresponds to f§ = 0 — 14°, the angular range of light after it
has passed through a concentrator with f = 1 mm.

Quite strikingly, an appropriate concentration of scatterers confines light inside the
structure — even for low illumination angles p — and enhances absorption inside the
active layer (Fig. 2.12c). For instance, even for p=0° (corresponding to light incident
normally on the structure), the E,,,./E, ratio reaches 55. Whereas for light incident at
B=0°and 8°, E,,s peaks at F=0.5 % showing similar values of E,,,, in both cases; for
B =15° E,s dependence is much broader with a peak at F = 0.025 %. The latter effect is
due to the different effective geometry that light experiences at a given angle as
compared to = 0° case. To summarize the angular performance of the light trapping
scheme in the presence of a random media, I show in Fig. 2.12d the absorbed energy
E,p, for different angles. For f < 8°, the incident light is reflected from the bottom mirror
and exits through the same opening as entered, not being absorbed significantly, while
for higher f light is efficiently confined inside the cell. This is why there is a jump in E,;
at g = 8° in the absence of scatterers. On the other hand, for F = 0.5 % E,,; shows a weak
dependence on B since light experiences strong multiscattering. Therefore, light
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absorption significantly improves in the presence of random medium for angles f < 8°.
Considering the total angular range of § = 0—14°, I observe a 2.2 enhancement of E;;
for F=0.5% and 1.4 for F =0.025 % as compared to the case without scatterers. Fur-
Furthermore, the proposed multiscattering phenomenon is non-resonant and hence
broadband, which is important when working with solar energy. Although light
trapping is more efficient with smaller s, larger values of s provide robustness and
tolerance for the alignment of the solar concentrator with respect to the incident light
[156], e.g. for the solar concentrator in Fig. 2.12 this tolerance is only 2.9°.

2.5 Summary

In this chapter, I have presented a new scheme for sensitive absorption measurements,
particularly well-suited for low analytes concentrations. The technique is based on
multiscattering-enhanced absorption spectroscopy (MEAS). Like conventional
absorption spectroscopy, MEAS is fast, simple and inexpensive. By introducing PS
beads into a solution containing the analyte, light undergoes multiscattering, which
increases the optical path length through the sample. This way, a higher sensitivity and
lower LOD, compared to conventional absorption spectroscopy, can be achieved. The
approach is versatile and can be used for a broad variety of analytes. Here, it was
applied to the detection of phenol red, 10 nm gold nanoparticles and envy green
fluorescence dye and I showed that the LOD decreases by a factor of 7.2 times for
phenol red and a factor of 3.3 for nanoparticles and dye. Furthermore, sensitivity and
working range of a commercially available hydrogen peroxide bioassay were improved
almost by one order of magnitude, which convincingly demonstrates the versatility of
the technique. The influence of the PS beads concentration and size, as well as the
geometrical thickness L of the sample on the OPL in the disordered medium were
investigated numerically and experimentally. Those parameters can be effectively used
to tailor the enhancement for specific applications and analytes. The performed
experiments are in excellent agreement with numerical simulations based on a
probabilistic approach.

In the second part, I showed that the maximal absorption regime for a random medium
corresponds to the following conditions: the filling factor F has to be high enough to
sustain multiscattering in the medium and, at the same time, low enough to allow light
to penetrate inside the material. I identified design rules for geometries where the
introduction of a random medium becomes beneficial in terms of absorbed energy. The
filling factor F,,; which maximizes light absorption depends on the relation between the
mean free path of light I(,.. and the geometrical size of the medium, while the maximal
absorbed energy E,,,, can be correlated with the transport mean free path [*. The
amount of absorbed energy can be further increased (from 1.7 to 23-fold) by
introducing an open cavity around the random medium. Furthermore, the
enhancement provided by the scattering medium decreases as the absorption a grows,
because the nature of light propagation changes from diffuse to ballistic. The
application of these principles to absorption for a photovoltaic system has been
illustrated by demonstrating a 2.2 absorption enhancement when introducing a
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2.5 Summary

random medium with appropriate filling factor in the system. The combination of an
open reflective cavity with a random medium ensures strong photon confinement, with
the additional benefits of wide-angled and broadband operation. This approach is
promising for improving the efficiency of solar cells, as well as for sensing applications
where the optical absorption of minute quantities of analyte must be detected.
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Chapter 3 Continuous
measurements of extracellular
hydrogen peroxide

stress by measuring one of the most stable ROS, namely H,O,. This portable

oxidative stress sensor contains the heme protein cytochrome c (cyt ¢ as sensing
element whose spectral response enables the detection of H,0, down to a detection
limit of 40 nM. The continuous measurement of extracellular H,0O, with this high
sensitivity optical sensor is a promising new approach for real-time cytotoxicity tests
and the investigation of oxidative stress. This work is further extended to a multiplexed
platform for multianalyte detection. Based on the corresponding enzymatic reactions
leading to H,O,, I develop multiscattering-enhanced and continuous biosensors for
glucose and lactate. Further microfluidics integration enables multiplexed and
crosstalk-free detection. This multifunctional detection scheme provides a powerful
tool to study cellular processes.

In this chapter, I present a new device for the continuous measurements of oxidative

3.1 Introduction

ROS generated by aerobic organisms are essential for physiological processes such as
cell signalling, apoptosis, immune defence and oxidative stress mechanisms [2, 9-13].
Unbalanced oxidant/antioxidant budgets are involved in many diseases and, therefore,
the sensitive measurement of ROS is of great interest [14-18]. However, intracellular
measurements of ROS can interfere with redox cycles of cells and, therefore, are often
only qualitative [174, 175]. In this regard, extracellular measurements represent
interesting alternative and can provide additional information about the cellular
processes [176]. Most ROS species are not likely to escape outside the cell, due to their
extremely short lifetime: for example, O,, O,»— and OHe have lifetimes of 4 ps, 1 us and
1 ns, respectively [177]. In contrast, H,0O, represents one of the most stable ROS, which
can diffuse through the cell membrane [38, 178]. Thus, tracing the kinetics of H,0, in
biological systems provides further insight into the dynamics of ROS [179].

Real-time information on metabolic processes in cell cultures provides important
insights into the cell state and the cellular mechanisms [180]. Furthermore,
metabolome data can be used for medical diagnostics and health monitoring [181, 182].
Many researchers focus their attention to the detection of different metabolites such as
cholesterol, glutamate, glucose and lactate [183, 184]. In particular, the detection of
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glucose is interesting in the context of the biochemical cycle of energy harvesting, dia-
diabetes pathology, as well as fermentation control in food industry [185-189]. Lactate,
in addition, acts as a cerebral energy substrate and as a product in anaerobic
metabolism during muscle contractions, malnutrition and hypoxia [190-195]. A
sensitive method for the continuous and simultaneous detection of several metabolites
will broaden our understanding of cell biochemistry with a significant impact on
medical diagnostics. One strategy to detect many of these metabolites (including
glucose and lactate) is to use the respective enzymatic reactions that convert these
metabolites into H,0, [196].

Up to date, mainly electrochemical biosensors are used for the detection of extracellular
H,0, [197, 198]. Large efforts have been put into the design of those sensors, especially
structuring the electrodes with mediators, gels, polymeric matrices and various
nanomaterials [199, 200]. Most reported methods are based on sample collection prior
to laboratory analysis and are, therefore, end-point assays [201, 202]. Yet, most of the
electrochemical sensors suffer from electrode fouling and lack of long-term stability
[203]. Chemiluminescent and fluorescent biosensors represent another very sensitive
way of sensing H,0, [177, 204-208]; although their use for continuous measurements
remains problematic because of their limited stability and deactivation by
photobleaching [174, 175]. Overall, the development of a sensitive way to continuously
measure extracellular H,0, remains of great interest. In this context, I propose to use
multiscattering-enhanced optical absorption as an alternative to existing methods.

In the first part of this chapter, I demonstrate a novel route for the sensitive detection of
H,0O, based on the optical path length enhancement in random media discussed in the
previous chapter. Additionally, I present a stand-alone portable oxidative stress sensor
(POSS) for the non-invasive and continuous measurements of H,0,. To illustrate the
potential use of the POSS in biological experiments, I study stress-related H,O, release
from the green microalga Chlamydomonas reinhardtii, a widespread microorganism
present in soil and freshwater throughout the world. It is a primary producer at the base
of the food chain and thus highly relevant from an ecotoxicological perspective [209].
To induce H,0, generation, algae were either treated with functionalized CdSe/ZnS core
shell Qdots that are widely used as fluorescent labels [210] or with TiO, nanoparticles,
which are common constituents of everyday consumer products [211].

In the second part, I introduce non-invasive, multiscattering-enhanced and real-time
biosensors with sub-micromolar LODs for lactate and glucose measurements. These
sensors are integrated in a microfluidic multiplexed platform and, using this sensor, I
demonstrated multianalyte detection. As an example, the uptake of exogenously
supplied glucose on algae C. reinhardtii is quantified. Enabling the study of glucose
uptake in algae provides new insights on several biochemical aspects: (1) the ability of
algae to accumulate glucose, (2) whether glucose feeding can substitute light harvesting
and (3) glucose metabolic pathways [212, 213]. It is known that large doses of glucose
may misbalance cellular homeostasis and, therefore, harm the cells [214]. To assess the
physiological state of algae, I simultaneously detect extracellular H,O, using the
multiplexing feature of our biosensor platform [176].
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3.2 Multiscattering-enhanced optical probes based on cytochrome c

3.2  Multiscattering-enhanced optical probes based on
cytochrome ¢

3.2.1 Protein cytochrome cand its properties

Cyt cis a hemoprotein consisting of a heme group that coordinates an iron atom. Cyt ¢
is found in the membrane of mitochondria in plant and mammalian cells and forms an
essential component of the electron transport chain [215, 216]. For instance, cyt ¢ is
capable of undergoing oxidation and reduction, changing the charge of the iron atom
from 2+ to 3+ (Fig. 3.1a) [215]. Finally, it is an intermediate in apoptosis or so-called
controlled cell death [216].
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Figure 3.1. Redox state-dependent optical absorption of cyt c. (a) Schematic diagram of
cyt ¢ oxidizing in the presence H,O,, which is simultaneously converted to water, and
reducing by ascorbic acid, which turns into dehydroascorbic acid. (b) Theoretical
optical transmission spectra of cytc in different redox states. The dashed line
corresponds to the dip at A=550 nm. (c) Temporal measurements of absorbance at
A =550 nm Az, for 40 uM solution of cyt cupon the addition of 1 ul AA (C= 10 mM) and
1 ul H,0, (C=400 uM). Respective time points of additions are indicated with arrows.
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A change of the charge of the iron atom induces a conformation change of the heme
group, which, in turn, is reflected in the optical absorption spectrum [217]. In
particular, cyt ¢ in the reduced state exhibits two absorption peaks at A =410 nm and
550 nm (Fig. 3.1b). In the oxidized form, the bands at A =416 nm and 520 nm emerge.
Although the change of the A =410 nm absorption band is the most pronounced, the
A =550 nm peak is more sensitive. Therefore, optical monitoring of cyt c absorption sets
a basis for the detection of oxidation species, such as H,0O, or of reduction species like
ascorbic acid (AA).

To illustrate the basic principle, I monitored the absorbance 455, at A =550 nm for a
40 uM cyt ¢ (Sigma Aldrich) dissolved in deionized water (Fig. 3.1c). For this, the
solution was introduced into the measurement chamber (60 ul, O-ring delimited). The
absorption spectra were recorded in transmission mode under white-light illumination
using an objective (UPlanFL 20x, Olympus, NA = 0.41) and a grating spectrometer (Triax
550, Horiba Scientific) equipped with a liquid nitrogen cooled CCD camera (Symphony,
Horiba Scientific). All other experiments in this chapter are performed in the above
mentioned configuration, unless stated otherwise. As a result, the value of 455, remains
stable if nothing added. After the addition of AA (Sigma Aldrich) at t =10 min, Ass, starts
to increase and reaches a plateau at t = 25 min, which corresponds to the reduction of
cyt ¢. After the addition of H,0, (Sigma Aldrich) at t =40 min, Ass, starts to decrease,
meaning that cyt ¢ switches from the reduced to the oxidized form. In conclusion, its
oxidation/reduction capability makes cyt can ideal candidate for H,0, sensing.

3.2.2 Normalized redox state coefficient
To quantify the redox state of cyt ¢, I introduce a normalized redox state coefficient ¢:

_ Asso/Asaz—A%E0/A%4;
= =3¢ :
AEEO/AEA}Z _Acsvsco/Agz;z

3.1

where Asg, and As,, are the measured cyt ¢ absorbance at A =550 and A =542 nm,
respectively. The parameters A2%,, A%¢¢ and A,, are values taken from the literature,
representing the absorbance for the oxidized and reduced states at A = 550 nm, and the
absorbance at A =542 nm, respectively [215]. The absorbance is calculated as follows:
A = —log(l/1,), where I and [, are the intensities measured after the light passed
through the cyt c and in the absence of cyt ¢, respectively. The optical path length can
vary between different measurements, which can lead to ambiguity if we would only
normalize Ags, between A2%, and AL¢%. To overcome this difficulty, I rather work with
the ratio Assy/Ass,, since the absorbance at A =542 nm is independent of the redox
state. In this way, the path length is cancelled out as shown below. Taking into account
Beer-Lambert’s law (A = aCl), Eq. (3.1) can be rewritten as follows:

ox * ox
_ @550C11l1/@542C1l1—A50C21l2/X542C2l2 _ X550~ 550

Q= = (3.2)

red * ox * red ox ’
5e0Cala/dgyColo—ag50Cal2/A5y2Coly A55g—Assp
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where assg, asq,, 2%, aléd and a:,, are the respective absorption coefficients. ¢; and [,
are the cyt c concentration and the optical length through the sample and C, and [, the
respective values from the literature [215]. This normalization results in ¢ =1 for the
fully reduced and ¢ = 0 for the fully oxidized state of cyt c.

3.2.3 Fabrication process: designs, preparation and pitfalls

To date, Vandewalle et al. detected micromolars of H,0O, by measuring 4ss, for cyt cin
solution [218]. In order to detect lower H,O, concentrations, the cyt ¢ absorbance 4
must be amplified. Here, I discuss three approaches that I have attempted to enhance
the absorption of cyt ¢ in the random medium as well as difficulties associated with
them.

Aggregates

The first approach is based on crosslinked aggregates of cyt ¢ with PS beads. The
incident light passing through such an aggregate experiences multiscattering due to the
presence of PS beads that have a refractive index of n = 1.6 (Fig. 3.2a). To fabricate such
aggregates, 200 ul of cyt ¢ and 50 ul PS beads (0.49 um diameter, Polysciences) were
mixed under vigorous stirring in the presence of 0.5 pul of glutaraldehyde (25 %, Sigma-
Aldrich). Glutaraldehyde crosslinks cyt ¢, forming spherical aggregates. PS beads are
trapped inside this matrix (Fig. 3.2b). After one hour reaction time the formed
aggregates were intensively washed by centrifugation (2 min, 8000 rpm), and then
collected in deionized water and kept at 4 °C.

Fabricated samples show a redox behaviour changing their ¢ after the addition of 1 uM
AA and 8puM of H,0, (Fig. 3.2c). They also demonstrate excellent optical path
enhancement, which was estimated to be around 40 [176]. However, aggregates have
several limitations. Since the crosslinking process is random, they come at broad range
of sizes (from <0.1 to 3mm in diameters). After manual selection and careful
examination under the microscope, the aggregates with one specific size were chosen
(0.5 mm diameter). Due to the variations in the number of PS beads and the amount of
active cyt ¢ in each aggregate, these samples showed quite different responses under
exposure to the same amount of H,0, (8 uM) (Fig. 3.2d). As a result, this configuration
shows insufficient repeatability and reproducibility, since each aggregate is different.

Ink-jet printing

The second approach is based on ink-jet printing (MD-K-140, Microdrop Technologies
GmbH, Germany) of a PS beads/cyt csolution [219]. This approach is based on drop on
demand technology: a printing nozzle is connected to a piezoelectric material. When a
voltage is applied, the piezoelectric material changes shape, generating a pressure pulse
in the fluid, which forces a droplet of ink from the nozzle. In this way, controllable
amounts of cyt ¢ can be deposited on the surface of glass, while the presence of PS
beads enables multiscattering (Fig. 3.3a,b). The fabrication process is the following: a
mixture of 0.6 nM PS beads and 4 mM cyt c is prepared immediately before ink-jet
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printing. I start printing by obtaining stable drops of water with optimized printing pa-
parameters (frequency of spotting, pulse length and voltage applied to the nozzle).
Afterwards the PS/cyt ¢ mixture is printed on the glass microscope slide. As soon as the
printing is finished, the mixture is quickly replaced by water in order not to clog the tip
of the nozzle during drying. After deposition the printed aggregates are crosslinked
using glutaraldehyte in vapour phase for 1 h. Finally, the produced PS/cyt c aggregates
are stored at 4 °C in a closed container at 100 % relative humidity.
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Figure 3.2. Cytc/PS beads aggregates. (a) Schematic illustration of optical length
enhancement in an aggregate. (b) Focused Ion Beam image of the fabricated aggregate
(courtesy of Ch. Santschi). (c) Temporal measurements of ¢ for cyt c+PS bead aggregate
upon the addition of 1 puM AA and 8 uM of H,O, into the measurement chamber.
Respective time points of additions are indicated with arrows. (d) The change of redox
state Ag within 30 min for 0.5 mm diameter aggregates in the presence of 8 uM H,0O,; ten
different aggregates are measured.

With this ink-jet technique, it is possible to deposit in a controllable manner spots
containing different numbers of drops on the glass surface (Fig. 3.3c). However, there
are two difficulties associated with ink-jet printing. The first one is drying: spots dry
within a few seconds after printing. As a result, spots lose their 3D geometry and hence
their optical path enhancement. Indeed, optical profilometry confirmed that the spot
contains only a few layers of PS beads (Fig. 3.3d). Here, two possible improvements are
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suggested: silanization of the surface and control of humidity. Indeed, silanization of
the surface helps to retain the shape of the printed drop, but usually it is not compatible
with biological measurements [220]. Moreover, the drop does not stick to the silanized
surface and hence gets detached during measurements. The control of humidity (up to
80%) only partially improves the spreading of the spots over the glass substrate.
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Figure 3.3. Ink-jet printing of cyt ¢/PS beads drops. (a) Schematic illustration of ink-jet
printing. (b) Schematic illustration of an ink-jet printed spot on the glass substrate, with
the bright-field measurement configuration. (c) Photographs of ink-jet printed drops
consisting of different numbers of droplets. The round circle at the boundary is due to
the coffee ring effect. (d) Optical profilometry measurement of the red area marked in
the previous panel showing height of the printed spot (using Veeco Wyko NT1100 with a
30 nm resolution).

Another difficulty which occurs is clogging of the nozzle. When the nozzle with PS/cyt ¢
solution is left alone for a few minutes (for example, between printing different
samples), the water dries out and the PS beads clog the nozzle. Once I became aware of
it, I have minimized the standalone time of the nozzle and the results improved.
Nevertheless, clogging continued. It means that drying of the nozzle is one, but not the
only problem of the system. After some time (around 30-60 min), PS beads start to
sediment in the solution. Therefore, another reason for clogging is the uptake of the
high concentration of PS beads, which sediment to the bottom of the vessel. To
overcome this, I periodically stirred the mixture. Furthermore, I discovered that the
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clogging reduces when the printer takes the mixture from the top part of the bottle and,
instead of stirring, I just slightly shook the vessel. The drawback is that this process is
not reproducible and the PS beads concentration is not well controlled. It has to be
noted here that a very significant amount of work and time was invested into the
cleaning of the clogged nozzles. The most efficient way was ultrasonication of the
nozzle with periodic backpulling of the liquid with a syringe. Besides that, PS beads
could be diluted in toluene. Despite the fact that the main problem of clogging was the
presence of PS beads, there were cases where dissolution by toluene did not help.
Sometimes at the tip of the nozzle I observed fibres which cause the clogging. Filtering
water and cyt ¢ solution with 0.2 pm filter did not improve the results. PS beads are
produced in solution and therefore cannot be filtered. However, at this stage it is not
entirely clear why exactly clogging occurs.

Microarray spotting

The third approach consists in microarray spotting of cyt ¢ into a porous substrate. In
contrast to the two previous approaches, here it is light scattering in the porous
substrate (not the PS beads) that enhances the optical path length. Using the
microarray robot (QArray2, Genetix) the aqueous droplets containing cyt ¢ (4 mM) were
picked up from a 384-well plate with a 5 nl delivery-volume spotting pin (946MP8XB,
Arrayit) and subsequently deposited onto the hydrophilic membranes (GSWP 220 nm,
Millipore, refractive index n = 1.6), which were placed on a glass substrate (Fig. 3.4a).
Immediately after depositing cyt ¢, the spots were exposed to vaporous glutaraldehyde
for 1 h. These crosslinked spots were then transferred into water and stored at 4°C prior
the use. During the crosslinking process the spots are kept at 100 % relative humidity in
order to avoid drying, which would, otherwise, denature the heme protein.

Optical measurements show an increased absorption of cytc in the membrane,
compared to the same amount of cyt ¢ deposited on a flat glass substrate (Fig. 3.4b).
This effect is caused by two factors: (1) due to the surface tension, drops on the glass
surface form a thin layer (<10 pm), resulting in a smaller optical thickness; (2) light
scattering taking place in the pores of the membrane enhances the optical path length
[83]. The first effect was confirmed by observing cross-sections of the printed spot in the
membrane. The enhancement factor f is defined as the ratio between cyt ¢ absorbance
A at A =542 nm for a spot on glass and a spot in the membrane. For a 20 pmol spot f is
4.6 £ 0.8 and 4.6 + 1.2 in membranes with pore sizes 220 nm and 450 nm, respectively
(Fig. 3.4f). Due to crosslinking, cyt c is partially denatured, remaining in its oxidized
form and losing some of its pseudo-peroxidase behaviour, which is essential for our
sensing purpose. To estimate the degree of denaturation, we measured the spectral
response of several spots which were reduced in excess of AA (Fig. 3.4e). Spots
deposited on glass and in 220 nm and 450 nm pore size membranes have ¢ values of
0.53+0.20, 0.41+0.03 and 0.48+0.09, respectively.

Cyt c in printed spots shows an excellent redox behavior: a completely oxidized spot
can be reduced to its original redox state and, hence, reused for H,0, detection up to
five times (Fig. 3.4c). However, high H,0, concentrations (>100 uM) irreversibly oxidize
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and denature cyt ¢ [217]. Yet, ten days old spots have constant coefficients ¢ demon-
demonstrating a good lifetime for the sensing element (Fig. 3.4d).
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Figure 3.4. Printed cyt ¢ spots in a porous membrane. (a) Schematic illustration of
contact printing of cyt c onto the membrane. The inset shows a photograph of an array
of printed spots. (b) Optical transmission of 20 pmol cyt ¢ spots printed on glass, in 220
nm, or in 450 nm pore size membranes in the presence of AA. (c) Redox state coefficient
¢ of a cyt ¢ spot in a 220 nm pore size membrane in AA and H,0,, as a function of the
number of consecutive oxidation/reduction cycles. Prior to their utilization, the spots

were reduced with AA and subsequently washed. ¢ was measured immediately after the

addition of 20 uM of H,0, and 30 min later. (d) Redox state coefficient ¢ of a cyt cspotin

a 220 nm pore size membrane as a function of storage time. The spots were prepared as
in (c). The error bars represent the standard deviation for 5 measurements. (e) Redox
state coefficient ¢ in the presence of AA and (f) optical path length (OPL) for spots on

glass, in 220 nm and 450 nm pore membranes. The error bars correspond to the
standard deviation for 9 measurements, each on different sample.
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3.3 Portable oxidative stress sensor: dynamic and
extracellular H,0, detection released from algae

In this section, I present a portable oxidative stress sensor (POSS) for the non-invasive
and continuous measurements of H,0, using the developed cyt ¢ spots fabricated as
described in the previous section. This compact POSS was specifically designed for
efficient and easy field analysis.

3.3.1 Overview of the sensor

POSS is a home-built setup that can operate in both dark- and bright-field transmission
modes. In order to guarantee a proper alignment and good stability, all components
were fixed on a vertical mounting plate [221]. The sample holder and all optical
elements including the spectrometer and light source are situated on the front side of
the mounting plate (Fig.3.5a, b), whereas the electromechanical components,
including the power supply (TXH 120 124, Traco Power) and liquid pump (Xcalibur,
Tecan), were mounted on the rear side. The sample was fixed on an x-y-translation
stage (Thorlabs, MT1/M), which allowed for proper alignment with the objective. A LED
(R11/D3/N/B, Relco Group Ltd, 3 W) was used as light source and the scattered light,
containing the spectral information from the sample, was collected by the objective
(UPlanFL 20x, Olympus, NA = 0.45). The collimated beam at the output of the objective
was split into a camera (C270, Logitech) for imaging the sample and a spectrometer
(HR4000+, Ocean Optics) for spectral analysis of the scattered light. The objective was
mounted on a z-translation stage in order to adjust the focal distance to the sample.
Finally, the microfluidic pump was controlled with Labview. The entire portable setup
has the dimensions 30x15x45 cm’.

Samples were measured in two regimes: static and microfluidic. For measurements in
the static regime, a small chamber, delimited by an O-ring (9x1 mm, Volume = 60 pl,
BRW), was filled with the solution of interest and the membrane containing the printed
sensing spot (Fig. 3.5¢). The chamber was sealed with a cover slip and any excess liquid
was removed. For every measurement a new O-ring and a new sensing spot were used.

In the flow regime, the sensing spots were integrated into a microfluidic channel
(0.3x1 mm® cross-section area and 4 mm length) fabricated in PDMS using a casting
replication process with molds prepared using standard photolithography (Fig. 3.5d).
To guarantee an optimal tightness of the microfluidic channels, an additional PDMS
layer (100 um thickness) containing a hole to accommodate the porous membrane was
added. These two PDMS layers along with the glass substrate were then clamped
between two metallic plates. In order to optimize the performance of the sensor, the
spot was aligned with respect to the center axis of the channel. The membranes were
cut larger than the channels and were henceforth pinched by the top PDMS layer. Prior
to the measurement, the channel was washed with deionized water for 10 min at a
constant flow of 2 mm/sec. The solution of interest was then introduced at a constant
flow rate (2 mm/sec). At the end of every measurement, the spot was removed and all
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microfluidic components were thoroughly rinsed with distilled water. A new spot was
then inserted for the next measurement.
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Figure 3.5. POSS setup. (a) Schematic drawing of the portable setup. For the sake of
clarity, only the main elements are shown. Red arrows represent the light from the LED
whereas blue arrows indicate the light scattered by the sample. (b) Picture of the
portable setup (front view). (c) Schematic illustration of the static regime configuration:
The membrane containing the spot is placed onto the glass substrate in the O-ring. (d)
Schematic illustration of the microfluidic configuration in the flow regime (side and
front views), the microfluidic chip is placed on the sample holder.
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3.3.2 Sensor calibration

In order to relate the redox state coefficient ¢ to the H,O, concentration, calibration
experiments were performed. The kinetics of ¢ at different H,O, concentrations in the
static regime is shown in Fig. 3.6a. While 80 nM H,0, only slightly oxidize cyt ¢ (Ap =
@9 — @, =0.02), 8 uM lead to a complete oxidation within 30 min. ¢, and ¢, represent
the redox states at =0 and #= 30 min, respectively. In the absence of H,O, there is a
slow oxidation of cyt ¢ (Ag around 0.005 per 30 min), which has to be taken into account
for data analysis. The calibration curve resembles a sigmoidal shape typical of such
reactions (Fig. 3.6b) [222]. The achieved LOD, defined as the 3-fold of standard
deviation, is 40 nM. For comparison, recently reported schemes for continuous H,0,
detection - based on fluorescent carbon nanotubes and electrochemistry — have their
LODs in the micromolar range [177, 223]. The upper detection limit of the sensor
corresponds to 4 uM for a 30 min measurement. Even higher H,0, concentrations can
be measured by tracking ¢ for shorter time periods. For a time interval of 1 min, I
estimated an upper detection limit of 80 uM for a 20 pmol cyt ¢ spot. Finally, the
detection limit for this class of sensors exchanges with the observation time [177]. For
example, cyt cspot can detect 1 pM of H,0, with an acquisition time of 10 min.
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Figure 3.6. Kinetics of cyt credox reaction in the presence of H,0,. (a) Time evolution of
the redox state coefficient ¢ for different H,0, concentrations for a 20 pmol spot of cyt ¢
in a 220 nm pore membrane in the static regime measured using POSS. The reference
measurements are performed in deionized water. (b) Calibration curve of the change of
the redox state A¢ after 30 min for the static and microfluidic regimes. Error bars
represent the standard deviation over 3 measurements.

As follows from Fig. 3.4e, roughly 40% of the cyt ¢ - corresponding to 8 pmol — remain
active after crosslinking. On the other hand, the 60 pul O-ring filled with 80 nM H,O,
corresponds to 4.8 pmol. Provided a 1:1 stoichiometric relation, H,0, can maximally
oxidize 60% of cyt ¢ in the spot. However, the reaction is very slow and within 30
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minutes I only observe 2% oxidation. This can be due to the depletion of H,0O, near the
cyt cspot and/or to slow reaction kinetics. Since a similar behaviour is observed in both
static and microfluidic regimes, I exclude the H,0, depletion scenario. Below, I provide
a more quantitative discussion of the reaction kinetics.

3.3.3 Reaction kinetics
The reaction between cyt cand H,0, is described by Fenton’s reaction [224]:
Fe* + H,0,=Fe™ + HO- + OH.. (3.3)

The rate of reaction (3.3) is only determined by the availability of H,0, and cyt ¢, and
can be expressed as follows:

dN ~
—HI02 _kNHZOZNcytc
at (3.4)
dNcytc — ANH202
dt dt

where N and Ny, stand for the number of molecules of reduced cyt ¢ and H,0,,

respectively; k is the reaction constant. In the microfluidic case fresh H,0, is
continuously injected into the system, resulting in a constant H,0O, concentration.
Consequently, a first order approximation which fulfils Eq. (3.4) can be applied:

— NO -N kt
Ncytc_Ncytce H202 ) (35)

where N is the reduced amount of cyt cat #= 0. Dividing Eq. (3.5) by the total amount
of cyt cand introducing k = kV (V is the volume of the chamber) results in:

@ = e CH202KkE, (3.6)

The interaction constant k is obtained by fitting Eq. (3.6) to the experimental data
(Fig. 3.6a), yielding 0.24+0.06 min"-uM". The obtained values agree well with data from
literature for the interaction between cyt cand H,0O, in solution (0.13 min"-uM™) [218].

I propose a 1D diffusion model (Fick’s second law) with a cyt clayer at x= 0 to simulate
the reaction kinetics and the diffusion of H,0, in the static configuration (Fig. 3.7a). The
kinetics of the cyt c- H,0, reaction is described by Eq. (3.4) and the reaction itself takes
place in the proximity of the cyt ¢ spot. H,0, diffusion is simulated with the diffusion
constant D=10°m’/sec [225]. I study the reaction kinetics using two extreme
conditions: (1) Ng,p, » N and (2) Ng,p, < N, and compare them with the
microfluidic regime, where Nj,,, is constant over time. In the first case, I consider
NSyt =20pmol of fully reduced cytc and Ng,,, =480 pmol H,0, (equivalent to
Cy20- = 8 UM in the reaction chamber). Only 2% of Cy;,, is sufficient to fully oxidize cyt ¢
within 30 min (Fig. 3.7b,c). Static and microfluidic responses are identical, which is in
agreement with our experiments. In the second case, I analyse N2, = 20 pmol cyt cand
NP,02 = 0.48 pmol H,O, (equivalent to Cy0, = 8 nM). Even after 5h no H,0, depletion
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occurs (Fig. 3.7d). ¢ changes slowly from 1 to 0.97 (Fig. 3.7e). The difference between
static and microfluidic regimes becomes significant only after 3 h, due to the H,O, con-
consumption in the former, while for shorter periods the ¢ responses are the same.
Thus, our simulations confirm similar reaction kinetics in both regimes, which is also
reflected by the calibration curves shown in Fig. 3.6b. Equations (3.5) and (3.6) can,
therefore, be extended to the static case. Also, the presence of the cyt cspot only slightly
affects the H,O, concentration and, consequently, does not deteriorate the
measurements.
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Figure 3.7. Biosensor response simulations. (a) Schematic of the 1D simulation showing
a chamber filled with H,O, reacting with cyt cat the interface x= 0. (b) Normalized H,O,
concentration Cy,g, for 20 pmol cyt ¢ and 480 pmol H,0, at #= 0 (black) and 30 min
(red). (c) Redox state coefficient ¢ kinetics for the reaction in (b) for the microfluidic
(dotted red) and static (black, overlaps) regimes. (d) Cy,0, for 20 pmol cyt ¢ and 0.48
pmol H,O, interaction at t = 0 (black), 30 min (red) and 5 h (green). (e) Redox state
coefficient ¢ kinetics for the reaction in (d) for the microfluidic (red) and static (black)
regimes.

In biological systems H,0, is generated with time-dependent rates. I can quantify the
H,O, concentration at a given time t with Eq. (3.5) by considering the derivative of the
measured ¢ value:

d(p/ chth/
—fdt = — ‘dt = _kCHZOZ' (3.7)

@ Neyte

Finally, I introduce the probability of cyt cto be oxidized in the presence of a given H,0,
concentration. This coefficient is defined as the ratio between the amount of H,0, that

46



3.3 Portable oxidative stress sensor: dynamic and extracellular H202 detection released from algae

interacts with cyt ¢ (dNjyierqcr) and the amount that reaches the spot in a given second
(dNy). The first quantity can be calculated using Eq. (3.7), while the latter is obtained
from the molecular dynamics theory as the number of molecules hitting the surface in a
given time:

dN 0 0
Hzoz/dt kCH202Ncytc 4 PKNcytc 4KkNcytclfree (3.8)
= = ®, .

3D
_eASpOt 3DAspot

lfre

1/) — |dNinteract —
dNo

TiCHZOZUHZOZAspot %CHZOZUHZOZASpot
where vy, is the thermal velocity of H,0, molecule in water, Ay, the area of the
sensing spot(~ 2.83-1077 m?), l;,, the mean free path of H,0, molecules in water
(=0.25 nm). ¥ does not depend on the H,0, amount and is only a property of the cyt ¢
spot. A given spot can be fully characterized by N2, and Ay, by introducing the
unitless coefficient of interaction:

4'Ngytclfree
Y =R—— (3.9
3DAspot

which can be approximated by y ~ 9.4 - 107>, representing the probability of H,0, to
oxidize cyt ¢ per collision with cyt ¢ when reaching the fully reduced spot surface (¢ =
1). Finally, with ¢ = y - ¢, the probability of interaction with cyt ¢ decreases propor-
tionally with ¢.

3.3.4 Proof of concept

Algal culture and exposure

The green alga Chlamydomonas reinhardtii strain (CPCC 11) was provided by the
Canadian Phycological Culture Center. Axenic cultures were grown in four times diluted
Tris-acetate-phosphate (TAPx4) liquid medium and maintained in an incubator (Infors,
Bottmingen, Switzerland) at 20°C with a 24h illumination regime
(114.2 pmol-phot/(m*s)) and constant rotary shaking (100 rpm). The algal culture was
grown to a density of ca. 10° cells/ml.

In order to transfer the algae from the growth medium to water, they were centrifuged
at 3000 rpm for 5 min and the supernatant was replaced by the same amount of PBS.
This procedure was repeated twice. For oxidative stress studies algae were mixed (1:1 in
volume) either with 18 nm primary size TiO, nanoparticles (Sigma Aldrich), or cadmium
ion solution (Sigma Aldrich) or CdSe/ZnS Qdots (Life Technologies). To quench H,0, in
the measurement chamber, 100 uM of horseradish peroxidase (Sigma Aldrich) was
added to the sample 10 min prior to the measurement. To measure intracellular ROS,
the sample was incubated with 20 uyM CM-H,DCFDA dye (Sigma Aldrich) for 30 min in
the dark. Its fluorescent intensity was measured in a multi-well plate reader (Safire2,
Tecan) at A =525 nm with an excitation of A =495 nm. Positive controls were obtained
by exposing algae for 30 minutes to 10 mM H,O, before subsequent incubation with
CM-H,DCFDA. To determine H,O, concentrations, I also used an alternative end-point
method: 250 pl of the sample were incubated with 25 ul of bioassay (STA-343, Cell
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Biolabs) for 30 min in the dark. Its absorption was measured in a multi-well plate reader
at2 =595 nm and compared to the calibration curve made with H,O, standards.

Experiments

To demonstrate the performance of the POSS, I study the kinetics of stress-related H,0,
released by C. reinhardtii in the static configuration. First, algae were exposed to
500 nM Cd*, which is highly toxic and known to induce oxidative stress [176]. Indeed,
after 2 h of exposure, I measured a H,0, concentration of Cy;, =950+100 nM in the
Cd/algae suspension (Fig. 3.8a). Unexposed algae do not produce any H,O, with the
respective Cy,,, values being below the detection limit. Intracellular ROS levels increase
in identical conditions, correlating well with our findings (Fig. 3.8b). To exclude a
possible interference of cells, Cd* or ROS with the sensing element, I carefully extracted
the supernatant from the sample by centrifugation. The obtained Cy,,, values of the
supernatant (900+120 nM) are in excellent agreement with that in the Cd/algae
suspension. Moreover, an alternative end-point bioassay confirmed the presence of
H,O, in the supernatant with Cy,0, = (1.0+0.3 uM). To further demonstrate that POSS
indeed senses H,O,, I added 100 uM horseradish peroxidase (HRP) to the supernatant to
selectively catalyse the decomposition of H,0O, into water. As a result, Cy,,, decreased to
the background values of the negative controls (130+110 nM).

Next, I expose algae to 140 nM Qdots (Fig. 3.8¢c) and 10 mg/l TiO, nanoparticles (Fig.
3.8d). Qdots induce a rapid increase of Cy,(, already after 5 min that reaches a value of
700 nM at 1h. This indicates the oxidative stress, which was also observed for the same
Qdots in smaller concentrations but for longer exposure times [226]. On the other hand,
algae exposed to 10 mg/l TiO, nanoparticles produced 40 nM H,O, after 1h, proving
that TiO, nanoparticles do not induce elevated ROS levels in algae at this concentration
[227]. Control experiments with Qdots/nanoparticles suspended in PBS without algae
did not show any effect on the redox state of cyt c.
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Figure 3.8. POSS proof of concept. (a) Time evolution of ¢ for algae (black), algae
incubated in 500 nM Cd* for 2 h (red), supernatant extracted from it (dark blue) and a
mixture of supernatant with 100 pM HRP (green). The corresponding inset shows the
time average Cy,(, calculated using Eq. (3.7) (Cy,0, does not change significantly with
time). (b) Intracellular ROS fluorescence intensity of 20 uM H,DCFDA dye. Error bars
represent the standard deviation over 3 measurements. Time evolution of ¢ for algae
suspended in PBS solution (black) and algae exposed to (c) 140 nM of CdSe/ZnS Qdots
and (d) 10 mg/1 TiO, nanoparticles (red). Respective control curves of only Qdots and
nanoparticles are shown in green. All curves are fitted with a polynomial function.
Insets show the time evolution of Cy,4, calculated using Eq. (3.7).

3.4  Multiplexed platform for multianalyte detection

For the detection of lactate, respectively glucose, hybrid spot mixtures of cyt ¢ with
different amounts of the corresponding enzymes (lactate oxidase, respectively glucose
oxidase) were deposited following the same procedure as cyt ¢ spots (Fig. 3.9). I call
these spots — hybrid spots.
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Figure 3.9. Multianalyte spots printing. Solutions containing cyt ¢ + enzyme mixtures in
microliter well-plates are automatically spotted onto a porous membrane using a
microarray robot. The resulting crosslinked spots have a diameter of approx. 600 pm
and are spectrally analysed in transmission.

3.4.1 Glucose and lactate detection

Control experiments with glucose and lactate revealed no interaction with cyt ¢. The
redox state coefficient ¢ remains constant when a cyt ¢ sensing spot (20 pmol) is placed
into the chamber containing 440 pM of glucose (Fig. 3.10a). After addition of glucose
oxidase (GOx, 500 U/ml), the glucose is catalytically converted into pyruvate and H,O,.
The latter gradually oxidizes cyt ¢, decreasing the redox state coefficient ¢. Further
control experiments confirmed that GOx does not react with cyt ¢. Similarly to glucose,
the presence of 24 uM of lactate does not induce any changes in the redox state of cyt ¢
(Fig. 3.10d). However, the subsequent addition of 2.5 U/ml lactate oxidase (LOx) results
in an oxidation of the cyt cin the spot. In contrast to GOx, LOx alone slightly oxidizes
cyt ¢, changing ¢ from 0.25 to 0.16 within 30 min. (see the green curve in Fig. 2d).

Since the presence of enzymes in the solution can interfere with cyt ¢, I prepared hybrid
spots containing cyt ¢ and the corresponding enzyme. In such a configuration the H,0,
conversion and detection occur locally, which significantly reduces the amount of
enzyme required. Additionally, since both cyt ¢ and the corresponding enzyme are
immobilized during crosslinking, such a configuration also eliminates the dynamic
direct interaction between the two. In that case, 0.01 U of GOx, respectively 1.25x10" U
of LOx, in the 5nl printed sensing spot are sufficient to sensitively detect glucose
respectively lactate (Fig. 3.10b and 3.10e). The calibration curves for these hybrid spots,
which show the difference between the initial and the final redox state coefficients
AQ = Qinitiat — Prina after 30 min, are shown in Fig. 3.10c and 3.10f. From these data I
deduce a LOD of 9.6 uM for lactate and 1.1 uM for glucose for the above mentioned
enzymes concentrations. The LOD decreases when one increases the amount of
enzyme: the LOD for lactate is as small as 0.24 pM with 2.5x10° U of LOx, Fig. 2f; while
the LOD for glucose is 0.11 uM with 0.1 U of GOx, Fig. 2c. To the best of my knowledge,
these values are at least one order of magnitude lower than those reported in the recent
literature [199].
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Figure 3.10. Redox state coefficient ¢ for hybrid spots. (a) Time evolution of the redox
state coefficient ¢(t) for a 20 pmol cyt ¢ sensing spot exposed to water (Ref.), to a 440
1M glucose solution in water (Glucose), to a 500 U/ml GOx solution in water (GOx), or
to a solution with 440 pM glucose and 500 U/ml GOx in water (Glucose + GOx). (b) Time
evolution of the redox state coefficient ¢(t) for a hybrid sensing spot containing
20 pmol cyt cand 0.01 U GOx exposed to water (Ref.) or to a 440 uM glucose solution in
water (Glucose). (c) Calibration curve: response of the hybrid sensing spot in (b) after 30
min. as a function of the glucose concentration, for two different concentrations of GOx
in the sensing spot: 0.1 U and 0.01 U. (d) Time evolution of the redox state coefficient
¢(t) for a 20 pmol cyt csensing spot exposed to water (Ref.), to a 24 pM lactate solution
in water (Lactate), to a 2.5 U/ml LOx solution in water (LOx), or to a solution with 440
uM glucose and 2.5 U/ml LOx in water (Lactate+LOx). (e) Time evolution of the redox
state coefficient ¢(t) for a hybrid sensing spot containing 20 pmol cyt cand 1.25x10" U
LOx exposed to water (Ref.) or to a 24 pM lactate solution in water (Lactate). (f)
Calibration curve: response of the hybrid sensing spot in (e) after 30 min. as a function
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of the lactate concentration, for two different concentrations of LOx in the sensing spot:
1.25x10" U and 2.5x10” U. The error bars in (c) and (e) represent the standard deviation
over 3 measurements.

3.4.2 Multiplexing measurements

The possibility of multiplexed analysis allows simultaneous detection of several
analytes and can also be used to reduce background contributions and obtain a more
reliable statistics [228-231]. A multiplexed experiment is shown in the inset of Fig. 3.11d,
where two sensing spots spaced 1 mm apart are visible in the measurement chamber;
the spots can include cyt ¢ or a mixture of cyt ¢ and enzyme. In order to perform
multiplexed measurements, absorption spectra from different sensing spots must be
recorded simultaneously, which requires a precise alignment in the microscope, while
additional markers on the membrane are used to identify the sensing spots (Fig. 3.11d
inset).

Enzymatic reactions result in the production of H,O, in the vicinity of the sensing spot
and - by diffusion - in an increased concentration in the solution, which can interfere
with neighboring sensing spots. To investigate such interferences, I loaded the
experimental chamber with different combinations of pairs of sensing spots and
exposed them to H,0,, glucose and lactate (Fig. 3.11a-c).

The sensing spots contain either 20 pmol cyt ¢ (green in Fig. 3.11), or 20 pmol cyt c and
1.25x10™" U LOx (blue in Fig. 3.11), or 20 pmol cyt cand 0.01 U GOx (red in Fig. 3.11) and
are always exposed in pairs, which provides quantitative measurements for the
crosstalk between them. In the first series of experiments, reported in Fig. 3.11a, I
expose the three different possible combinations of sensing spots to 800 nM H,O,.
Hybrid spots containing both cyt ¢ and an enzyme exhibit a slightly lower response to
H,0, as compared to the spot containing only cyt ¢ probably because the presence of
enzyme hinders the access of analytes to the cyt c. I then repeat these experiments,
exposing the pairs of sensing spots to 440 uM glucose (Fig. 3.11b), or 90 uM lactate (Fig.
3.11¢). As anticipated, when glucose reacts with the cyt ¢+ GOx hybrid sensing spot, the
enzymatically produced H,O, also oxidizes the neighbouring cyt ¢ sensing spot, which
Ag increases from 0.038 to 0.042, Fig. 3b. This crosstalk is more pronounced when
lactate reacts with the cyt ¢ + LOx hybrid sensing spot; in that case, the Ap of the
neighboring cyt ¢ sensing spot increases to 0.014, as compared to 0.007 when no
reaction happens in the hybrid spot, Fig. 3.11c.
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Figure 3.11. Multiplexed measurements using different pairs of sensing spots in the O-
ring measurement chamber (photo in panel d, the distance between the spots is 1 mm
and the scale bar is 0.5 mm): green, spot with 20 pmol cyt ¢ red: 20 pmol cyt ¢+0.01 U
GOx; blue: 20 pmol cyt ¢+1.25x10* U LOx. Response after 30 min. of the three different
pairs of sensing spots to (a) 800 nM H,0,, (b) 440 uM glucose and (c) 90 uM lactate. (d)
Kinetics of the multiplexed redox state coefficient ¢ for a pair of spots (green and blue)
exposed to 90 uM lactate. (e) Calibration curve: difference of the redox state coefficient
after 30 min. A¢ for different amounts of GOx in hybrid spots containing 20 pmol
cyt c+GOx, after exposure to 440 pM of glucose; the response of a spot containing only
20 pmol cyt ¢, 1 mm away from the hybrid spot is also shown (crosstalk). The error bars
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The sensitivity of such a hybrid spot depends on the conversion rate to H,0,, which in
turn depends on the amount of enzyme. To investigate this, [ have exposed hybrid sens-
sensing spots containing different amounts of GOx to a constant glucose concentration
of 440 uM. Figure 3.11e indicates that the difference Ag of redox state coefficient after
30 min. Ag increases with the GOx amount. Thus, adjusting the amount of GOx controls
the sensitivity and dynamic of the sensor. Unfortunately, increasing the amount of
enzymes also increases the enzymatically produced H,O,, which augments the crosstalk
between neighboring sensing spots. A simple way to reduce crosstalk is to increase the
distance between neighboring spots [231], or to use a hetero bilayer configuration [232].

3.4.3 Crosstalk suppression using microfluidic chip

A more drastic way to suppress interference effects is to integrate the sensing spots in a
2-layer microfluidic chip, which was fabricated in PDMS using a casting replication
process with molds that were made with a standard photolithography technique
(Fig. 3.12a and 3.12b). Briefly, the bottom PDMS layer (100 um thickness) was deposited
by spin-coating PDMS at 500 rpm for 40s, followed by manual hole cutting to
accommodate the sensing spots. This layer serves as planarization layer. The top layer
(5 mm thickness) contained the microfluidic channels (0.3 mmx0.6 mm cross section)
and a 3 mm wide chamber for experiments with cells, Fig. 3.12a and 3.12b. It was
prepared by pouring the appropriate amount of PDMS onto the mold. The whole
system was clamped in a metallic holder with the possibility of being disassembled to
exchange the substrate with the sensing spots. Injecting and rinsing analytes was
performed by applying a constant flow of 0.2 mm/sec using a liquid pump (Xcalibur,
Tecan).

The sensing spots are introduced into the bottom layer and aligned with respect to the
microfluidic channels in the top layer, one sensing spot per channel, so that
enzymatically produced H,O, remain within the channel and does not interfere with
another sensing spot. In the following, I will perform experiments with algae and the
microfluidic chip contains a 10 pl cell chamber, Fig 3.12a. Since the microfluidic
channel has a very small volume (approx. 0.15 pl) the reaction of the analyte with the
sensing spots could deplete the concentration of the former, interfering with the
experiments [233]. The large cell chamber volume significantly increases the total
volume of the system, so that diffusion effectively repletes H,O, in the sensing channels
[233].

As shown in Fig. 3.11, multiplexed experiments performed in the O-ring measurement
chamber interfere; in contrast, this is not at all the case in the microfluidic chip. This is
visible in Fig. 3.12¢c, where I compare measurements performed in the microfluidic chip
with a 0.2 mm/sec flow (noted with an asterisk) with measurements in the O-ring
measurement chamber. Even for the very high lactate concentration used here (almost
10x higher than the concentration used in Fig. 3.11d), the response of the pure cyt ¢
sensing spot remains almost constant (blue inverted triangles in Fig. 3.12c), while
lactate is well measured by the hybrid spot (green triangles in Fig. 3.12c). This absence
of crosstalk in the microfluidic chip is also true in the static regime (no flow, data not
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shown). Such a microfluidics approach could be used to detect a larger number of ana-
analytes, by merely increasing the number of channels and sensing spots in the chip,
Fig. 3.12b.
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Figure 3.12. Microfluidic chip suppresses cross-talk between spots. (a) Schematic of the
microfluidic chip consisting of a glass substrate, a bottom PDMS layer containing the
sensing spots and a top PDMS layer with channels and cell chamber. (b) Picture of a top
layer with three microfluidic channels coming out of the cell chamber. (c) Comparison
of crosstalk between two sensing spots, one with 20 pmol cyt ¢ and another one with
20 pmol cyt ¢+2.5x10° LOx exposed to 850 uM lactate. The asterisk denotes the
experiment performed in the microfluidic chip with a 0.2 mm/sec flow; the other
experiment is performed in the O-ring chamber.

3.4.4 Time-dependent rate determination

Till now, I have detected constant concentrations of analytes. However, in biological
processes the release or uptake of biomarkers has a time-dependent rate. In this case,
the concentration Cy,0, of H,0, in the proximity of the sensing spot at a given time #can
be determined using Eq. (3.7).

To link Cy,0, with the analyte (glucose or lactate) concentration C,(t), let us look into
the reaction kinetics. In hybrid spots, the reaction of the analyte with the enzyme
follows the Michaelis-Menten kinetics [234]. The resulting enzymatically-produced
H,O, partially reacts with cyt ¢, while the rest diffuses throughout the chamber. The
consumed analyte creates a concentration gradient at the proximity of the sensing spot,
where the analyte concentration can differ from C,(t). In general, an exact relation
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between Cy,, and C,(t) in this system can be very complex. However, since the meas-
measurements with hybrid spots for a constant analyte concentration (Fig. 3.10b,e) fit
well with a single exponential function (¢ = e~¢H202kt data not shown), Cy,0, remains
constant in time. This indicates that the system quickly (in less than 1 min) reaches a
steady state: enzymatically-produced H,O, balances the diffused one. Therefore, at a
given time t, Cy,,, only depends on C,, not on the previous state of the system. We can
write Cy,0, = f(C,) and, comparing the calibration curves Ap(C,) of the hybrid spots
with that of H,O, taken from [233], I find that a second order polynomial expansion
expresses the correlation C, = f~1(Cy,0,) very well:

Ca = [ (Cuz02) = aCfizpz + bCyzo, + d. (3.10)

The resulting coefficients obtained from fitting the experimental data are summarized
in Table 3.1, where both Cy,9, and C, are expressed in micromolars. Higher order
expansion terms are insignificant. Since Eqgs. (3.7) and (3.10) establish a link between
o(t) and C,(t), quantitative data for the analyte (lactose or glucose) concentration can
now be obtained.

Let us emphasize that experiments performed with living organisms are often
accompanied by an oxidative stress, leading to the production of H,0O, by the organisms
under study. The multiplexed technique presented here becomes extremely handy in
that case, as it makes possible isolating the oxidative stress-produced H,O, from that
produced enzymatically. Using a pair of sensing spots that measure: analyte + H,0O,
(spot 1) or H,0, (spot 2), I first use Eq. (3.7) to extract Cy,o, for both spots. Next, I
subtract Cy,0,(2) of the second spot from that of the first spot Cy,4,(1). Finally, C, can
be calculated from Eq. (3.10) using the obtained difference Cy,,(1 — 2). This will be
utilized in the next section to determine glucose uptake in aquatic microorganisms.

Table 3.1. Fitting coefficients for Eq. (3.10) of hybrid spots (only valid in the 0.1-
1000 pM analyte range).

0.1 U GOx 0.01 U GOx 2.5x107 U LOx 1.25x10* U LOx
a -0.16 -1.13 -0.63 -1.66
b 224 2.55 243 2.51
d -031 0.83 0.03 1.62

3.4.5 Uptake of exogenously supplied glucose

To study the uptake of glucose on the green alga C. reinhardtii, 1 inject a mixture of
glucose and algae into the microfluidic chip. Once this mixture reaches the cell
chamber, the flow is stopped for the time of the experiment. The multiplexed
measurements are performed with two spots: a cyt ¢ spot to detect the stress-related
H,O, and a hybrid spot (cyt ¢ + GOx), which is sensitive to both glucose and H,O,.
During the experiments, no H,0, was detected (Fig. 3.13b and 3.13d), meaning that,
first, algae are not stressed by the presence of glucose and, second, only glucose
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oxidizes the hybrid spot. Using the approach developed in the previous section and the
data in Table 3.1, the concentrations C, in the solution for glucose (Fig. 3.13c) and for
H,O, can be obtained (Fig. 3.13d). Due to the uptake by algae, the glucose concentration
drops from 8 uM to 5uM within 1h (Fig. 3.13c). Control experiments without algae
revealed a stable glucose concentration in the cell chamber (green data in Fig. 3.13c).
Comparing the external volume of the chamber (10 ul) with the internal volume of all
algae in the experiment (approx. 0.07 pul), we obtain a 150:1 volume ratio. Therefore, C.
reinhardtii internalize the equivalent of 450 uM of glucose within 1 h. Since the latter
concentration is much higher than the concentration in the solution, two possible
scenarios can take place: (1) algae use active mechanism to uptake glucose; (2) once
uptaken glucose is converted into CO,, which reduces the glucose concentration in the
algae. Most likely, both scenarios occur simultaneously. Actually, the measured glucose
uptake is similar to blue algae Aphanocapsa 6714 that can uptake as much as 500 uM of
glucose within one hour by converting it into CO, [212]. Overall, these experiments
demonstrate the possibility of sensitive, multiplexed and continuous measurements,
which can be further applied to more sophisticated mechanistic studies of cellular
processes.
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Figure 3.13. Continuous multiplexed measurements of glucose and H,0O,. Glucose
uptake (8 uM) and H,O, release by C. reinhardtii (2x10° cells/ml). Multiplexed
measurements in microfluidics using (a) a hybrid spot with 20 pmol cyt ¢+ 0.01 U GOx
and (b) a spot with 20 pmol cyt ¢. Calculated concentrations of (c) glucose and (d) H,0,
using Eqgs. (3.7) and (3.10). The same symbols are used for all panels.

57



Chapter 3 Continuous measurements of extracellular hydrogen peroxide

3.5 Summary

A new portable device for the continuous measurement of the kinetics of oxidative
stress was presented. By printing 20 pmol cyt ¢ spots in a porous membrane containing
220 nm pores, the optical absorbance of cyt cis increased by a factor of 4.6 thanks to the
elongation of the optical path. This configuration reaches a LOD of 40 nM for H,O,. The
spots can be stored up to 10 days without losing their functionality. Moreover, they can
be re-reduced and reused for at least 5 measurements. The POSS is easy to handle and
shows a high reproducibility, which makes it a very well suited tool for the detection of
H,O, in the context of a broad variety of biological systems. Experimental results and
numerical simulations show that the diffusion rate of H,0, is faster than the chemical
reaction rate between cyt ¢ and H,O,. Additionally, by careful considerations on the
reaction kinetics, I have derived an expression allowing the determination of H,O, for
time-dependent biological processes, whose validity was demonstrated by exposing
C. reinhardtii cells to 180 nM Qdots and to 50 mg/l TiO, nanoparticles. Oxidative stress
occurred in Qdots with continuously increasing H,O, release (14 nM/min), starting after
5 min of exposure, while this was not observed in the case of TiO,. Hence, POSS has the
potential to shed new light on specific environmental questions in the field as well as in
the laboratory [43].

I have further presented a new sensitive approach for the detection and the continuous
monitoring of glucose and lactate. These two analytes are enzymatically converted into
H,0,, which is, in turn, detected via the oxidation of cyt c. Such conversions take place
locally thanks to the corresponding enzymes, which are incorporated in the sensing
spot and fabricated by contact spotting technique in a very reliable and reproducible
fashion. Extremely low LODs of 240 and 110 nM have been achieved for glucose and
lactate, respectively. By integrating such sensing elements into a microfluidic chip, I
was able to efficiently suppress crosstalk between different sensing spots. As
demonstrated by the study of glucose uptake in such algae, the proposed method
provides a non-invasive, label-free way to measure simultaneously in real-time the by-
products of several cellular processes. Furthermore, such a biosensor is fast, cheap and
easy to fabricate and could become a promising candidate for medical diagnostics and
healthcare monitoring.

58



Chapter 4 Multi-layered
microfluidic chip for ecotoxical
studies on aquatic microorganisms

n this chapter, I introduce a multi-layered microfluidic chip with an integrated
Ioptical sensor for continuous sensitive detection of extracellular H,O,. This platform

includes hydraulically controlled microvalves and microsieves, which enable the
precise control of toxicants and allow complex exposure sequences. In particular, I use
this platform to study the dynamics of toxicant-induced ROS generation in the green
alga Chlamydomonas reinhardtii during short-term exposures, recovery periods and
subsequent exposures. Two Cd-based toxicants with distinct internalization
mechanisms are used as stress-inducers: CdSe/ZnS quantum dots (Qdots) and ionic
Cd™. These results show quantitative dynamics of ROS, the recovery of cell homeostasis
after stress events and the cumulative nature of two consecutive exposures to very low
concentrations of toxicants. The dissolution of quantum dots and its possible influence
on toxicity mechanisms and H,O, depletion is discussed. The obtained insights are
highly relevant from ecotoxicological, physiological and immunological perspectives.

4.1 Introduction

ROS are chemically reactive molecules containing activated oxygen. In the state of
cellular homeostasis they are in a fragile equilibrium with antioxidants (AOX). ROS
control different physiological processes including stress-responses, signalling and
pathogen defense [2, 9, 10]. We can potentially advance physiological and medical
research with a better understanding of ROS biology, their functions and dynamics [3,
12].

In this chapter, I concentrate on stress-response dynamics of ROS in aquatic
microorganisms, which — besides its fundamental biological interest — is also highly
relevant from ecotoxicological perspectives [34, 179]. Toxicants (e.g. trace metal ions
and inorganic nanoparticles) and abiotic factors (e.g. variations in temperature, salinity,
UV irradiation) may directly damage the cell or induce ROS generation, disrupting the
cellular homeostasis [2, 3, 14]. As a consequence, imbalanced ROS (called oxidative
stress) may lead to organelle and DNA damages and to cell death [179, 235]. Thus, the
level of ROS provides information about the cell state, while the ROS production rate
can predict further fate of the cell [3].
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To date, common ROS-detecting techniques identify oxidative stress events, but are
end-point and qualitative [223]. Rate and amount of ROS generation with respect to
particular toxicants or abiotic factors remain unknown [43]. New insights have been
obtained by recent works on continuous H,O, sensing, which is one of the most stable
ROS and can be quantified extracellularly [176, 177, 223]. For instance, algae exposed to
ionic cadmium (Cd*") showed three distinct periods with different H,0, production
rates, demonstrating the complexity of cell response [176]. A major factor hindering
further progress lies in the difficulty to perform continuous measurements with
precisely dosed stress agents. This is especially problematic for aquatic microorganisms
that cannot be anchored on a surface [236].

Microfluidic chips provide an elegant solution to this challenge. Indeed, besides precise
control, other advantages of microfluidics include rapid analysis, miniaturization and
high throughput - all highly relevant parameters for biological studies [237-244].
Platforms based on microfluidics have efficiently been used to manipulate living cells,
as well as for cell culturing, spatially selective reagent delivery into cells, cell
metabolism studies, drug screening and tissue engineering [245-250].

In this chapter, I develop a multi-layered microfluidic chip, including hydraulically
controlled microvalves and sieves, to gain precise control over exposure of cells to
toxicant. The combination of this chip with an integrated optical biosensor allows
quantifying the dynamics and amounts of extracellular H,O,. In addition, the
microfluidic chip allows running complex exposure sequences, which is, to my best
knowledge, carried out for the first time in the context of ROS studies. In the performed
experiments the green microalga Chlamydomonas reinhardtii served as a model
microorganism. It is a native microorganism that grows in soil and fresh water
environments around the globe [209, 251]. I studied the ecotoxicological effects on this
alga of two Cd-based pollutants at low concentrations: CdSe/ZnS core-shell quantum
dots (Qdots), which are widely used as fluorescent labels [210], and Cd*, which is highly
toxic and known to induce oxidative stress in microalgae [235]. Qdots and Cd*" have
different sizes, different mechanisms of internalization and can induce different gene
regulations [252, 253]. Thus, I expect distinct mechanisms and dynamics of ROS
generation. 1 specifically choose appropriate Qdots and Cd* concentrations to
stimulate the production of comparable amounts of ROS. Furthermore, intracellular
ROS and membrane permeability levels supplement the extracellular measurements.
This chapter provides new insights into ROS generation dynamics, toxicity potential
and cell regeneration.

4.2 Methods

4.2.1 Chemicals

All solutions, including Cd* (Sigma Aldrich), Zn* (Sigma Aldrich), CdSe/ZnS Qdots (Life
Technologies) or trypan blue 0.4% (Life Technologies) were freshly prepared from
stocks with distilled water prior every experiment. Leached Qdots, used to investigate
the effects of ionic dissolution, were prepared from the intermediate stock, which was
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obtained by storing 40 nM Qdots in water for 2 days at 4°C. All experiments were per-
performed in distilled water.

4.2.2 End-point procedures

Algae were prepared as described in the Chapter 3. Intracellular ROS evaluations are
based on the intensity of the fluorescent signal stemming from intracellularly de-
esterified CM-H,DFCDA (chloromethyl dihydrodichlorofluorescein diacetate) reacting
locally with generated ROS. Intracellular ROS measurements were carried out using cell
samples (cell density of ca. 2x10° cells/ml) incubated with 20 uyM CM-H,DCFDA dye
(Sigma Aldrich) for 30 min in the dark. Their fluorescent intensity was measured in a
multi-well plate reader (Safire2, Tecan) at A = 525 nm using an excitation wavelength at
A =495 nm.

To assess the membrane permeability the samples were incubated with 12 uM
Propidium Iodide dye (Sigma Aldrich) for 30 min in the dark. The fluorescent intensity
at A=617 nm was measured using an excitation wavelength at A =536 nm. Positive
controls were run by exposing the algae for 30 minutes to 10 mM H,O, prior to the
incubation with dyes.

To determine the amount of dissolved Cd*" and Zn*, 3 ml of Qdots suspension (5 nM)
were put in dialysis bags (1kDa Uptima H1-18-10, CelluSep) and immersed in 3 ml of
distilled water.

ICP-MS was used for the quantitative differentiation between extracellular and cell-
associated (i.e. the sum of intracellular amount and material sticking to the cell
membrane) amounts of metallic elements. To determine the cell-associated Cd and Zn
amounts, 10 ml of algae were rinsed and digested until the solution became colourless
(0.2 ml of HNO, at 85 °C) prior to the ICP-MS analysis. Measured ICP-MS amounts were
converted to concentrations.

4.2.3 Fabrication of microfluidics

All microfluidic layers (Fig 4.1a) were prepared from polydimethylsiloxane (PDMS) (10:1
ratio of PDMS/curing agent, if not stated otherwise) using casting technique. The
corresponding molds were fabricated by standard photolithography in SU-8 photoresist
(except the flow layer where AZ9260 photoresist was used). A spot layer (100 pm
thickness) was deposited by spin-coating PDMS at 500 rpm for 40 s, followed by manual
hole cutting to accommodate the sensing spot. The cell layer consisted of two layers of
40 pm and 1 mm thickness. The thick cell layer (1 mm thick with 300 um thick channels)
containing input channel (300 um wide) and cell compartment (2 mm wide) was
prepared by pouring the appropriate amount of PDMS onto the mold. The thin cell
layer (40 pm thick with 10 um thick channels) contains the same base-pattern with
additional microsieve (5pum period) and was deposited by spin-coating PDMS at
8000 rpm for 5 min (Fig. 4.1h,i). The flow (20:1 ratio) and control layer (5:1 ratio) had a
thickness of 40 pm (spin-coating at 5000 rpm for 5min) and 1 mm (pouring),
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respectively. Both of these layers had 10 um thick and 100 um wide channels (Fig.
4.1d,e). After pouring the PDMS onto the molds all layers were prebaked for 30 min at
80 °C. The thick cell and control layers were tailored and separated from the molds.
Subsequently, the thick cell layer was carefully aligned and placed onto the thin cell and
the control layer — onto the flow layer and baked at 80 °C overnight. After the prebaking
step the PDMS is not entirely cross-linked and, consequently, the subsequent full
baking process strongly joins the layers lying on each other. After baking an additional
thin PDMS layer was added on top of the cell layer (spin-coating at 5000 rpm for 3 min).
The cell compartment was manually carved through both, thick and thin cell layers. The
attached control and flow layers were aligned with respect to the cell layer and baked at
80 °C for 2h with the freshly spin-coated PDMS layer serving as bonding material.
Finally, the spot layer was placed on the microscope slide and baked at 80 °C overnight.
Prior to the measurements a sensing spot was inserted into the opening in the spot
layer. Then, the microfluidic chip was placed on top and the center of the channel,
where the measurements take place, was carefully aligned with respect to the spot. At
last, the entire system was clamped between two metallic plates with appropriate
openings enabling the optical measurements.

4.2.4 Injecting and rinsing

All microfluidic operations were performed using a liquid pump (Xcalibur, Tecan) and
controlled via Labview software. Prior to use, the microfluidic chip was rinsed with
distilled water at a constant flow rate (2 mm/s). The integrated microfluidic valves
operate according to the following principle: an increase of the channel pressure in the
control layer (by applying a gentle flow of 0.1 mm/sec for 10 s) expands the channel,
closing the corresponding cross-sections in the flow layer (Fig. 4.1b-i). The valves were
held in the closed state while the algae suspension was carefully injected into the cell
layer (0.5 mm/s) until they reached the cell compartment. Then, the flow in the cell
layer was stopped.

In a preparatory step the analyte was introduced into the flow layer with the valve in the
closed state (2 mm/s). Then, the valve was opened and the analyte was gently injected
from the flow layer into the cell layer by applying the flow at both ends of the flow layer
channels (0.1 mm/s for 3 s). After a time lapse of 50 s, to allow diffusion, the valve was
closed and a new injection cycle started. Since the channels in the flow layer have a
much smaller volume than the cell chamber, in order to efficiently inject analyte, I
proceeded in the following manner: the injection cycle was repeated five times, the first
three times by injecting an analyte concentrations 10x higher than the final
concentration, followed by twice injections with the final analyte concentration.

To remove the analyte from the cell layer, the microfluidic valve was closed and a gentle
flow of distilled water (0.2 mm/s, 1 min) was applied. Subsequently, a backward flow
(0.2 mm/s, 3 s) was applied to help the cells spread out again into the cell compartment.

To exchange the sensing spots between two consecutive series of measurements, the
algae were removed from the cell layer, the microfluidic chip was opened, the sensing
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spot exchanged, the microfluidic chip closed and the algae were re-introduced. This
procedure takes approximately 3 min.
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Figure 4.1. Multi-layered microfluidic chip. Schematic drawings (a,b,d,h) and
microscope pictures (c,e,i) of the multi-layered microfluidic chip: (a) full chip
configuration; (b,c) valve operation to manage the connection between the flow and
cell layers; (d,e) injecting mode when toxicant enters into the cell layer; (h,i) rinsing
mode when toxicant leaves the cell layer through the microsieve. Colours in the
microscope images are artificial. The red spheres represent the toxicant and green
ellipsoids the algae. Time evolution of trypan blue absorption (4 uM concentration in
the flow layer) across the cell layer for (f) injecting and (g) rinsing.

4.3 Interaction between toxicants and algae

4.3.1 Microfluidic system

To gain precise control over the exposure of algae to toxicants, I designed and
fabricated a microfluidic chip, which consists of five layers (Fig. 4.1a). The spot layer
accommodates the sensing spot and guarantees optimal integration with the rest of the
chip. The sensing spot lies in the proximity of the cell layer, so that H,0O, reaches the
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spot sufficiently fast by diffusion, but is well-separated from the algae to exclude optical
interference. The cell layer serves as a cell compartment during measurements (thick
part) and contains a microsieve (thin layer), which retains the algae during rinsing (Fig.
4.1h,i). The toxicant enters the chip through the flow layer, which is connected to the
cell layer (Fig. 4.1d,e). This connection is managed by microfluidic valves in the control
layer (Fig. 4.1b,c).

To visualize the diffusion of the injection process in the cell layer, I injected 4 pM of
trypan blue dye into the flow layer according to the procedure described in the previous
section. Absorption measurements indicate that the dye uniformly spreads across the
cell layer within 5 min (Fig. 4.1f). Similarly, after 1 min rinsing, the dye is completely
removed (Fig. 4.1g).

I further demonstrated efficient injection mechanisms by observing similar H,O,
responses from algae exposed to 500 nM Cd* through the injection in the microfluidic
system and algae exposed to 500 nM Cd* prior to their introduction into the cell layer
(Fig. 4.2a). Furthermore, algae exposed to 100 nM Cd*, which was washed away
immediately after injection, showed no generation of H,O, demonstrating the
effectiveness of the rinsing procedure (Fig. 4.2b).
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Figure 4.2. Injection/rinsing experiments. (a) Redox state coefficient ¢ for: algae mixed
with 500 nM Cd* prior to their injection into the cell layer (red); and algae injected into
the cell layer with 500nM Cd* sequentially introduced (black). (b) Redox state
coefficient ¢ for untreated algae and algae with 100 nM Cd* injected and rinsed
immediately.

4.3.2 Exposure to Cd*

The microfluidic chip was used to control algae exposure to Cd*. Two different Cd*
exposure levels were investigated: 100 nM and 500 nM. In parallel, extracellular H,O,
released from exposed algae was continuously measured using the sensing spot that
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monitors the cyt ¢ redox state as discussed in the previous chapter [176, 233]. Control
experiments with unexposed algae did not show any H,O, generation. Furthermore,
differential measurements eliminate interference effects between Cd* and the cyt ¢
sensing spot (Fig. 4.3).
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Figure 4.3. Sensing spot interference with Cd”. Redox state coefficient ¢ for untreated
algae and Cd* showing a slight interference of Cd* with the sensing element.

When exposed to 500 nM of Cd*, algae rapidly produced H,0,: immediately after the
injection I detected Cy,, =80nM, which then increased to 150 nM after 60 min
(1.2nM/min), to 220 nM after 120 min (1.2 nM/min) and to 380 nM after 160 min
(4.5nM/min) (Fig. 4.4a,c, Table 4.1). The H,O, production rates are estimated with
linear fits. Injection procedure duration - in the order of 5 min — explains the non-zero
Cy202 at the beginning of the experiment. Cy,,, dropped to 100 nM when, after 60 min,
the cell layer was rinsed to remove both, the produced H,0, and injected Cd*. This level
remained constant during the following 100 min. I refer to this type of experiment as
post-stress experiments. When, after 60 min of post-stress, algae were re-exposed to
500 nM of Cd*, Cy,p, increased from 100 nM to 300 nM within 40 min (5.0 nM/min).
Due to the strong oxidation of the cyt ¢ sensing spots were exchanged after every hour
of measurement. During the last 20 min of the experiment, ¢ nearly reached zero and
couldn’t be used for a reliable Cy,,, extraction; hence data stopped at t = 160 min in
Figs. 4.4c and d. Finally, end-point intracellular ROS levels measured by fluorescence
match the trends of extracellular H,O, well (Fig. 4.4e).

When exposing algae to 100 nM of Cd*, Cy,0, slowly increased, reaching 70 nM after
60 min (1.1 nM/min), 130 nM after 120 min (1.0 nM/min) and 200 nM after 160 min
(1.6 nM/min) (Fig.4.4b,d). When algae were rinsed after 60 min, Cy,0, dropped to
40 nM and further decreased to zero within the following 60 min. When, after 60 min,
algae were re-exposed with 100 nM of Cd*, Cy,0, increased from 20 nM to 110 nM
within the next 40 min (2.3 nM/min). Changes in intracellular ROS levels became
statistically significant only after an exposure over 3 h and show similar values for both,
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post-stress and continuous exposures (Fig. 4.4f). Complementary membrane permea-
permeability measurements revealed that the algae remained alive after 3 h of Cd*
exposure (see Appendix F).
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Figure 4.4. Algae exposure to Cd*. Time dependencies of redox state coefficient ¢ for:
(@) 500 nM and (b) 100 nM exposure cycles. (c,d) Extracellular H,0, concentration C,,,,
converted using Eq. (3.7). The shaded areas represent the standard deviation over 3
samples. The dashed curves are linear fits. Intracellular ROS for 500 nM (e) and 100 nM
(f) Cd* exposures in identical cycles as in (a) and (b) (the same colors as in (a) are used,
blue corresponds to unexposed algae). Error bars represent standard deviation over 9
samples. Tukey multiple comparisons of means are available in Appendix F.
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4.3.3 Exposure to Qdots

Similarly to Cd*, 1 exposed algae to CdSe/ZnS Qdots using the microfluidic chip for
continuous measurements of the production of extracellular H,0,. Control experiments
with 5 and 20 nM of Qdots showed no interaction with the cyt ¢ sensing spot (Fig. 4.5a).
Algae exposed to 5 nM, respectively 20 nM, Qdots generated H,O, concentrations com-
comparable to Cd*, reaching Cy,,= 75 nM, respectively 100 nM, after 60 min exposure
time (Fig. 4.5a,b). In contrast to the Cd* exposures, I observed an induction period (10
min, respectively 30 min, for 20 nM, respectively 5nM, of Qdots). When exposed to
5nM of leached Qdots, algae generate H,O, at faster rate reaching Cy;,,, = 150 nM within
1 h and shorter induction period (approx. 20 min) as compared to an exposure to 5 nM
of fresh Qdots. To explain the difference between the experiments performed with fresh
and leached Qdots, I measured the total (27.5uM of Cd and 13.8uM of Zn,
corresponding to 5 nM of Qdots) and the dissolved amounts of Cd* and Zn* in the
dispersion by ICP-MS. In the absence of the algae, only minute quantities of Cd** and
Zn* (10nM and 150 nM, respectively) are present in the 3 h-old Qdot dispersion
(Fig. 4.5g). In contrast, the 2 day-old Qdots release 20 nM of Cd* and 13 uM of Zn*,
indicating the total dissolution of the ZnS-shell, while the CdSe-core remains mostly
intact. Additional experiments were performed, exposing algae to 13 uM of Zn*" leading
to a production by the algae of 60 nM H,0, within 1 h; on the other hand, exposure to
1 uM Zn* did not induce any measurable response (Figs. 4.5¢ and d).

A different behaviour was observed for longer exposure times. For instance, exposing
the algae for 120 min to 5 nM Qdots, Cy,¢, started to decrease after 90 min and, finally,
dropped to the limit of detection (green curves in Figs. 4.5e and f). In the post-stress
case, the Cy,0, values were below the detection limit (black curves in Figs. 4.5e and f).
ICP-MS measurements of the cell-associated elements revealed 300 nM Cd* and
1.15uM Zn*, after 2h exposure to 5nM Qdots (Fig.4.5h). On the other end, the
corresponding intracellular ROS levels increased with time, including in the post-stress
case (Fig. 4.5i).

4.4 ROS dynamics

4.4.1 Intracellular ROS and extracellular H,02

Under steady state conditions, AOX scavenge ROS in biological systems [2]. If cell
homeostasis is disturbed, for example in this chapter by the presence of Cd*,
unbalanced ROS spread around the cell, damaging nucleic acids, oxidizing proteins and
causing lipid peroxidation [254]. Due to their short lifetime (in the order of
microseconds), ROS also can transform into their most stable representative, which is
H,0, [177]. Unbalanced H,O, is excreted through the cell membrane. Thus, the
concentration of extracellular H,O, depends on the concentration of overproduced
ROS. Indeed, during the exposure to Cd*, H,0, was found outside algae, indicating a
stress event [233]. As a result, continuous extracellular H,O, measurements complement
end-point intracellular ROS levels, measuring the overproduced ROS.

67



Chapter 4 Multi-layered microfluidic chip for ecotoxical studies on aquatic microorganisms

(@) (b)
T T T T T 200 T
0.20 T;Qi“’f‘;3""*3533953555: ’ E
E v,
o)
0.15 E o
=
c -
[
ES g
0.101- — 20 nM Qdots S
— Algae+5 nM Qdots é:
—— Algae+20 nM Qdots %
0051 — 5\M Qdots (leached) ] 2 LoD
— Algae+5 nM Qdots (leached) é
000 1 1 1 1 1 w
0 10 20 30 40 50 60 60
© 020 : (d 100 : . . . .
. =3
DT E
PR T c
=
5
Y
0.16 1 é
> £
v
0.14f b Q
, T
— 13pM Zn’ * 2
0.12f 2+ 1 I+
— Algae+1 pM Zn ]
—— Algae+13 pM Zn? bt
0'100 30 60
()
(e i . . s 125 T T T
= o
Rinsing m = Rinsing m
. 1 & 100 1
§ } e o
5 [ S,
T ecti : I § - “
Injectingm @ . SN L 1 Injectingme i P
(5 nM Qdots) R it g & __" ~
% oasf i<y ; Q 50 25 oo
. “pe % ',,"'T.'
“apy 2 s
A g e |
& S
. ) . 0 . . 1
s 30 50 ) 120 0 30 60 % 120
Time (min)
@ 530 Cd h = 30 cd
= 5
- 20 Zn =z 20
£ 10 - S Zn
5 =10
= 2 e 2
g 1 g
o =
o 0° : f S o
Ctrl. Total lonic lonic v Ctrl Total Extra-  Cell-
(3h) (2days) cellular  associated
(i) K
% =15
t; g %_A;—;’:
gL /
S0 # —
= 0 60 120
Time (min)

Figure 4.5. Algae exposure to Qdots. (a) Time dependencies of redox state coefficient ¢
when exposed to 5 nM, 20 nM and 5 nM leached Qdots in the presence and absence of
algae. (b) Extracellular H,0, concentration Cy,o, converted using Eq.(3.7). (c,d)
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Exposure to Zn”. (e,f) Exposure to 5 nM Qdots. The shaded areas represent the standard
deviation over 3 samples. (g) ICP-MS measurements for total and dissolved Cd and Zn
of 5 nM of Qdots. (h) ICP-MS measurements of extracellular and cell-associated Cd and
Zn after a 2 h-exposure of algae to 5nM Qdots. (i) Intracellular ROS of 5nM Qdots
exposures for identical cycles as in (e) (the same colors as in (a) are used, blue
corresponds to unexposed algae). The error bars represent the standard deviation over
9 samples. Tukey multiple comparisons of means are available in Appendix F.

4.4.2 H,0O, excretion

I found that the exposure of algae to Cd* induces continuous H,0, release during 1 h
(black curves in Fig. 4.4c,d). Due to both active uptake and concentration gradient, i.e.
diffusion, Cd* penetrates into the algae within minutes and stimulates ROS generation
[255]. Consequently, the concentration of ROS exceeds that of AOX and oxidative stress
sets in [255, 256]. This is reflected by elevated intracellular ROS (Fig 4.4e) and
extracellular H,0, levels (Fig. 4.4c) when the algae are exposed to 500 nM of Cd”. At a
lower concentration of Cd* (100 nM) intracellular ROS levels do not rise (Fig. 4.4f), even
though algae excrete H,O, (Fig. 4.4d). This indicates that excretion of intracellular ROS
in the form of H,O, represents a pathway for maintaining stable intracellular ROS levels.
However, the capability of such excretion has to be limited. Indeed, at elevated stress
(exposure to 500 nM of Cd* in this chapter), the algae probably cannot efficiently
excrete all overproduced intracellular ROS, which is reflected by elevated intracellular
ROS levels.

Table 4.1. Extracellular Cy,,, rates (in nM/min) for Cd*" exposures to algae.

Exposure Hour 500 nM Cd* 100 nM Cd*
1" 1 1.2 1.1
2" 1.2 1.0
3" 4.0 1.6
2" 1™ 5.0 2.3

There are several hierarchical levels of oxidative stress [19]. During the first 2 h of Cd*
exposure, Cy,0, increases with a similar rate, but longer exposure results in an increased
release rate (Fig. 4.4c and Table 4.1). At this point, algae probably enter in a new phase
of oxidative stress with inflammation mechanisms taking over the antioxidants defence
[19].

In order to measure the post-stress behaviour, both extracellular Cd* and H,0, were
removed after 1 h from the microfluidic chip as described above. Thus, when the
microfluidic chip - containing algae treated with 100 nM Cd* - is rinsed, the
extracellular Cy, 4, drops below the detection limit (red curve in Fig. 4.4d). In the case of
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500 nM Cd* exposure, I observed a drop in Cy0, to 100 n1M (red curve in Fig. 4.4c).
These non-zero values of Cy,, are associated with elevated intracellular ROS levels: the
algae continue to excrete H,0, during the washing period (~5 min) (Fig. 4.4c-f). This
indicates that the H,0, concentration gradient over the cell wall — created during the
rinsing step — sustains the excretion. After a rapid jump during the rinsing step, both
extracellular H,0, and intracellular ROS concentrations remain stable. These results
suggest that algae have the ability to re-establish rapidly the ROS/AOX balance.

A consecutive exposure to the same concentration of Cd” shows higher Cy,0,
generation rates (green curves in Fig. 4.4c,d) with respect to the first exposure (Table
4.1). Thus, I observed that the rate and extent of ROS generation depend, even at low
Cd* concentrations, not only on the given toxicant exposure but also on previous
events. This effect can be associated with bioaccumulation of intracellular Cd* [253].
Once inside the algae, Cd** can substitute other ions like Ca*, Cu* and Zn*, disrupting
cellular functions [176, 257].

4.4.3 Qdots-induced oxidative stress

Both intracellular ROS and extracellular Cy,,, levels increase within the first hour of
CdSe/ZnS Qdots exposure to algae as displayed in Fig. 4.5b and f. The increase of ROS
can be attributed to cell-associated Cd and Zn (Fig. 4.5h). However, ICP-MS
measurements detect the total amount of Cd and Zn present in a sample and, therefore,
this technique does not discriminate between dissolved ionic and metallic elements in
the form of Qdots. I attempted imaging experiments in order to detect the fluorescent
Qdots inside the algae, but obtained no conclusive results because the fluorescence of
algae overlaps with that of Qdots (data not shown). As indicated by ICP-MS, pristine
Qdots have a 2:1 concentration ratio of Cd and Zn (Fig. 4.5g). Since only 300 nM of cell-
associated Cd was detected, the upper limit of 150 nM for Zn in the form of Qdots can
be estimated and, in turn, more than 1 uM must be in the ionic form (Fig. 4.5h). This
corresponds to a 6-fold higher amount of dissolved Zn* in the presence of algae as
compared to pure water, which was earlier attributed to the change of the pH level in
the vicinity of algae [252, 253, 258, 259]. Control experiments with such quantities of
Zn* did not induce any extracellular H,0, (Fig. 4.5d). Therefore, elevated ROS and Cy,,
levels — observed in Qdots exposure — are mediated via cell-associated Qdots/Cd*.

If the Qdots exposure to algae is extended, Cy,¢, stops to increase during the second
hour and even decreases towards the end of the experiment (green curve in Fig. 4.5f).
The latter effect might be connected with CdSe/ZnS Qdots converting H,O, into water
[260-263]. Moreover, this conversion can be much more efficient after dissolution of the
ZnS shell. Indeed, one of the functions of Zn-shell in Qdots is to remove electron-hole
traps at the surface of the Cd-core [264] and to confine the excited electrons in the core
of Qdots [210]. However, as discussed above, cell-associated Qdots are characterized by
enhanced dissolution. Keeping this in mind, I proposed the following scenario: once the
ZnS shell forfeits its sealing capability, Cd* leaches into the algae and triggers oxidative
stress, leading to an increase of intracellular ROS levels (Fig. 4.5i). The presence of the
induction time (Fig. 4.5f), which was not observed in the Cd* experiments, further
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supports this toxicity mechanism. Concurrently, after the CdSe core is stripped, an en-
enhanced depletion of H,0, sets in as discussed above. Comparing 500 nM Cd*" and
Qdots exposures, they both stimulate increased intracellular ROS. However, in contrast
to 500 nM Cd*, Cy,0, is well below the detection limit (black curve in Fig. 4.5f) in the
post-stress after Qdots exposure. This further strengthens the presumption that Qdots
deplete H,O,. As a result, measured H,0O, concentrations in Qdots experiments are
underestimated since H,0, is partly destroyed.

4.5 Summary

I have presented a multi-layered microfluidic chip combined with an integrated optical
biosensor for sensitive and continuous detection of extracellular H,O,. The microfluidic
chip includes microfluidic valves and microsieves to design complex exposure
sequences. Furthermore, continuous measurements give access to the dynamics of
biological processes, which represents a very significant advantage compared with
frequently used end-point assays. With this setup, I measured the H,O, response of the
green algae Chlamydomonas reinhardtii exposed to Cd* and CdSe/ZnS Qdots. In
addition, intracellular ROS levels were measured and the dissolution of the Qdots was
quantified by ICP-MS.

Using the proposed microfluidic configuration, I found that algae are able to recover
their homeostasis after 60 min oxidative stress induced by Cd*. Furthermore,
consecutive exposures induce enhanced H,0, generation. CdSe/ZnS Qdots induce ROS
generation in algae mainly due to the cell-associated Cd, whereas the effect of Zn is
negligible. It is not entirely clear in which state (ionic or particulate) the Cd reacts with
algae, but I confirmed an enhanced dissolution of Cd and Zn from Qdots in the
presence of algae. Furthermore, in case of Qdots exposure, I observed an induction time
for the H,0, release as compared to the Cd* experiments, leading to the presumption of
Qdot dissolution prior to H,O, generation. Finally, a decrease in extracellular H,0O,
concentration was observed after 90 min exposure to 5 nM of Qdots, which I explained
as H,0, depletion through electron traps available on the surface of the Qdots with
deteriorated shells. Overall, to my best knowledge, experiments with such complex
exposure patterns at such low concentrations of toxicants are presented for the first
time. Of course, further investigations are necessary to elucidate the impact of Cd** and
core/shell Qdots on living organisms. However, I demonstrated that this microfluidic
platform opens the door for a completely new type of experiments, leading to a better
understanding of ROS biology as well as for ecotoxicological studies.
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er aspera ad astra — a Latin phrase that translates as “through hardships to the
Pstars” — best describes this thesis in several ways: it gives the feeling about the

tremendous importance of the topic discussed here; it shows the extensive
distance between the start and the finish; and it describes the bumpy road that I have
undertaken to reach the thesis objectives. For instance, the thesis starts with Fig. 2.1,
which describes the basic principle of multiscattering, a phenomenon proposed to use
to create new optical probes. The story goes on through physics, engineering and finally
reaching biology in Fig. 4.5, where the actual extracellular H,0, concentration is
measured in biological systems using the developed optical probe. Although, the latter
result constitutes the main objective of the thesis and unites all chapters, every chapter
is self-consistent having its own motivation and novel developments.

5.1 Achieved results

The first achievement of this thesis is multiscattering enhanced absorption
spectroscopy (MEAS). Based on light propagation in random media, I have developed a
simple yet effective extension of the standard absorption spectroscopy. Without any
additional equipment, MEAS provides an enhancement of limit of detection for a
variety of analytes, including commercially available H,O, bioassays as well as 10 nm
gold nanoparticles acting as colorimetric probes. Besides experiments, I have also
implemented a numerical model that fits well with the obtained results and provides an
additional handle to engineer OPL enhancement according to the application at hand.
Due to its simplicity, MEAS is a promising new alternative to absorption spectroscopy
to detect analytes in small concentrations.

Next, I demonstrated that the absorbed light energy in the medium has a non-
monotonic dependence in the presence of random media with various filling factors: a
random medium with a critical filling factor can increase the absorbed energy by 2.4. If
an open photonic cavity is added, even a larger enhancement is obtained (23-fold).
Historically, the presence of scatterers in conventional cavities was viewed as a
drawback, decreasing the quality factor of the latter. However, 3D open photonic cavity
and random medium can act symbiotically: for certain configurations the performances
of this hybrid system can be better as the cavity or the random medium alone. To
demonstrate the potential of maximal absorption, I numerically showed that such a
hybrid system can improve the performance of light trapping for solar cell applications.
Overall, Chapter 2 opens new perspectives for sensing and energy harvesting
applications using random media.
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The next significant innovation is the portable oxidative stress sensor (POSS): I used a
multiscattering-enhanced approach to improve the capabilities of the optical detection
for biosensing applications and assembled from scratch a portable setup to
accommodate the developed multiscattering-enhanced optical probes. Out of three
different techniques, microarray spotting proved to be the best approach to spot
nanoliters of cyt cin the porous membrane. Such optical probes demonstrate excellent
repeatability and reproducibility, while the multiscattering enhancement scheme
permits a 40 nM LOD for H,O, — low enough to trace processes at cellular level. These
multiscattering-enhanced optical probes were further developed to continuously detect
glucose and lactate, achieving 110 and 240 nM limits of detection, respectively, which
are at least one order of magnitude lower than the current state of the art. In summary,
Chapter 3 documents the development and proof of concept experiments for
multiscattering-enhanced optical probes, which represents an extremely appealing
alternative for continuous extracellular H,0, measurements.

The last chapter introduces a novel multi-layered microfluidic chip with an integrated
multiscattering-enhanced optical probe. This sophisticated system also includes
hydraulically controlled microvalves and microsieves to design complex exposure
sequences of toxicants to aquatic microorganisms. In particular, I found that
Chlamydomonas reinhardtii exposed to ionic Cd can excrete H,O, without increasing
the intracellular ROS levels. Additionally, I have observed that algae have the ability to
recover their homeostasis after Cd* exposure. Consecutive exposures show enhanced
H-0: generation rate, indicating cellular damages. This study represents only the first
example in the field unveils the tremendous possibilities and complicated toxicant
sequences, which can be applied using the developed microfluidic chip. In conclusion,
this system opens the door for new insights in ROS dynamics and its function in cells, as
well as for assessing the toxicity mechanisms of nanomaterials.

5.2  Future developments

5.2.1 Multiscattering-enhanced optical probes in an open photonic
cavity

The numerically demonstrated maximal absorption in a random medium can be
utilized for sensitive probes. In particular, multiscattering-enhanced optical probes
could be improved using an open cavity (Fig. 5.1). Sensing in random media relies on
collecting transmitted light with elongated optical paths. As was demonstrated in
Chapter 2, in such a configuration most of light is lost: high OPL amplification factors
come at the cost of low output intensity, which in turn often requires expensive light
sources and detectors [83]. In this context, an open cavity with one opening represents
an interesting alternative, since almost all the escaping light can be collected.
Furthermore, I have demonstrated that up to 99% of energy can be absorbed in the
hybrid system of an open cavity with a random medium. Therefore, such a
configuration represents a promising platform for biosensing.
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5.2.2 Porous substrates with higher refractive indices

In this thesis, I have used commercially available porous membranes with two different
pore sizes. This approach can be further extended: refractive index and pore size are
two possible parameters to be optimized. Preliminary results with ZrO, (n=2.3) and TiO,
(n=2.6) porous films (fabricated in EMPA, Diibendorf) have demonstrated
enhancement factors f of 8 and 16, respectively (recall that for the porous membranes
in Chapter 3, f is 4.6). There are, however, several difficulties that must be addressed to
use these materials, especially in terms of membrane robustness and wetting, so that
the sensing spot can penetrate into the material.

5.2.3 Other sensing molecules

The demonstrated multianalyte detection scheme can be further extended to numerous
other enzymes (for example, cholesterol oxidase, glycerol-3-phosphate oxidase and
uricase [196]) that convert different substrates into H,O,. Furthermore, the sensing
molecule cyt ¢ can be substituted with other molecules. In particular, porphyrins — the
general class of compounds to which the heme group of cyt ¢ belongs- are of special
interest because, for many of them, their absorption spectrum changes with their redox
state, like for cyt c (for example, hemoglobin [265]). Similarly, ion-ligand complexes can
be used for the sensitive detection of different ions [266].

New sensing
molecule/enzyme . .
Y Incident light

) o

Open photonic cavity

Novel porous material

Figure 5.1. Multiscattering-optical probe made of a new sensing molecule/enzyme
combination in an open cavity filled with novel porous materials. This picture
summarizes the developments suggested in Sec. 5.2.1-5.2.3.

5.2.4 Spatial H,0, measurements

Besides temporal H,O, measurements, the developed platform can be directly extended
for performing spatial measurements, where several optical probes detect H,0O, in
different places simultaneously. Furthermore, preliminary experiments indicate that
spatial measurements can be performed even within one single sensing spot (Fig. 5.2).
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This opens the possibility to study biological processes not only in time, but also with a

high spatial resolution.

Detector area number

Alga

Incident light

Intensity (arb. units)

— Ctrl.
./ —Alga
7 — Alga+500 nM Cd?*

. e e S

0.0

4

8 12 16
Detector area number

Figure 5.2. Spatial H,O, sensing. (a) Schematic of the measurement configuration: the
sensing spot is placed in the proximity of a cell. The generated H,O, mostly reacts with
the closest area of the spot. The optical signal is then collected from different areas on
the spot. (b) Imaging a single alga on the CCD as in Chapter 3. The red box represents
the measurement area, which is divided into 16 equal areas. The dashed orange lines
indicate the 6" detector area where most of the alga is located. For spectral
measurements the setup is refocused on the sensing element instead of the alga. The
alga was immobilized on the surface using vacuum grease. (c) Change of the redox
coefficient Ag after 1 h for control measurements in water, alga and alga in the presence
of 500 nM Cd”. The dashed orange line indicates the detector area where most of the
alga is located for both measurements.

5.3

5.3.1 Mechanisms

Potential impact for ROS biology

The exact mechanisms that trigger ROS generation as well as how the magnitude and
the duration of ROS production determine their specific functions remain unclear [3].
In this context, the multiscattering-enhanced optical probes for continuous H,O,
measurements that I have developed enable dynamic measurements, which can
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5.3 Potential impact for ROS biology

provide new mechanistic information. Although I have concentrated on stress-induced
ROS in aquatic microorganisms in this thesis, the developed biosensors can be used for
other types of biological entities, including various cell lines and living organisms.

5.3.2 Maedical advances

Many drugs partly work by generating ROS, by inducing intracellular ROS generation,
by diminishing cellular ROS production or by increasing catabolism of ROS [8, 267-269].
For example, many antibiotics kill bacteria by inducing them to generate ROS [8, 270]. A
better understanding of how antibiotics lead to ROS production as part of their action
mechanism could help revitalize antibiotic research and discovery. Moreover, some
anticancer agents such as adriamycin [271] and bleomycin [272] produce ROS directly.
Therefore, advances in ROS biology have potential to develop completely different
treatments for many diseases, including cancer. Finally, ageing is determined by
cellular metabolism, which in turn can be controlled through harnessing ROS levels
[14].

5.3.3 Impact on nanotoxicology

The rapid growth of nanotechnology is increasing the likelihood of ENMs coming into
contact with humans or the environment [33]. The organic and synthetic worlds merge
into a new science concerned with the safe use of nanotechnology [43]. In this thesis, I
have presented a multi-layered microfluidic chip that allows studying the interaction
between ENMs and living entities. Complex exposure sequences of toxicants in
conjunction with continuous ROS measurements will lead to a better understanding of
the ‘nano-bio’ interface in general and the stress-related ROS dynamics in particular.
Overall, this platform can be used for food, water and air quality controls in relation
with ENMs. For example, novel monitoring methods could be based on measuring the
ROS generation in microorganisms dispersed in different environments throughout a
country.

7






A. Abbreviations

Table A.1. Table of used abbreviations.

Abbreviation Full name
AA Ascorbic acid
AOX Antioxidants
CM-H,DCFDA Chloromethyl dihydrodichlorofluorescein diacetate
Cytc Cytochrome ¢
DMEM Dulbecco’s modified Eagle’s medium

ENM Engineered nanomaterial

GOx Glucose oxidase

HRP Horseradish peroxidase

H,0, Hydrogen peroxide

ICP-MS Inductively coupled plasma mass spectrometry

LOD Limit of detection

LOx Lactate oxidase
MEAS Multiscattering-enhanced absorption spectroscopy

NA Numerical aperture

OPL Optical path of light

PBS Phosphate buffered saline

PI Propidium Iodide

POSS Portable oxidative stress sensor

PS Polystyrene
Qdots Quantum dots

ROS Reactive oxygen species

TAP Tris-acetate phosphate
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B. Raw spectra examples for
MEAS measurements
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Figure B.1. Absorbance measurements for: (a) phenol red (black curves — 0.1 uM, red
0.2 uM and green 0.4 pM) in water (dashed lines) and in water/PS beads mixtures (dots
for ¢S and full lines for €£5). The same measurement configuration as in Fig. 2.3a is
used. (b) 10 nm gold nanoparticles (black curves — 7.3 uM, red 14.6 uM and green
29.2 uM) in water (dashed lines) and in water/PS beads. The same measurement
configuration as in Fig. 2.3b is used. (c) Envy green (black curves — 25 mg/I, red 50 mg/1
and green 100 mg/l) in water (dashed lines) and in water/PS beads. The same
measurement configuration as in Fig. 2.3c is used. (d) Bioassay (black curves — 4 uM, red
10 uM and green 20 uM) in water (dashed curves) and in water/PS beads. The same
measurement configuration as in Fig. 2.4b is used.
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Raw spectra examples for MEAS measurements

(a) 0.04 . : -
—No scatterers
—0.5um
0.03} —0.75 um
—1pum
g —2pum
£ 002 —3um 1
2
2
e}
<
0.01 b
) N
0‘0250 500 550 600 650
Wavelength (nm)
() 0.09 T —
0.08 T
0.07F E
0.06+ E
(]
)
£ 005 -
el
S 0.04r g
w
Qo /
< 0.03f ) / b
0.02- ,,«// 4
0.01F~ . 4
: 500 550 600 650

Figure B.2. Spectral dependence of MEAS. (a) Absorption measurements of phenol red
in water and in water/PS beads of different diameters. The same measurement
configuration as in Fig. 2.6b is used. (b) Spectral dependence of the enhancement factor
k for (a). (c) Absorption measurements of phenol red in water (dashed curves) and in
water/PS beads for different thicknesses L (black curves — 4 mm, red 8 mm and green
10 mm). The same measurement configuration as in Fig. 2.6c is used. (d) Spectral
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C. Control software for
microfluidic pump

Figure C.1. Software interface to control the microfluidic pump (see Chapter 3)
implemented in Labview. The user has to select the number of cycles and set different
parameters, such as speed, input/output ports of the pump and amount of injected
liquid.

umber of cycles

123 [N

T34 resource name

urrent Cyle.

123
T
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Control software for microfluidic pump

Figure C.2. Block diagram of the code presented in Fig. C.1, which contains function
“1”, which sends multiple commands to the microfluidic pump via RS-232 interface.
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Figure C.3. True-true cycle of the block diagram for function “1” as described in Fig. C.2.
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[Qs ~To ensure that the pump initializes successfuly, send [Q] command
lafter the initialization comman

| The [©] command sllows the contraller to determine when the
lcommands is complete and the pump is ready to accept new commands
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Figure C.4. True-false cycle of the block diagram of function “1” as described in Fig. C.2.
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Figure C.5. False cycle of the block diagram of function “1” as described in Fig. C.2.
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Control software for microfluidic pump
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D. Code to calculate normalized
redox coefficient

The Matlab code to calculate normalized redox coefficient used in Chapters 3 and 4:

clear all;

clc

path='C:\backup\ROS detection\14 12 16\';
addpath (path) ;

no _data m=[8];

acqui m=[61];

time step m=[1];

no_lamp=[9]; 3indicate lamp for every data

col m=['r','b']

shape m=['o' 'o']
t=0;
t m=[];coeffplot m=[];coeffplot2 m=[];coeffplot3 m=[];

for oco=l:length(no_data m)

00

clear data tmp2 spec expt
no=no_data m(o0o0) ;
acqui=acqui m(oo0);
data_ tmp2=dlmread(['Data’',num2str (no), 'Datad',num2str(no),"'.dat']);
[len,wid]=size (data_tmp2)
ng=no_lamp (00) ;
data tmp=dlmread(['Data',num2str (nqg), 'Datad',num2str(nqg),'.dat']);
lam m=data tmp(:,1);

spec_lamp=data tmp(:,2);

[0}

pec_expt norm;

for ii=l:acqui
spec_expt(:,ii)=data tmp2(:,ii*2);
end;

for pp=l:acqui
spec_expt norm(:,pp)=spec_expt (:,pp)./spec_lamp;
spec_expt norm(:,pp)=spec_expt norm(:,pp)./ (sum(spec_expt norm(831:1:835,pp))/5
t=t+time step m(oco0);
t m=[t m t];

Il=sum(spec_expt norm(486:1:490,pp))/5;
I2=sum(spec_expt norm(543:1:547,pp))/5;

al=9.9; %542 nm
az2=7.9; $556 nm
min=1000;
pos=0;

for 1=1:1000
k(i)=0.3+0.7%0.001%1i;
% (i)=abs ( log ((I1-(1-k(i)))/k(i))/log((I2-(1-k(i)))/k(i)) - (al/a2) );
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Code to calculate normalized redox coefficient

if x(i)<min
min=x (1) ;
pos=k(i);

end;

end;

kk=1*1+0*pos
spec_expt_norm(:,pp):(spec_expt_norm(:,pp)—(l—kk))./kk;

end;

figure (1)

plot(lam m, spec_expt norm,'-o', 'MarkerSize',2)

hold on;

coeffplot=log( sum(spec_expt norm(511:1:515,:))/5 ) ./ log(

sum(spec_expt norm(486:1:490,:))/5 );

coeffplot=(coeffplot-9.1/9.9)/(27.6/9.9-9.1/9.9);
coeffplot m=[coeffplot m coeffplot];
end

figure (2)
b=transpose (coeffplot);

plot (t_m,coeffplot m, 'o-', 'MarkerSize', 3)

hold on;

xlabel ('t (min)")

ylabel ("\phi (a.u.)")
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E. Code for Monte Carlo
simulations of light propagation
in a random medium

The Matlab Monte Carlo code for light propagation in a random medium used in
Chapter 2:

clc
clear;

swrite file

file=['aaameasurement2.txt'];

dlmwrite (file, '");
for cout=1:14
cc=[le-4,5e-4,1e-3,0.003,0.005,0.01,0.05,0.1,0.5,1,2,5,7,10];

C=500; $concentration of cytC
fr=0.5; $fraction of reduced cytC

$geometry of the individual particle

a=500e-9/2; %radius of PS beads, default=500/2 nm

th=0e-9; $thickness of the outer cytC layer, default=153nm
b=a+th;

nouter=1.3; Souter refractive index of surrounding media,default=1

$concentration
NN=cc (cout) *3.64*1ell/le-6; %Snumber of PS beads from Polysciences

FF=NN*4/3*pi*b"3; $fraction volume of scatterers
nstep=180; $number of angle steps
dteta=1/nstep; $cos teta step
dteta0=180/nstep; %$angle step

for step=1:100000
DisEv (step)=0;
RefEv (step)=0;
sum9 (step) =0;
sumRef9 (step)=0;
end;

$geometry of the PS/cytc drop

Lx=500e-6;

Ly=500e-6; $photons launched at Lx/2,Ly/2,0. for 100 drops 640x640x21 um
Lz=500e-6; $1000x1000x1000 um box

a0=100e-6; $opening size in the top and bottom

$calculation of mie scattering. uses miecoated function
for i=550:1:550
lam=i*le-9;
ml = 2.60/nouter; %data for polystyrene beads from polysciences, default=1.60
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Code for Monte Carlo simulations of light propagation in a random medium

lamg=lam*1le6;
m2 = sqrt( epsCc(lamg,
fraction

alpha2=4*pi*imag (m2) /lam;
x=2*pi*a/lam;
y=2*pi*b/lam;
if a==

result=mie2 (m272,1,vy);
elseif th==

result=mie2 (m1"°2,1,x);
else

C, fr)

) /nouter;

result=miecoated (ml,m2,x,y,u);

end;

gsca=result(1l,2);
asy=result(1l,5);
lfree=4*b/ ((l-asy) *3*FF*gsca) ;

end;

%% energy box
Etotal=1l; $total energy is
StartWav=400;
EndWav=600; %$end wav in nm
StepWav=0.5; $step in nm
Steps= (EndWav-StartWav) /StepWav;
Ewav=Etotal/Steps;
Packets=le4;
EwavO=Ewav/Packets;
StopEnergyFactor=1lel2;
any more

for lam=550:1:550

lam
$% propagation box

sum0=0;
sumRef=0;

sum2=0;
sumRef2=0;
sum3=0;
sumRef3=0;
sum4=0;
sumRef4=0;
sum5=0;
sumRef5=0;

sumb0=0;
sumbRef=0;

sumb2=0;
sumbRef2=0;
sumpb3=0;
sumbRef3=0;
sumb4=0;
sumbRef4=0;
sumb5=0;
sumbRef5=0;

ltot=0;
Ndetect=0;

$start wav in nm

$mean

1Ww*lsec

$energy per 1 wavelength
Snumber of packets
$energy of 1 packet
%$after which energy to stop the beam
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for i=1:Packets
i/Packets*100
j=1;

x=Lx/2;

y=Ly/2;

z=1e-10;

E=Ewav0; %$energy of the packet
Eref=Ewav0;

scat=0;

refl=0;

odo

while (x>0) & (x<Lx) & (y>0) & (y<Ly) & (z>0) & (z<Lz)
if j~=1 scat=scat+l; end;

fi=2*pi*rand; %azimuth angle 0..2pi
if j== $first direction is into the box
theta=0*pi/10; $dark-field configuration with pi/4=45deg.
incident angle
% £i=0;
else

thetalO=acos (1/ (2*asy) * (1+asy”2-((l-asy”2)/ (l+asy* (2*rand-1)))"2));
theta=acos (cos (theta) *cos (thetal) +sin (theta) *sin (thetal) *cos (fi));
end;

p=-lfree*log(rand);
% L(i)=L(1i)+p;
cor=10;

$reflection
while cor>0
cor=10;
thetaold=theta;
fiold=fi;
Rmin=100;

%$side reflections

R(1)=-x/(sin(thetaold) *cos (fiold)) ;

if (R(1)<p)&(R(1)>0)& (R(1)<Rmin) Rmin=R(1l); cor=1l; fi=pi-fiold;
theta=thetaold; end;

R(2)=(Lx-x)/ (sin(thetaold) *cos (fiold)) ;

if (R(2)<p)&(R(2)>0)& (R(2)<Rmin) Rmin=R(2); cor=2; fi=pi-fiold;
theta=thetaold; end;

R(3)=-y/ (sin(thetaold) *sin (fiold)) ;

if (R(3)<p)&(R(3)>0)& (R(3)<Rmin) Rmin=R(3); cor=3; fi=2*pi-fiold;
theta=thetaold; end;

R(4)=(Ly-y)/ (sin(thetaold) *sin (fiold)) ;

if (R(4)<p)&(R(4)>0)&(R(4)<Rmin) Rmin=R(4); cor=4; fi=2*pi-fiold;
theta=thetaold; end;

Stop bottom reflection with openings

R(5)=-z/cos (thetaold) ;

if (R(5)<p)&(R(5)>0)& (R(5)<Rmin) Rmin=R(5); cor=5; theta=pi-
thetaold; fi=fiold; end;

R(6)=(Lz-z) /cos (thetaold);

if (R(6)<p)&(R(6)>0)& (R(6)<Rmin) Rmin=R(6); cor=6; theta=pi-
thetaold; fi=fiold; end;

if cor<10

x=x+R (cor) *sin (thetaold) *cos (fiold) ;
y=y+R (cor) *sin (thetaold) *sin (fiold) ;
z=z+R (cor) *cos (thetaold) ;

E=E*exp (-alpha2*R(cor)) ;
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Code for Monte Carlo simulations of light propagation in a random medium

p=p-R(cor);
Jj=j+1;
refl=refl+l;

if cor==1 x=0; end;
if cor==2 x=Lx; end;
if cor==3 y=0; end;
if cor==4 y=Ly; end;

if cor==5 z=0; end;
if cor==6 z=Lz; end;

$lhole conditoin!!!
if (cor>4) & (x>((Lx-al)/2)) & (x<((Lx+a0)/2))&(y>((Ly-a0)/2))&(y<((Ly+a0)/2))
% if cor>0
theta=thetaold;
fi=fiold;
cor=0;
p=0;
end;

else cor=0;
end;
end;

x=x+p*sin (theta) *cos (fi) ;
y=y+p*sin (theta) *sin (fi);
z=z+p*cos (theta) ;

E=E*exp (-alpha2*p);
j=j+1;

end;

if (theta<(pi/10)) %! 'DETECTION CONDITION: only light which is
transmitted through and angle pi/10=18deg.
Ndetect=Ndetect+1;
sumO=sum0+E*exp (+alpha2* (z-Lz) /cos (theta)) ;
sumRef=sumRef+Eref;

end;

if (theta<(pi/5)) %! ! 'DETECTION CONDITION: only light which is
transmitted through and angle pi/10=18deg.
sum2=sum2+E*exp (+alpha2* (z-Lz) /cos (theta)) ;
sumRef2=sumRef2+Eref;

end;

if (theta<(pi/4)) %1 IDETECTION CONDITION: only light which is
transmitted through and angle pi/10=18deg.
sum3=sum3+E*exp (+alpha2* (z-Lz) /cos (theta)) ;
sumRef3=sumRef3+Eref;

end;
if (theta<(pi/3)) $! ! /DETECTION CONDITION: only light which is
transmitted through and angle pi/10=18deg.

sumd=sumé+E*exp (+alpha2* (z-Lz) /cos (theta)) ;
sumRefd=sumRef4+Eref;
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end;

if (theta<(pi/2)) %! ! !'DETECTION CONDITION: only light which is
transmitted through and angle pi/10=18deg.
sumbS=sumb5+E;
sumRef5=sumRef5+Eref;

end;

% backreflection
if (theta>(9*pi/10)) %! ! 'DETECTION CONDITION: only light which is
transmitted through and angle pi/10=18deg.

sumb0=sumb0+E*exp (+alpha2* (z-0) /cos (theta)) ;
sumbRef=sumbRef+Eref;
end;

if (theta>(4*pi/5)) %! ! 'DETECTION CONDITION: only light which is
transmitted through and angle pi/10=18deg.
sumb2=sumb2+E*exp (+alpha2* (z-0) /cos (theta)) ;
sumbRef2=sumbRef2+Eref;

end;

if (theta>(3*pi/4)) %! ! !DETECTION CONDITION: only light which is
transmitted through and angle pi/10=18deg.
sumb3=sumb3+E*exp (+alpha2* (z-0) /cos (theta)) ;
sumbRef3=sumbRef3+Eref;

end;

if (theta>(2*pi/3)) %! ! 'DETECTION CONDITION: only light which is
transmitted through and angle pi/10=18deg.
sumb4=sumb4+E*exp (+alpha2* (z-0) /cos (theta)) ;
sumbRef4=sumbRef4+Eref;

end;
if (theta>(pi/2)) %! ! 'DETECTION CONDITION: only light which is
transmitted through and angle pi/10=18deg.
sumb5=sumb5+E;
sumbRef5=sumbRef5+Eref;
end;
%$end of backreflection
end;

lave0=-log (sum0/sumRef) /alpha2; %length of light path

lave5=-log (sum5/sumRef5) /alpha?2;

dlmwrite (file, [num2str (cc(cout)),' ',num2str (sumRef5),' ',num2str (sumb5), '

',num2str (lave5) ], '-append', 'delimiter', ") ;

laveb5=-1log (sumb5/sumbRef5) /alpha?2;

dlmwrite (file, [num2str (cc(cout)),' ',num2str (sumbRef5),' ',num2str (sumb5),’

", num2str (laveb5) ], '-append', 'delimiter',"'");
end;
end;
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F. Statistical analysis of
intracellular ROS and membrane
permeability levels

(a)

Membrane permeability

(b)

Membrane permeability

Figure F.1. Membrane permeability levels for (a) 500 nM and (b) 100 nM Cd* exposures
as in Figure 4.4. Tukey multiple comparisons of means are available in Tables F.4 and
E.5.
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Statistical analysis of intracellular ROS and membrane permeability levels

Membrane permeability

Figure F.2. Membrane permeability levels for 5 nM Qdots exposures as in Figure 4.5.
Tukey multiple comparisons of means are available in Table F.6.

Tukey multiple comparisons of means

Significant codes *** p<0.01, ** p<0.05, * p<0.1, ~ p>0.1. For all tables data represents the
average over 9 measurements.

Table F.1. Intracellular ROS levels (500 nM Cd* exposure).

1 2 3 4 5 6 7 8 9 10 11
1) algae+water * - * whx ok ok whx ok ok wkx
2) algae+water (1h) - N - - ko ok . . ok
3) algae+water (2h) " ok ok ok ok ok . ok
4) algae+water (3h) - - ko ok . ok ko
5) algae+500 nM Cd* (1h) sk ok » » sk ok
6) algae+500 nM Cd™ (2h) ok ~ 5 ok .
7) algae+500 nM Cd* (3h) - - - ok
8) post-stress - Kok P
9) post-stress 2h sox sk
10) 2nd exposure 500 Cd™ .

11) algae+10 mM H,0,

96



Table F.2. Intracellular ROS levels (100 nM Cd* exposure).

1

2

3

1) algae+water

2) algae+water (1h)

3) algae+water (2h)

4) algae+water (3h)

5) algae+100 nM Cd* (1h)
6) algae+100 nM Cd™ (2h)
7) algae+100 nM Cd* (3h)
8) post-stress

9) post-stress 2h

10) 2nd exposure 100 Cd*
11) algae+10 mM H,0,

*

Table F.3. Intracellular ROS levels (5 nM Qdots exposures).

1

2

3

1)algae+water

2) algae+water (1h)

3) algae+water (2h)

4) algae+5nM Qdots 1h
5) algae+5nM Qdots 2h
6) post stress

7) algae+10mM H,0,

*
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Statistical analysis of intracellular ROS and membrane permeability levels

Table F.4. Membrane permeability levels (500 nM Cd* exposures).

1) algae+water

2) algae+water (1h)

3) algae+water (2h)

4) algae+water (3h)

5) algae+500 nM Cd* (1h)
6) algae+500 nM Cd* (2h)
7) algae+500 nM Cd* (3h)
8) post-stress

9) post-stress 2h

10) 2nd exposure 500 Cd™
11) algae+10 mM H,0,

Table F.5. Membrane permeability levels (100 nM Cd* exposures).

1) algae+water

2) algae+water (1h)

3) algae+water (2h)

4) algae+water (3h)

5) algae+100 nM Cd** (1h)
6) algae+100 nM Cd* (2h)
7) algae+100 nM Cd** (3h)
8) post-stress

9) post-stress 2h

10) 2nd exposure 100 Cd*
11) algae+10 mM H,0,
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Table F.6. Membrane permeability levels (5 nM Qdots exposures).

1

2

3

1)algae+water

2) algae+water (1h)

3) algae+water (2h)

4) algae+5nM Qdots 1h
5) algae+5nM Qdots 2h
6) post stress

7) algae+10mM H,0,

k%

E
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