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Abstract

Reactive oxygen species (ROS) play important roles for the regulation of normal
functions such as proliferation, differentiation, migration and cell death. At low doses
they participate in the redox balance, but an excess of these species leads to damage
to proteins, lipids or DNA. ROS are involved in the onset and progression of several
degenerative diseases (e.g., cancer, neurological disorder, etc). Cancer cells are
highly susceptible to ROS-mediated damage and several chemotherapy agents

achieve cytotoxicity by inducing oxidative stress.

Sensing the variations of different intracellular ROS is crucial for real time assessments
of anticancer treatment efficiency. Yet, no sensor currently allows simultaneous and
independent monitoring of different ROS live cells. Indeed, existing sensors monitor
either the total levels of ROS or the levels of single species (i.e., sensors such as

diphenylanthracene, peroxy yellow, anthrafluorescein, etc.).

The need to optimise and personalise treatment regimens and for unravelling the
mechanisms underpinning ROS-induced cell death requires the introduction of a new
set of tools able to provide a real-time report of intracellular ROS levels in response to

a given intervention.

In this project we developed new fluorescent nanosensors able to respond to different
ROS. This was achieved through the synthesis of three conjugatable molecular probes
able to respond to individual ROS, namely; an anthrafluorescein-based probe for
superoxide anion, a dimethylanthracene-based probe for singlet oxygen and a
fluorescein-based probe for hydrogen peroxide. The new probes were grafted onto

poly(lactic-co-glycolic acid) (PLGA) and formulated as nanoparticles containing either

10



conjugated or encapsulated sensors. We characterised the fluorescent response of
the probes, conjugates and nanospecies in the presence of the target ROS analytes.
Lastly, we demonstrated the ability of the nanosensors to enter cells and their potential

of to be used as intracellular ROS sensors.
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Chapter 1. Introduction

1.1. Reactive oxygen species (ROS)

1.1.1. What are ROS?

ROS are derivatives of molecular oxygen characterised by a high reactivity' 3. Different
species of ROS exist: some have an unpaired electron and display the typical reactivity
of radicals (e.g., superoxide radical (O2"), hydroperoxyl radical (HO:"), hydroxyl radical
(HO"), peroxyl radical (ROQT) and alkoxyl radical (RO")), wheras other species react
as electrophiles (hydrogen peroxide (H202) and hypochlorous acid (HOCI)) and/or as

oxidative agents (singlet oxygen (*O2)) (Fig. 1.1).

102
Excitation: UV,Visible light
02 Ground state oxygen — (O CO,*
& CO,
i e NO*
22 |0f mide ‘ONOO
; !
. ‘OH + NO,"
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. \Oz‘

‘OH
ROO*

Figure 1.1: Different types of ROS*
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1.1.2. Cell production of ROS

Between the 80% and 90% of the ROS produced by cells are formed in mitochondria
during the electron transport chain 0 (Fig. 1.2 & 1.3). Superoxide anions are formed
from molecular oxygen in the third compartment of the mitochondria. To prevent
superoxide-mediated toxicity (see below), these anions are transformed into hydrogen
peroxide by an antioxidant enzyme called superoxide dismutase (SOD). Due to its
higher stability, hydrogen peroxide is a relatively long-lived ROS compared to
superoxide anion and it can diffuse out of the mitochondria. In the cytosol, catalase
(CAT) and other antioxidants such as glutathione peroxidase (GPx) or peroxiredins
(PrxIll) can transform hydrogen peroxide into water. Ferrous ions can reduce hydrogen
peroxide to form hydroxyl radicals. Hydroxyl radicals can in turn react with superoxide
anions to form oxygen and water as a further detoxification step. NADPH oxidase
(NOX)L, present in the cell membrane, can also form superoxide anions outside the
cell, which can be transformed into hydrogen peroxide and enter the cell. Superoxide
anions and hydrogen peroxide can also be transformed into reactive nitrogen species
(RNS) (nitric oxide (TNO), peroxynitrite (ONOQO")) or chlorinated ROS (hypochlorous
acid (HOCI)). A further ROS source is the degradation of lipids and alcohol in the
peroxisome. ROS can also be formed as a result of external stimuli, for example, under

ionizing UV radiation or from the metabolism of a wide range of drugs®19.12.13,
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Figure 1.3: Transport of ROS in cells’?

1.1.3. Reactivity of ROS

Electrons are more stable when they are paired, this gives radicals less stability

compared to non-radical species and can explain their reactivity. Indeed, the two main

features of ROS (i.e., short lifetime and limited diffusion range) are more prominent for

ROS radicals?®. The less reactive a molecule is, the longer its lifetime and the farther

it can move in the surrounding environment, with its reactivity profile having an impact
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in a wider spatial range from the generation site (Tab. 1.1). The most reactive ROS is
the hydroxyl radical followed by the superoxide radical and singlet oxygen. Compared
to those three, hydrogen peroxide is less reactive and can diffuse over a longer

distance.

Table 1.1: Reactivity and mobility of some ROS16

Mean free
ROS Half-life
path
Hydroxyl radical 1ns 1nm
Superoxide anion 1ps 30 nm
Singlet oxygen 1pus 30 nm
Hydrogen peroxide 1ms 1pm

ROS display different reactivity profiles, which in turn define the biomolecules they are
able to modify”16'18; superoxide radical reacts with double bond-containing
compounds (e.g., unsaturated fatty acids), while hydroxyl radicals will react with double
bond-containing compounds as lipids'® and DNA?°, but also with hetero-atoms (e.g.,
sulfur or nitrogen) on proteins?! leading to crosslinking, oxidation or hydrolysis.
Hydrogen peroxide oxidizes proteins, whereas reactions of singlet oxygen with
proteins, polyunsaturated acids or DNA often occur via Diels-Alder reaction. Some

examples of reactions of ROS with biomolecules are reported in Table 1.2.
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Table 1.2: Examples of the reactions of ROS with lipids, proteins and DNA

OOH

— COOH \/\/\'_NO
weoeasel PP~
OOH

Linoleic acid

i [o]

O~ ~_~_-COOH

NH, 0 o o
0 COOH
HN‘A\H/\\//\T/H\OH 3 H/u\//\j/
NH, NH,

L-Arginine (S)-Glutamyl semialdehyde

0 [o] §/\)J\OH
—
Proteing 23 HS/\)kOH S NH
NH, J;‘/

(Amino Acid) OH
HoN .
L-Cysteine o (S)-Cystine

Lipidg®

NH2 [0]

NH,
R o ~_OH
\S/\/\H/OH \ﬁ,/\/\n/

o o o

L-Methionine (S)-Methionine sulfoxide

O (0]
HO
o Do N C RN
DNA02! A L K > PN
(0] N (6]

HO™ "N” 0
H N

Thymine

Reaction of ROS with biomolecules can lead to modification/damage of proteins, lipids
and nucleic acids. In order to avoid these damages, the intracellular levels of ROS are
carefully controlled by antioxidant species, such as SOD (Eq. 1.1)%°, CAT (Eqg. 1.2)%%'

29 GSH (Eq. 1.3) or NADPH (Eq. 1.4)%.

Equation 1.1: SOD effect on superoxides?

o SOD
2()2 +2H —— 2H2C)+(32
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Equation 1.2: CAT effect on hydrogen peroxide?®

CAT
2H202 —>2H20 + 02

Equation 1.3: Glutathione effect on hydrogen peroxide®
2GSH + H,0, — > GSSG + 2H,0 (1)

2GSH + ROOH — 3 GSSG + ROH + H,0 2)

Equation 1.4: NADPH effect on oxygen3°

NADPH + 20, —3 NADP* + 20, +H"

1.1.4. ROS participation in cell homeostasis and oxidative stress

At low or moderate levels, ROS participate in the physiological homeostasis of the
cell®32'34 ROS are involved in regulating development, differentiation, stress signalling
and cell death”:32:33.3538 (Fig. 1.4). For example, ROS are linked with the proliferation
and survival of cells by mitogen-activated protein kinase cascades or phosphoinositide
3-kinase pathway, with iron homeostasis or with homeostasis and antioxidant gene
regulation by Nrf2 and Refl-mediated redox cellular signaling®®. One example of the
implication of ROS in cell survival processes is the activation of the tumour suppressor
protein p53344941 p53 is extremely important in the control of cellular stress responses,
inducing either cell cycle arrest in order to promote DNA repair and survival, or cell

death by apoptosis*?, depending on the context.

An imbalance between ROS and antioxidants can have various consequences. If an
excess of antioxidant exists, the cell proliferation pathway is affected and this can lead
to malformation or dysfunction such as cardiomyopathies** or neurodegenerative
disorders**. An excess of ROS causes a phenomenon called oxidative stress, which

was found to be linked to several diseases®®*® (e.g. cancer!®4648  obesity*?,

18



neurodegenerative diseases?!’, diabetes®%°!, aging®? %4, hypertension®>°¢) (Fig. 1.4

and 1.5).
Basal level
...-I.?
Scavenging Production
A ------
ROS
Cytostatic Redox biology Cytotoxic
(oxidative stress)
Cellular
proliferation Physiological
cell death
Stress
acclimation v Pathogen
defense
Signal Differentiation  Metabolic
transduction  and development regulation

Figure 1.4: Redox balance in cells®®
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Figure 1.5: Impact on cancer of different level of ROS and ROS-related gene

regulation®’

Oxidative stress occurs when the balance between antioxidants species such as
glutathione (GSH/GSSG)®8 (Eq. 1.3) or (NADPH/NADP?) ratios (Eq. 1.4) and ROS shift
in favour of ROS. This imbalance results in the damages to biomolecules discussed in

Section 1.1.3%5,

Cancer cells display a high susceptibility to oxidative stress, an effect known under the
name of "the Warburg effect"®. This behaviour is exploited by several therapeutic

approaches that aim at inhibiting tumour growth by increasing ROS concentration in
20



cancer cells. Externally induced production of ROS is the warhead of a therapeutic
approach called photodynamic therapy (PDT) (Fig. 1.6)25%62, This therapy relies on
the generation of ROS through the irradiation of a photosensitizing chemical compound
with non-toxic visible light to inactivate target cell (e.g., cancer cells or microorganisms)
and eradicate infections or ablate cancer and precancerous tissue®. PDT leads to cell
death either via apoptosis3#37:49.64  which is called programmed cell death or

necrosis®?, which is due to outside trauma or depletion of vital substances.

Type |l 3
h\’ 02 1
— PS Enerdy 0, —— ROS Cell death
transfer
excited ; 6)7@
state NG
o%,y
Type | PS: photosensitizer
'.;\ 7,./"
biomolecule
or substrate

Figure 1.6: PDT process®®

Apoptosis®® is morphologically characterized by chromatin condensation, cleavage of
chromosomal DNA into internucleosomal fragments, cell shrinkage, membrane
blebbing and formation of apoptotic bodies without plasma membrane breakdown.
Typically, apopt ot i ¢ cell s release Afind meod

clearance of the remaining debries by phagocytic cells. At the biochemical level,
apoptosis entails the activation of caspases, a highly conserved family of cysteine-
dependent aspartate-specific proteases. Necrosis®® is morphologically characterized
by vacuolization of the cytoplasm, swelling and breakdown of the plasma membrane
resulting in an inflammatory reaction due to release of cellular contents and pro-
inflammatory molecules. Necrosis is thought to be the result of pathological insults or

be caused by a bio-energetic catastrophe, or ATP depletion to a level incompatible

21
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with cell survival. The biochemistry of necrosis is characterized mostly in negative
terms by the absence of caspase activation, cytochrome c release and DNA

oligonucleosomal fragmentation.

1.1.5. Approaches for the detection and quantification of ROS

The importance of ROS in the redox homeostasis of the cell and their role in triggering
toxicity and potentially cell death (see previous sections) compelled scientists to
develop viable approaches for ROS detection and quantification in biological
environment. Because of their short life and their short range of action, the detection
and quantification or ROS had to rely on the development of bespoke analytical

tools®7:68,

Electron spin resonance (ESR) is a technique that permits the direct identification of
oxygen free radicals. Because of their short lifetime, specific reagents are used to
stabilize these radicals, either by addition of a covalent bond (the molecule is called a
spin trap)®® or by oxidation of the molecule (the molecule is called a spin sensor)®,
Spin traps are more often used than spin sensors. The most popular spin trap is 5,5-
dimethyl-1-pyrroline-N-oxide” 71, which is useful in solution but has limited applicability
in most biological systems due to competing reactivity with SOD and ascorbate that
partially inhibits formation of product. Furthermore, its range of efficient concentration
is limited, as it must be used with ROS concentrations between 20 and 100 mM7273,
which do not make it a sensitive technique. Another spin trap is 5-diethoxyphosphoryl-
5-methyl-1-pyrroline N-oxide’4, which can be modified to have a triphenylphosphonium
group to promote its selective uptake by mitochondria’®>. The main limitations of this

species are its poor sensitivity (i.e., concentrations under 50 mM of ROS cannot be
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detected), its toxicity to cells and non-specificity to superoxide 76" 7°, Moreover, this this

spin trap does not allow quantification of ROS and is also expensive®®.

Chemiluminescent sensors are high potential tools for ROS detection, in particular for
superoxide anion, for their sensitivity and ease of use®. The principle is that the sensor
reacts with the ROS and the reaction leads to the release of a photon that is detected
by a photometer without excitation by a light source®® 7%, Lucigenin is one the sensors
used for superoxide anion measurement in macrophages and neutrophils%. One
drawback of lucigenin is the susceptibility of the chemiluminescent species to reduction
in the presence of flavoprotein reductase®!, which in turn increases the level of
superoxide anions. In addition, the chemiluminescent species can react with other
molecules such as hydrogen peroxide®®, reducing the specificity of the detection.
Luminol is also used but is less selective because it reacts with hydrogen peroxide,
hydroxy radicals and peroxynitrite and increases the level of those ROS (Eq. 1.5)82'84,

This represents a serious drawback for the accurate quantification of ROS.

Equation 1.5: Lucigenin intermediate reduction

Superoxide is also detected by cytochrome c¢ (Cc) reduction coupled with
spectrophotometry 6768, Cc can be reduced by superoxide anions from the ferri- to the
ferro- form, causing an alteration of the absorbance at 550 nm, which can be detected

spectrophotometrically. Its specificity is relatively low due to the cross-reactivity of
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superoxide anion with enzymes or reductants as xanthine oxidase, ascorbate or

glutathione, which in turns hampers its quantification with this method®®.

Last but not least, fluorescent sensors can be used to detect different types of ROS.
Two types of fluorescent sensors exist: protein-based sensors and small organic
molecules. Protein-based sensors are designed through the combination of fluorescent
proteins and prokaryotic redox sensitive proteins®’:68, These sensors can provide
real-time and dynamic detection of redox state change. Sensors of different colours
are available, for example green (redox-sensitive green fluorescent protein type 1 or
2), yellow (redox-sensitive yellow fluorescent protein® combined with glutaredoxin-187
or charged with 3 residues®?) or red (redox-sensitive red fluorescent protein®). These
species are biocompatible but slow-reacting and not very sensitive, which does not
allow accurate quantification of ROS®8. Organic sensors are species whose fluorescent
behaviour is modified following reaction with ROS. A large panel of fluorescent sensors
exists with different properties, such as wavelengths of emission and excitation,
selectivity, and ability to enter cells or selectively accumulate in intracellular organelles

(e.g., mitochondria)3. These species are summarised in Table 1.3.
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Table 1.3: Summarize of the different methods for ROS analysis

Method Reaction Advantages Limitations

HO Oz
- - 5tabilize ROS
>Q-‘::'|' >£::}l » ﬂﬂﬂ-i hiEe by - Limit of range of
1
a =)

h : addition of covalent
3 ROS

bond or by oxidation

! - DEPMPO is more
{DMPO) - Modified DEFMFO .
ESR . toxic
o a o can enter selectively Need of " I
HZ" [= " - . . . . - Mead of an externa
EiD Eio—H : E0-F in mitochondria with
EII'_.‘_’H ﬂm' - == Eir =Tl ) analysis [as NMR)
< ‘ triphenylphosnium .
& d d - Mon spacific
[DEPMEC) group attached on
|
R - Canbe reduced by
o m flavoprotein
R ; . reductase: this

a : a - Sensitive and easy

= reduced form can
1 " - Detectable by superoxide anion

- - photometer without

Chemiluminescence

- . - H O itation by a light
WH; O by @ he sxciation by g - Less szlective than
) soue N
MNH s - - Lucigenin
HH ~ - - Increases the level
] L o i of ROS

\Laminal)

- Form a ferm- form
that can be observed | - Low specificity due

— " using a to the cross-reactivity
Cytochrome C 3+ + — 2% +
v Fe Cc DE Fe Cc DE spectrophotometer with emrzymes or
- Specific to reductants

superoxide anion

_ . . - Slow-reacting
Protein-based sensors —s Oxidised protein-based sensor - Biocompatible - Not very sensitive

Flugrescence

Options, advantage and
Orardised organie-based sensors limitations discussed in the
following sections

Organic-based sensors

1.1.6. Fluorescent sensors for ROS

The possibility of correlating the fluorescence intensity with the concentration of the
ROS makes fluorescent sensors particularly attractive for the quantification of reactive
oxygen species concentration in cells®7:68%0 The vast array of sensors developed to

detect and quantify ROS are discussed in the following sections.
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1.1.6.1. Superoxide anion sensors

As previously described, the superoxide anion is the first ROS generated by the
mitochondrial electron transport chain. Even if this ROS is unstable because of its
radical nature, some sensors can successfully detect and quantify it (Tab. 1.4)3. Most

selective sensors developed can only be used in a limited range of pH.

1.1.6.2. Hydrogen peroxide sensors

Hydrogen peroxide is the most stable ROS, therefore easier to detect and quantify.
However, the sensors designed to detect hydrogen peroxide often react with other
more reactive ROS, leading to lack of selectivity of the sensors themselves. (Tab. 1.5)3.

Most of the selective sensors developed have a lack of selectivity.

1.1.6.3. Singlet oxygen sensors

Singlet oxygen is not directly created by cells. The formation of this ROS is induced by
an endogenous or exogenous photosensitiser following irradiation during PDT>% 61,911
93, Given its importance for ROS-based therapeutic approaches such as PDT, some
sensors have been developed to detect and quantify singlet oxygen (Tab. 1.6).
Sensors for singlet oxygen tend to be quite selective and they respond to the analyte
by either increasing (turn-on sensors) or decreasing (turn-off sensors) their
fluorescence emission intensity; the main difference is the analysis, whether

measuring an increasing or decrease in the fluorescence.

1.1.6.4. Hydroxyl radical sensors

The hydroxyl radical is the most reactive ROS, yet a number of sensors for its detection
have been developed (Tab. 1.7). Most of these are selective to the hydroxyl radical,

but they can be used only over a limited range of pH.
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Table 1.4: Fluorescent sensors for superoxide anion

Name Molecule Reaction SexK &m Advantages Limitations
product (nm)
w/ & i 2 OdcanBxidiseit
w | A(Hakconcentrations increase
w/ NP5is 08 fIL_Jorescencebecause otonnection
with DNA
membrane . .
w! 58T dd T of1a) increases superoxide
Hydroethidine(HEY-*%-941% 520/ 610 Lo dismutation to peroxide
monitoring the L . .
oxidative burst in w{1a) can be oxidized by peroxide vi
(1a) (1b) cells non-specific peroxidase catalysis an
make some interference
wt 2Zbiity v beoxidizedby other
reactivity species
O O
. . Q ° O Q O w D 2 Bddator in - | w b 2sglective (react with singlet
1,3-Diphenyliso N/ 410/455 or o
benzofurai® $ ) Q 477 phospholipid oxygen) N s A
liposomes wCf dz2 Nb d€renfedtS 0 e
(2a) (2b)
H N wb2 Ayl SN]
2-(2-Pyridil) 7 N\ :@ 7N ]@ 377508 | Other ROS wEmission is optimal atHbetween
benzothiazoliné =N S =N S w5 S 3G SNYAY|89and10
(3a) (3b) SOD activity
3'-ox0-3'H Ph HO o A A A 5
spiro[dibenzo[c,hxanthend ™ § ‘O o O‘ L ‘O o “ 3 5 ls;s OO% A
-7 1% N P 08
d7i)’,|1 isobenzofuranis, 11 % It 6021662 | |\ jrogenperoxide | O YAZAAZY Aa 2L
bis(diphenylphosphinate) © ° 490/ 530t%° by replaing 74and8

(Phosphinated

dianthrafluorescein’f’

phosphinated group
into sulfony#©
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Table 1.5: Fluorescent sensors for hydrogen peroxide

Name Molecule Reaction <SEOK Advantages Limitations
product (nm)
HO. o] OH
cl O O el wb 25§flective
Ho o o w5 A Ofbijifdrnd S{w/ St f dzf F NJ LISNER E A
2,7 (52) N O / o can be appliedn cell oxidatiqn or catalase and SOD
Dichlorodihydrofluorescein COOH 498/522 | studies(DCFDA) w/ & 0 2 &K pedxitases, hematin
(DCFHy#67:99:100,102,111114 H,cOCO O ° O 0COCH, O w! &S¥Fdzf YI |increase formation of DCF
a o oxidative stress wt K202 NIDRELY uvisibe y
oo (5¢) light or UVA radiatio
(5h)
w5SONBFasS 2F Ffdz
w2 ARSt & dalw[2¢ aStSOGAOAGE
hydrogen peroide w[26 SEGAYyOlAZY
Scopoletin Meom MeO N monitoring sensor wLyd $NJ¥ SNByOS 7FNJ
(7-hydroxy6-methoxy: Ho oo Homo 360460 |Cltherisolatedin - jwb S SRifidatort -
: mitochondria w[ 28 aiul oAt Adig((pH
coumarin}><? OH o
or in stimulated and temperature)
(62) (6b) neutrophils and WLY i SNFSNBYyOS TNJ
eosinophils compound (NADPH, NADH, ascorbi
acid and Glutathione)
w/ Iy YSI &dz
COCHs superoxide anion if us
'(A‘I\nggﬂzeg_ /@N:@\ N of SOD w [ sBlectivity _
Groenoxaning) | worSsgdehg, HO/@EOQO 563/587 |w{ Y f w! G fOKIZdacentration
115,118,119 autofluorescence fluorescence increases
(7a) (7b) w{liloftS FN

8.5
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Homovanillic Acid
(4-hydroxy3-methoxy:
phenylatic acidy6120.121

COOH
CH,

MeO
OH
(8a)

(IZOOH

CH, OH

l . OMe
MeO
OH

GH2

COOH
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SenSO|§5,98,102,103,111,]éﬂ,122,123
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0
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Table 1.6: Fluorescent sensors for singlet oxygen

. <SEC o
Name Molecule Reaction product (Snrli)o K Advantages Limitations

9,10Dimethylanthracene 375463 |©F SNE 4LISOIw9EGAYOlGAR2Y 2F Ff
(DMAJ126128 wv dzA O wl FNR G2 LI aa GdKN

X=H z ~ =z s A
9-[2-(3-Carboxy9,10- 494/515 WLYAUALFE NBIFOUAJS
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hydroxy-3H-xanthen3- 5067527 wv dzA O WIEGAYOGAZ2Y 2F Tf
ones Y-f |wa S Y 0 Mérmyfe@ble | conditions (Cl or Bre addedo
(DPAX$)102:107,111,129,130 49 4/_515 decrease the pKa)
9-[2-(3-Carboxy9,10- A nrw x 1A X
methyhanthrylL6. wx SNE aLIS07 o . o
hydroxy-3Hxanthen3- 492/515 |®V qu O1 - w[ Sa a KeRNELJKZ o0 A G
ones w[ Sd3a KeRNIJwLYAGALFf Y2 fluSr€sdehcs
(DMAX]102.107.131 than DPAX
Singlet oxygen sensor A -
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?Leen (SOSE&Y 504/525 wv dzi O1

30



Table 1.7: Fluorescent sensors for hydroxyl radical

i < N=Ne . . .
Name Molecule Reaction product (Snrli)o K Advantages Limitations
B "o
N N i S C S
WLYAUALFEf Y2f SOdz g
4-(-Anthroyloxyj2,2,6,6 U U/ A 8 wb éé R 5a{h G 3Sy
tetramethyl od o 3rrjaer 10{ LISOAFTAO |/ 5 4% Ay3a 6 Adefitre 2 O
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o) o) A A _
1,3Cyclohexanedion&® m 400452 |w{ LISOATFAO |®PSSR Safh uz Vil
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(17a) L am)
0 0 H-0
o 0 A 8 .
Sodium terephtalat&® 0>7—©_<0_ )7_©_¢ 310/430 |w{ LISOATAO |wlJ 2 LJ A-¥AY c Py n
(18a) © qam 9
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a

performed realtime
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N-hydroxysuccininidyl
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w/ h h | eageyh® NJ
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0
; N N 352 & |position Ay <A = A oA
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