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ABSTARCT:

The subject of the dissertation is fluorophores for potential use in microscopy and
spectroscopy, with an emphasis on fluorophores that can be effectively excited by two photons.

This doctoral dissertation is divided into two main sections: a literature review and an
experimental section. The literature section consists of four main chapters: 1) Two-photon
absorption, including a subsection on Two-photon Fluorescence Microscopy (2PFM); 2)
Fluorophores for 2PFM; 3) Amyloids, including a subsection on two-photon fluorescent probes
for amyloid detection. Its purpose is to outline the motivations and scientific gap addressed by
the dissertation. The literature review aims to explain the importance of research on specific
fluorescent markers, as well as the broader scientific and social context: 1) The importance of
fluorescence microscopy with an emphasis on 2PFM in medical and biological sciences; 2)
How to respond to the limitations of organic fluorophores in bioimaging with DNA-stabilized
silver nanoclusters (Agn-DNA); 3) The importance of 2PFM in amyloid research; 4) The
current state of knowledge on the principles of constructing markers for amyloids, with an
emphasis on two-photon probes; 5) The importance of research on amyloids, which is related
to their connection with human diseases. It was important for the author of the dissertation to
demonstrate how fundamental studies on the optimization of two-photon absorbers, as well as
a deeper understanding of their optical properties upon binding to amyloids, can be effectively
translated into preclinical research — the driving force behind clinical studies and the
development of effective medical therapies. Fluorescent probes are designed either to find
direct application or to serve as a starting point for further modification. The hypotheses of this
doctoral dissertation are as follows: Hypothesis 1: BF2-functionalized benzothiazoles can
serve as fluorescent amyloid probes. Modification of the localization of functional groups in
the molecules has an impact on optical properties of studied fluorophores bound to amyloid
fibrils; Hypothesis 2: 2PA of fluorophores bound to amyloids is different than the one of free
molecules and can be modulated based on their chemical and consequently electronic structure;
Hypothesis 3: Atomically-precise nanoclusters Agn-DNA can have high two-photon
absorption cross-section (62) and two-photon brightness (o2,8) exceeding 50 GM, which will
make them competitive potential probes for bioimaging. In addition to the hypotheses, the
goals of the doctoral dissertation were also formulated: Goal 1: Prove that new fluorophore
scaffold based on BF moiety interact with amyloids and have improved optical properties (red-
shifted absorption and emission and high values of 62), as compared to commercially available
standard Methoxy-X04; Goal 2: Determine relationship between the modulation of 2PA of
studied fluorophores bound to amyloid with the structure of fluorophores; Goal 3: Proposing
new NIR-emitting nanoparticles, which are water-soluble two-photon absorbers and confirm
their optical properties.

The second part of the dissertation, i.e., the experimental part, refers to the specific objectives
and hypotheses of the dissertation, with a final paragraph on the summary and further prospects
resulting from the research conducted as part of this dissertation. Experimental part focuses on
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three articles, two of which concern organic markers for amyloids, and one focuses on silver
nanoclusters as new potential two-photon markers. Each article is a separate subsection, which
presents a description of the research objective, a discussion of key results, and a summary.
Each summary indicates which hypotheses and goals of the doctoral dissertation are addressed
by a given scientific article. A detailed description of all results, discussions, and the
experimental part is included in the attached articles and supplementary materials.

Answering the hypotheses and achieving the goals of this dissertation required the use of a
number of spectroscopic methods, such as one-photon absorption measurements, fluorescence
and fluorescence excitation spectra, Fluorescence Quantum Yield (FQY), and fluorescence
lifetime. Fluorescence techniques were also used to determine specific parameters such as
dissociation constant (Kg), photostability of systems, and interactions of organic dyes with
amyloids. Nonlinear optical measurements, i.e., two-photon excited luminescence, were used
to determine o> and o2B. Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) were used to confirm the formation of amyloids from native proteins.

Article 1, entitled "BF2-Functionalized Benzothiazole Amyloid Markers: Effect of Donor
Substituents on One- and Two-Photon Properties" presented in section III “Published Work -
Description of own research” describes the effect of the position of the electron donor group
(-methoxy) in the core composed of BF2-functionalized benzothiazole on one- and two-photon
properties after binding with amyloids. The research addresses the limited understanding of
the influence of the structure of the fluorophore on the modulation of optical properties after
binding with amyloids. In particular, in the field of two-photon absorption modulation, there
is a lack of systematic work addressing this issue. An innovative aspect of the work is the
determination of cross sections for two-photon absorption before and after binding with
amyloids, as the literature presents measurements of cross sections determined only in
solvents. The work responds to hypotheses 1 and 2, and goal 2.

Article 2, entitled “Two-photon brightness of NIR-emitting, atomically precise DNA-stabilized
silver nanoclusters”, presented in section III “Published Work - Description of own research”,
focuses on the two-photon absorption of four representatives of silver nanoclusters stabilized
with DNA oligonucleotides (Agn-DNA). For the first time in the literature, I presented two-
photon absorption cross-section and two-photon brightness of atomically precise Agn-DNA.
The research addresses the limitations of organic two-photon absorbers, such as NIR emission
(>700 nm) characterized by high fluorescence quantum yields and water solubility. The work
addresses hypothesis 3 and goal 3, that Agn-DNA have two-photon brightness above 50 GM,
which provides a basis for their use in bioimaging.

Article 3, entitled “A novel O,N,O-coordinated organofluoroboron probe for amyloid
detection: insight from experiment and theory,” presented in section III “Published Work -
Description of own research”, focuses on presenting a new structure that interacts with
amyloids and has better optical properties such as fluorescence shifted towards longer
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wavelengths, higher cross sections for two-photon absorption, and a wider range of two-photon
excitation, even in the range above 1000 nm, than the commercially available standard for two-
photon microscopy for staining amyloids — Methoxy-X04. The work also presents a solution
for modifying the structure based on O,N,O-coordinated organofluoroborane in order to
increase fluorescence quantum yield and two-photon absorption cross-section. The research
responds to hypothesis 2 and goal 1of developing a new marker for amyloids that would be
competitive with the commercially available standard.

At the end of the dissertation, a possible perspective for the further development of the research
contained in this doctoral dissertation is presented, as well as a general overview of the topics
discussed.

ABSTRACT IN POLISH (STRESZCZENIE PRACY):

Tematyka rozprawy sa fluorofory do potencjalnego zastosowania w mikroskopii, z akcentem
na fluorofory, ktore moga by¢ efektywnie wzbudzane dwufotonowo.

Niniejsza rozprawa doktorska jest podzielona na dwie gtowne sekcje: czgs¢ literaturowg oraz
czes$¢ eksperymentalng. Czes¢ literaturowa sktada si¢ z 4 gtéwnych rozdziatéw: 1) Absorpcja
dwufotonowa (2PA), w tym podrozdziat o mikroskopii dwufotonowej; 2) Fluorofory do
zastosowan w mikroskopii dwufotonowej; 3) Amyloidy, w tym podrozdzial o znacznikach
fluorescencyjnych wzbudzanych dwufotonowo do znakowania amyloidéw. Ma ona na celu
przyblizy¢ motywacje oraz luk¢ naukowga na ktorg odpowiada rozprawa doktorska i zawarte w
niej badania. Przeglad literatury ma na celu przyblizenie znaczenia badan nad konkretnymi
znacznikami fluorescencyjnymi, jak 1 rOwniez zaprezentowac szerszy kontekst naukowy oraz
spoteczny: 1) Znaczenie mikroskopii fluorescencyjnej z naciskiem na mikroskopie
dwufotonowa w naukach medycznych, biologicznych; 2) Jak na ograniczenia fluoroforow
organicznych w bioobrazowaniu odpowiadaja nanoklastry srebra stabilizowane DNA ; 3)
Znaczenie mikroskopii dwufotonowej w badaniach nad amyloidami; 4) Aktualny stan wiedzy
na temat zasad konstrukcji znacznikow fluorescencyjnych dla amyloidow z akcentem na sondy
dwufotonowe; 5) Znaczenie badan nad amyloidami, co wigzg si¢ z ich zwigzkiem z chorobami
cywilizacyjnymi. Istotne dla autorki rozprawy byto pokazanie jak badania podstawowe nad
optymalizacjg absorberow dwufotonowych, oraz glebszym zrozumieniem ich wilasciwosci
optycznych po zwigzaniu z amyloidami, moga realnie przetozy¢ si¢ na badania przedkliniczne,
ktore sa motorem napgdowym badan klinicznych oraz konstrukcji efektywnych terapii
medycznych. Do hipotez rozprawy doktorskiej nalezg:  Hipoteza 1: Benzotiazole
funkcjonalizowane grupa BF2> moga shuzy¢ jako fluorescencyjne znaczniki dla amyloidow.
Modyfikacja rozmieszczenia grup funkcyjnych w czasteczkach wptywa na wiasciwosci
optyczne badanych fluoroforéw zwigzanych z widknami amyloidowymi; Hipoteza 2:
Absorpcja dwufotonowa (2PA) fluoroforéw zwigzanych z amyloidami, rézni si¢ od 2PA
niezwigzanych fluoroforow 1 moze by¢ modulowana w zaleznos$ci od struktury chemicznej, a
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w konsekwencji takze struktury elektronowej ; Hipoteza 3: Atomowo precyzyjne nanoklastry
Agn-DNA moga charakteryzowaé si¢ wysokim przekrojami czynnymi na absorpcje
dwufotonowg (o2) 1 przekrojami efektywnymi na absorbcje dwufotonowsg (o2)
przekraczajacym 50GM, co uczyni je atrakcyjnymi znacznikami do zastosowania w
bioobrazowaniu dwufotonowym. Oprécz hipotez sformulowano réwniez cele rozprawy
doktorski: Cel 1: Zaproponowanie czasteczki z nowym rdzeniem opartym na grupie funkcyjnej
BF oddzialowujacej z amyloidami oraz charakteryzuje si¢ lepszymi wlasciwosciami
optycznymi (przesunig¢ta ku dluzszym falg absorpcja i emisja oraz wyzsze wartosci 62) w
poréwnaniu ze standardowym, komercyjnie dostgpnym znacznikiem fluorescenycjnym dla
amyloidow: Methoxy-XO4; Cel 2: Okresli¢ zwigzek pomiedzy modulacja 2PA badanych
fluoroforéw zwigzanych z amyloidem a strukturg fluoroforow. Cel 3: Zaproponowanie
nowych nanoczastek emitujacych fotoluminescencje w zakresie bliskiej podczerwieni (NIR),
ktére sa rozpuszczalnymi w wodzie absorberami dwufotonowymi i1 okreslenie ich wtasciwsi
optycznych.

Druga czg$¢ rozprawy, czyli czgs¢ eksperymentalna odnosi si¢ do konkretnych celéw i hipotez
rozprawy, z koncowym akapitem na temat podsumowania i dalszych perspektyw,
wynikajacych z badan przeprowadzonych w ramach tej rozprawy. Skupia si¢ ona na 3
artykulach, z czego dwa dotycza organicznych znacznikéw dla amyloidow, a jeden skupia si¢
na nanoklastrach srebra jako nowych potencjalnych znacznikach dwufotonowych. Kazdy
artykut to osobny podrozdzial, w ktérym przedstawiono opis celu badan, dyskusje kluczowych
wynikow oraz podsumowanie. W kazdym podsumowaniu zawarto na jakie hipotezy i cele
rozprawy doktorskiej odpowiada dany artykul naukowy. Szczegotowy opis wszystkich
wynikéw, dyskusji oraz czesci eksperymentalnej jest zawarty w dolaczonych artykutach i
materialach uzupetiajacych.

OdpowiedZ na zadane hipotezy i realizacja celow tej rozprawy wymagato uzycia szeregu
metod spektroskopowych takich jak: pomiary absorpcji jednofotonowej, widm fluorescencji i
wzbudzania fluorescencji, wydajnosci kwantowej fluorescencji, czasoéw zycia fluorescencji.
Techniki fluorescencyjne stuzyty rowniez do wyznaczenia konkretnych parametrow takich jak:
stala dysocjacji (Kg), fotostabilnosci uktadoéw, odziatywan barwnikdéw organicznych z
bioanalitami. Wykorzystano pomiary z zakresu optyki nieliniowej czyli technik¢ dwufotonowo
wzbudzanej luminescencji, aby wyznaczy¢ przekroje czynne na absorpcje dwufotonows (c2)
oraz przekroje efektywne dwufotonowe (02,8). W celu potwierdzenia otrzymania amyloidow z
natywnych biatek uzyto obrazowania na mikroskopie sit atomowych (AFM ang. Afomic Force
Microscope) oraz transmisyjnym mikroskopie elektronowym (TEM, z ang. transmission
electron microscope).

Artykut 1 o tytule ,,BF2-Functionalized Benzothiazole Amyloid Markers: Effect of Donor
Substituents on One- and Two-Photon Properties” przedstawiony w sekcji III ,, Opublikowane
prace — opis wlasnych wynikow” opisuje wptyw potozenia grupy donorowej (-metoksy) w
rdzeniu ztozonym z BF»-sfunkcjonalizowanym benzotiazolem na wtasciwosci jedno- oraz

14



dwufotonowe po zwigzaniu z amyloidami. Badania odpowiadajg na ograniczone zrozumienie
wplywu struktury chemicznej fluoroforu na modulacje wtasciwosci optycznych po zwigzaniu
z amyloidami. W szczegdlnosci w zakresie modulacji absorpcji dwufotonowej, brak
systematycznych prac, ktore poruszatyby ten watek. Innowacyjnym aspektem pracy jest
wyznaczenie 62 przed i po zwigzaniu z amyloidami, poniewaz w literaturze prezentowane sg
pomiary o> tylko w rozpuszczalnikach. Praca odpowiada na hipoteze nr. 1 oraz 2, cel nr. 2.

Artykut 2 o tytule ,,Two-photon brightness of NIR-emitting,atomically precise DNA-stabilized
silver nanoclusters” przedstawiony w sekcji III ,, Opublikowane prace — opis wlasnych
wynikow”, koncentruje si¢ na absorpcji dwufotonowej czterech przedstawicieli nanoklastrow
srebra stabilizowanych oligonukleotydami DNA (Agn-DNA). Po raz pierwszy w literaturze,
zaprezentowano przekroje czynne na absorpcje dwufotonowa atomowo precyzyjnych Agn-
DNA. Badania odpowiadaja na ograniczenia organicznych absorberow dwufotonowych, takie
jak emisja w NIR (>700nm) charakteryzujaca si¢ wysokimi wydajnosciami kwantowymi
fluorescencji oraz rozpuszczalno§¢ w wodzie. Praca odpowiada na hipotez¢ nr. 3 oraz cel nr.
3, ze Agn-DNA moga mie¢ 62,8 powyzej 50 GM, co stanowi podstawe do wykorzystania ich
w biobrazowaniu.

Artykut 3 o tytule ,,A novel O,N,O-coordinated organofluoroboron probe for amyloid
detection: insight from experiment and theory” przedstawiony w sekcji III ,, Opublikowane
prace — opis wlasnych wynikdw” skupia si¢ na zaprezentowaniu nowej struktury, ktora
oddzialywuje z amyloidami 1 ma lepsze wtasciwosci optyczne od komercyjnie dostepnego
standardu dla dwufotonowej mikroskopii dla amyloidow — Methoxy-X04, tzn. fluorescencj¢
przesunigta ku dluzszym dlugosciom fali, wyzsze przekroje czynne na absorpcje
dwufotonowa, szerszy zakres wzbudzenia dwufotonowego, nawet w zakresie powyzej 1000
nm. Praca prezentuje, roéwniez rozwigzanie na modyfikacje struktury opartej na
organofluoroboranie skoordynowanym przez O,N,O w celu zwigkszenia wydajnosci
kwantowej fluorescencji 1 przekrojow czynnych na absorpcje dwufotonowa. Badania
odpowiadajg na hipoteze nr. 2 oraz cel nr. 1 opracowania nowego znacznika dla amyloidow,
ktory bytby konkurencyjny dla komercyjnie dostgpnego standardu.

Na koncu rozprawy przedstawiono mozliwa perspektywe na dalszy rozwoj badan zawartych
w tej rozprawie doktorskiej, jak 1 ogdlne spojrzenie na omawiane tematy.
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II. INTRODUCTION

Chapter 1.  SCOPE AND AIMS OF THE DISSERTATION:

Fluorescent markers are widely used in biological research, medical diagnostics,
pharmaceuticals, and healthcare. They have gained popularity in both in vitro and in vivo
studies due to their ability to detect targeted molecules in real time without disrupting
biological structures, making them essential tools for both fundamental science and
applications. The first fluorescent process was observed for organic fluorophore—quinine—at
the end of the 19th century. Since then, the portfolio of fluorophores has progressively
expanded, initially including only organic fluorophores. The introduction of fluorophore
families such as rhodamines, fluorescein, coumarins, cyanine dyes, and BODIPYs was
followed by the groundbreaking discovery of fluorescent proteins, which are now widely used
as genetically encoded probes. A third wave of fluorophores includes nanomaterials such as
quantum dots, noble metal nanoclusters, lanthanide-doped nanoparticles and many more. The
ongoing advancement in fluorophore design and technology enables pushing fluorescence-
based techniques such as microscopy and spectroscopy for advanced studies. The
optimization of the fluorophores for certain application is still an ongoing process.
Fluorescent probes might be dedicated to detect certain analytes and simultaneously present
proper optical properties, which enable detection by special type of spectroscopy technique or
microscopy. To design fluorescent probes for a specific application, it is crucial to understand
the relationship between chemical structure and optical properties as well as potential
interactions with targeted structures. This thesis focuses on characterization and optimization
of two types of fluorescent probes: 1) Dedicated to have proper optical properties for Two-
photon fluorescent microscopy (2PFM) like high two-photon absorption cross-section (c2),
emission above 700 nm (NIR-I region) without a need of detection of certain analytes; 2)
Dedicated to have proper optical properties for 2PFM like high o2 and simultaneously detect
amyloid fibrils. The 1° group of fluorophores for 2PFM expands the palette of two-photon
absorbers with properties like NIR-emission, high FQY, water-solubility, which are highly
desirable for in vivo applications. Since they do not have any specific chemical modifications
to stain chosen biostructures, they might be used e.g to measure blood flow or might be a great
platform for further modifications to gain some selectivity toward selected biostructures. For
this purpose I investigated 2PA of atomically precise DNA-templated silver nanoclusters (Agn-
DNA). Their optical properties like emission above 700 nm, high FQY (up to 73%) and water-
solubility were in line with the goals of the PhD thesis, which are listed below. The 2™ group
of fluorophores are organic dyes based on BF/BF2 moiety: BF;-functionalized benzothiazoles
and N,O-coordinated BF dye. This area of thesis focuses on: 1) Proposing a marker for
amyloids that would have competitive optical properties (red-shifted emission, higher o2,
longer wavelengths of excitation) compared to the commercially available markers for 2PFM;
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2) Investigation of structural modification impact on optical properties (one- and two-photon)
of fluorescent dyes based on BF>-functionalized benzothiazole core for amyloid detection.

Summary of research gaps, main hypotheses and goals for studied fluorophores is presented
in Figure 1. Due to the fact that, studies of fluorophores based on BF/BF2 moiety and Agn-
DNA respond to different research gaps, goals and hypotheses of the thesis were specified
depending on the material tested.

Fluorophores based on BF/BF, moiety Agn-DNAs

s enets

1. Lack of 2PA evaluation of fluorescent probes upon binding

| Research Gaps:

1. Lack of 2PA evaluation for atomically precise Agn-DNAs

to amyloids. '
2. Limited understanding of the optimization of optical 2. Problem with constructing organic NIR-emitters with high
properties for probes dedicated to 2PFM and amyloid staining. FQY, 2PA simultaneously with water-solubility

Hypothesis: |

1. BF,-functionalized benzothiazoles can serve as fluorescent
amyloid probes. Modification of the localization of H 3. Atomically-precise nanoclusters Agn.DNA can have high
functional groups in the molecules has an impact on : o, and 0,5 exceeding 50 GM, which will make them
optical properties of studied fluorophores bound to . competitive potential probes for bioimaging.
amyloid fibrils.
2. 2PA of fluorophores bound to amyloids is different than the
one of free molecules and can be modulated based on their

chemical and consequently electronic structure e
| Goals: |
o

1. Prove that new fluorophore scaffold based on BF moiety interactf

with amyloids and have improved optical properties (red-shifted : 3. Proposing new NIR-emitting nanoparticles, which are
absorption and emission and high values of o,), as compared to ! water-soluble two-photon absorbers and confirm their
commercially available standard Methoxy-X04. : optical properties.

2. Determine relationship between the modulation of 2PA of
studied fluorophores bound to amyloid with the structure of
fluorophores. :

Figure 1. Summary of research gaps, main hypotheses and goals for studied fluorophores.

Main hypotheses are:

e Hypothesis 1: BF>-functionalized benzothiazoles can serve as fluorescent amyloid
probes. Modification of the localization of functional groups in the molecules has
an impact on optical properties of studied fluorophores bound to amyloid fibrils.

e Hypothesis 2: 2PA of fluorophores bound to amyloids is different than the one of
free molecules and can be modulated based on their chemical and consequently
electronic structure.

e Hypothesis 3: Atomically-precise nanoclusters Agn-DNA can have high two-
photon absorption cross-section (c2) and two-photon brightness (c2,8) exceeding 50
GM, which will make them competitive potential probes for bioimaging
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Main Goals are:

e Goal 1: Prove that new fluorophore scaffold based on BF moiety interact with
amyloids and have improved optical properties (red-shifted absorption and
emission and high values of 62), as compared to commercially available standard
Methoxy-X04.

e Goal 2 Determine relationship between the modulation of 2PA of studied
fluorophores bound to amyloid with the structure of fluorophores

¢ Goal 3: Proposing new NIR-emitting nanoparticles, which are water-soluble two-
photon absorbers and confirm their optical properties.

All presented hypotheses were verified and confirmed in articles included in this thesis.
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Chapter 2.  LITERATURE REVIEW

2.1 Two-photon absorption — principles and application

2.1.1 Two-Photon absorption:

2PFM relies on a non-linear optical phenomenon called two-photon absorption (2PA) predicted
by Maria Goeppert-Mayer in 1930s, long time before experimental evidence of this
phenomenon was presented. 2PA is a simultaneous absorption of two photons, usually of
double the wavelength (degenerate 2PA) required for one-photon absorption (1PA). 2PA is a
third-order non-linear optical process, which depends quadratically on incident light intensity
(~I?), in contrast to 1PA, which has linear dependence. First experimental evidence of 2PA was
made by Kaiser and Garret on europium doped calcium fluoride crystals (CaF2:Eu?") shortly
after the invention of pulsed lasers.! The physical principles of 2PA rely on the fact that this
process requires a very high photon density within a small volume, which is achieved by short-
pulsed lasers.

To better understand physical principles of 2PA, light-matter interactions have to be
considered. For this purpose, the effect of magnetic field in the electromagnetic wave (light) is
neglected and only electric field (E) will be described. When the incident light interacts with
the sample, it induces a macroscopic polarization P, P can be spread out into a power series
of E, which is presented in equation (1):

(1) P =¢goxME; + eoxPEEy + egx PEELE]. ...
Where &, is electric permittivity of free space and y™ is n-th order susceptibility.

The polarization P can be expressed as the sum of a linear and a nonlinear component. The
nonlinear part consists of higher-order terms of the polarization and is referred to as the
nonlinear polarization, denoted by PnL, expressed by equation (2):

(2) Py, = 30X(2)EjEk + 50)((3)EjEkEl +

As described by equation (2), non-linear polarization do not depend linearly on the electric
field.
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a) Centrosymmetric molecule b) Non-centrosymmetric dipolar

molecule
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Figure 2. Schematic representation of energy diagrams for: a) centrosymmetric chromophore and b) non-
centrosymmetric dipolar chromophore upon two-photon absorption. Made based on energy diagrams presented
in [Angewandte Chemie International Edition 2009, 48 (18), 3244-3266].

Now, let's move on to the description of molecular physical quantities relating to 2PA, which
are important in the frame of constructing two-photon absorbers. Coefficient omax is described
as the molecular 2PA cross-section, which is expressed in Goppert-Mayer units (1GM =10
cm? s photons™ molecule™). For plane-polarized light, the value of Gmax corresponding to a
transition from the ground state (g) to the final state (f) at the maximum of a 2PA with a
Lorentzian- line shape is determined by Equation (3)*:

214
(3) Omax = Zzh#(%) ng

2,2
ggn?c

li ll'l'lf
(4) ng [Zl (Eg._hv)]z

Where, /v is the photon energy, &y is electric permittivity of vacuum; /" is the half-width at half
maximum of the 2PA band and Eg is the energy gap between the ground state and an
intermediate state i; n is refractive index; factor L= (n°+2)/3 denotes the enhancement of the
optical field in the medium relative to that in a vacuum.

Equation (3) describes the value of 2PA cross-section at the maximum of a 2PA band. This
expression can be simplified since, for most strong two-photon absorbers the orientational
average of the transition dipole moments equals 1/5. As a result, the vector notation can be
omitted and, after rearrangement, the simplified form given by Equation (5) is obtained:

Augrigs Wgiliy
(5) ng [( hv ) + Zi;tf,g (Egi—hv)]

Where A is the difference in the static dipole moment in the final state relative to the ground

state; pg; dipole moment between ground and intermediate state;u;r is a dipole moment
between intermediate and final state. The equation (5) can be divided into two terms: dipolar
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: Augrigr 2 :
term (D), which stands for (T) and two-photon (T) term, which stands for

2 2
Yizf.g <%>. Equation (5) is a starting point in understanding the principles of

constructing organic compounds as two-photon absorbers. However, before moving on to
specific examples of molecular architecture, it is necessary to introduce a general energy
diagram for the principal states involved in two-photon absorption, which is presented in
Figure 2. There are two states: ground-state |g) and the final-state |f) wavefunctions. In the
Figure 2 were compered energy diagrams during 2PA process for two types of molecules:
centrosymmetric with Dy, symmetry (quadrupoles) and non-centrosymmetric with C»
symmetry (dipolar molecules). Firstly, molecules with centrosymmetric architecture will be
discussed. Both transitions g «= i and i <> f are 1P electric-dipole-allowed. However, during
2PA, the optical frequency v does not match the resonance condition for both of these
transition. The non-stationary (virtual) state is created, which is superposition of |g) and |f)
wavefunction, where the induced polarization is shifted relative to the intermediate state by a
frequency difference corresponding to an energy A = Ej; — hv. Virtual state exist for
extremely short period of time (around 5 fs), while chromophores faces the electric field of
first photon®. In centrosymmetric molecules, the 1Ag — 2Ag transition is forbidden in 1PA,
but allowed in 2PA. Opposite selection rules for 1P and 2P occurs from the presence of transient
state |/) with ungerade symmetry, which in this superposition enables a second photon at
frequency v to induce an electric-dipole transition to the final gerade state |f). Transitions,
which are the most dominant in 1PA, are not the most dominant in 2PA. Considering S¢, for
centrosymmetric chromophores, term D in equation (5) is zero, due to zero value of the static
dipole moments.

The dipolar non-centrosymmetric chromophores present distinct energy diagram from
centrosymmetric molecules, which reflects in allowed transitions. The g <> f transitions are
electric dipole allowed in 1PA and 2PA, which gives rise to usually the same observed
dominant transitions in 1P and 2P regime. For non-centrosymmetric molecules |[f) operates
as virtual state |i). For these molecules D term contributes to Srg value, contrary to
centrosymmetric chromophores. However, T term makes now smaller contribution than for
centrosymmetric molecules and is intrinsically smaller than D. This partially explains higher
two-photon absorption cross sections for centrosymmetric molecules like quadrupoles, than
for non-centrosymmetric dipolar chromophores. More details regarding molecular and
electronic architecture for two-photon absorbers organic molecules, will be presented in
section “2PA in organic molecules”.

There are two main quantities important for evaluation of two-photon properties for
fluorophores, which are experimentally measured or can be simulated, two-photon absorption
cross-section (o2) and two-photon brightness (62,5).
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Mentioned quantity o2 is a concentration independent quantity, which can be expressed by (6):

hwaz

(6) 0, = .

where N stands for the number density of the absorbing molecules and % for the energy of
absorbed photons, and «, is two-photon absorption coefficient.

If two-photon absorption (and so on excitation) is followed by luminescence, this process is
called two-photon excited luminescence (2PEL). Due to the fact that 2PA depends
quadratically on laser intensity, the highest probability of the process is in the point of the
highest density of photons, which is a focal point. Based on this principle, not all fluorophores
are excited in the light path, but only those at the focal point, making possible 3D sectioning.
For 2P excited fluorophores o2 s is used to express how effective is emission upon two-photon
excitation, which is described by equation (7):

(7) 028 = 02 ¥ FQY
Where FQY stands for fluorescence quantum yield.

For fluorophores, one of the most popular experimental techniques to measure o2 is 2PEL
technique. It is an indirect method of probing 2PA, where intensity of luminescence after 2PA
is measured. In this thesis 2PEL reference method was used, which relies on a reference
compound with known o> which is measured in the same experimental conditions as sample
with unknow o,.* Sample and reference should also emit in similar spectral region, to keep
exactly the same experimental conditions during measurements. Due to the fact that this
methods relies on emission, information about transitions, which leads to luminescence is
obtained. In materials, which have various 1PA and 1PE spectra, comparison of o2, should be
to 1PE, not 1PA. Luminescence of both samples is collected and then 62, is calculated based on
the formula (8):

FsCrFQYyn,2
(8) 0,5 = T rz 2,r
! FrCsFQYsng !

Where C is the fluorophore molar concentration, n the refractive index of the solvent, FQY the
fluorescence quantum yield, and F' the integral over the whole two-photon excited emission
band. The letters s and r correspond to a sample and a reference, respectively.
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2.1.2 Two-photon fluorescence microscopy:

a) Simplified Jabtonski diagram b)  Hypothetical Fluorescence spectra by 1P vs. 2P excitation
s ISC 1-photon excitation (1PE) 2-photon excitation (2PE)
T
Z| Sl §lc 1PE~450nm  Fluorescence 2PE ~900nm
2 2|6 =|o
> OIS (o} =
2| S &F
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Figure 3. a) Simplified Jablonski diagram with comparison one- and two-photon excitation, with the ground state (Sy), first
excited state (S1), triplet state (T1) and vibrational states (thin lines), grey arrow stands for Intersystem crossing (ICS); b)
Hypothetical comparison of emission obtained from 1P and 2P excitation, c) Profiles of 1 PE and 2PE on cuvettes with
fluorophore. Emission upon 2PE is only visible on the focal plane.

Fluorescence microscopy is a visualization technique based on detection of fluorescence
emission from fluorophores. It is widely used in physiological conditions to better understand
biological processes origin in the cells, organisms, but also in studies regarding
pathophysiological conditions.® There are plenty types of optical microscopic techniques,
which relies on fluorescence detection. One of the possible distinction is type of excitation that
is used to excite fluorophores — one-photon or multiphoton (two- or three-photon are the most
popular). One photon fluorescence microscopy (1PFM) is versatile in terms of resolution or
imaged samples e.g. confocal microscopy, light-sheet microscopy, super-resolution
microscopy, wide-field microscopy. The popularity of 1PFM has led to the extensive work on
development of fluorescent probes with intended properties, which resulted in numerous
commercial fluorescent probes suitable for various applications®”. It is worth mentioning that
the development of fluorophores, is still an important branch of chemistry and materials
science®?, also contributed to the development of microscopy itself. In terms of in vivo imaging
especially useful are NIR biological windows— ranges of wavelengths >700 nm, where tissues
absorb and scatter less light, than in shorter wavlenghts.!!! It translates into deeper penetration
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of light into the sample. We can distinguish three biological windows: NIR-I (700-950 nm),
NIR-II (1000-1400nm), NIR-III (1600 to 1870 nm).'?>!* Since small-organic fluorophores with
absorption in these regions are rare, a problem might be solved by two-photon excitation (2PE).
Comparison of one-photon excitation (1PE) and 2PE is schematically presented on simplified
Jablonski diagram on Figure 3a. The sum energy of two photons have to match with the energy
gap corresponding to one-photon excitation. Produced fluorescence or phosphorescence by 1P
or 2P excitation is usually the same in energy, which is presented schematically in Figure 3b.
2PFM, also relies on fluorescence detection, but excitation is operated via 2P. In the case of
1PFM, all fluorophores in the light path are excited, and produce photoluminescence, while in
2PFM only molecules which are in the focal point, as it is presented in Figure 3c. Excitation
in biological windows provides better resolution and penetration depth than in the visible range
of excitation, additionally if 2PE is also followed by NIR emission, it provides even 4 times
deeper penetration into the tissues than using visible-wavelength emissions'*. 2PFM was
introduced in 1990 by Winfried Denk and his coworker James H. Strickler in the Webb lab.'?
Advantages of 2PFM like using lower energy photons in the NIR-I or NIR-II region, three-
dimensional (3D) sectioning, excitation in femtoliter volume and low photodamage
contributed to its use in more specialized applications', compared to 1PFM. It is widely used
in visualization of deep laying structures e.g brain (deeper penetration of excitation
wavelength)!”, dynamic processes over long period of time e.g amyloid plaques formation in
the brain'® or blood flow in the vessels'?. Importantly, in 2PFM the same type on microscopes
as in 1PFM can be used, the key difference is an excitation source, which in 2PFM is a pulsed
laser.?2! One of the important application of 2PFM in the light of this thesis is amyloid
detection. 2PFM contributed significantly, in understanding the role of amyloids in
neurodegenerative diseases. It allowed, for the first time, visualization of single senile plaques
in the brain of living transgenic mice over long period of time*?. Due to the use of 2PFM, the
same plaques could be re-imaged after 5 months. Research revealed that the majority of
deposits remain unchanged over time. Up to the present, a number of studies applied 2PFM
with amyloid staining probes in longitudinal imaging of denovo formation of plaques.”>?
Innovative 2PFM allows monitoring individual cells and their activity in the brain of awake
rodents, providing a powerful tool for neuroscience research®®2’. Recently, some papers
focused on the impact of amyloid-B deposits on activity of individual neurons.?®?° Use of
2PFM gives higher spatial resolution, than 1PFM imaging and is favorable in observation of
dynamic changes over longer period of time. Visualization of interactions of single cells with
amyloids or growth of single plaques in the brain is irreplaceable tool in pre-clinical research
on amyloids formation. Other technique used in vivo in amyloid research in the brain® -
Positron emission tomography (PET) has detection resolution on milimeters scale, which gives
more global information regarding the whole organ e.g brain®'. It cannot be used in studies on
single cell level, as 2PFM. These techniques are considered as complementary approaches in
preclinical research rather than substitutes for each other. 2PFM is also used as a tool in PET
amyloid tracer evaluation.’> Amyloid research is only a tip of the iceberg in the brain research
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using 2PFM. One of the greatest achievements in the development of 2PFM is the design of
systems that allow for imaging the brain of freely moving organisms like rodents®*3>,
Drosophila larvae®®, which is mostly used for neuronal activity monitoring during natural
behavior of animals. Neurovascular dynamics imaging is another interesting application of
2PFM. It is possible to visualize the full range of brain vasculature, from large arteries and
veins down to individual capillaries®” and record 3D blood flow speeds up to ~3 mm/s*’. 2PFM
also helps to monitor in real-time movement of red blood cells through cortical vessels*®. 2PFM
supported by computational simulation helped to revel that red blood cells contribute to
stabilization of blood flow in brain vascular system?®’, which might be important in the light of

pathologies with disturbed microcirculation such as stroke, dementia, or traumatic brain injury.

This paragraph highlights the importance of 2PFM in understanding biological processes,
which is the basis for creating improved medical therapies, understanding the etiology of
diseases and discovering the world in general. However, to take a full advantage of the benefits
of 2PFM, proper fluorescent markers are required. This explains why investigating
construction of new fluorescent markers for 2PFM intended for amyloids or for more general
purpose e.g examination of blood flow in the brain is needed.

2.2. Fluorophores for 2PFM

2.2.1 2PA in organic molecules:

The principle of construction of effective two-photon absorbers has foundation in the
description of molecular two-photon absorption cross-section, (see equation (3)). There are
rules grounded on experimental and theoretical works, which help to predict, which organic
molecules can have elevated c2. High values of i, uir er and 4 pgr are crucial, as based on
equation (5). Molecules with extended intramolecular charge transfer (ICT), which present
architecture like the electron donor—acceptor (D—A) dipoles, D-n-D, D-n-A-n-D, DAD,
quadrupoles meet those requirements.***! Apart from general electronic architecture important
factors are: increasing intramolecular conjugation length, linker between donor and acceptor
part of a molecule, strength of electron donor and acceptor groups. Examples of strong donor
groups are: — N,N-dimethylamine (-NMe»); N, N-diphenylamine (-DPA); and other substituted
amines with scheme -NR> or -NHR (R-substituted group); hydroxy group (-OH); aloxy group
-OR (e.g., “OCHs). Strong electron acceptor groups are: cyano group (-CN); nitro group (-
NO»); trifluoromethyl group (-CF3); carbonyl-containing groups: aldehyde, ketone, carboxylic
acid, ester (—CHO, —COR, —COOH, —COOR). The placement of donor and acceptor groups
inside architecture of a molecule is a crucial factor and most effective are architectures with
donor/acceptor groups at the center and ends of the chromophore?. Theoretical predications of
o2 using Time-Dependent Density Functional Theory (TD-DFT) can serve as initial screening
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for large number of compounds, which was presented by Knysh et a/*>. Systematic change in

the core, addition of different donor and acceptor groups, in the n-linker have impact on 2PA
and the best candidates can be extracted from a large set of compounds for experimental
evaluation.

For bioimaging proposes, not only o2 is important, but also FQY, since detection is based
on intensity of fluorescence signal. In the literature values of 62 8 which are recommended for
appropriate signal-to-noise ratio during imaging procedure* should exceed 50 GM. Selection
rules for 2PA and 1PA are different**. Molecule, which effectively absorbs and emits under
one-photon excitation, does not have to have the same response upon two-photon excitation,
which was explained in the subsection 2.1.1 “Two-photon absorption” (especially for
centrosymmetric molecules). However, this phenomenon does not correspond only to
centrosymmetric chromophores, and prediction of 2PA theoretically for structures with
complex energy landscapes like nanomaterials or fluorescent proteins is extremely
challenging. Due to this fact experimental evaluation is often the only way to obtain an insight
into 2PA.

One of the strong electron acceptor groups is boron difluoride (BF2) moiety, which is widely
used for constructing dyes with high 6:***7, up to few thousands GM***. 4,4-difluoro-4-
borata-3a-azonia-4a-aza-s-indacene (BODIPy) was introduced in 1968 by Treibs and
Kreuzer.>® Now, BODIPy family is one of the main classes of the fluorescent probes, which is
described in many reviews.’!>* There are several main advantages, which impacted expansion
of BODIPy research and application — robust photostability, obtaining high FQY and molar
absorption coefficients. In BODIPy group BF: is coordinated by two nitrogens, however there
are also N,O-coordinated or O,0-coordinated BF derivatives. Modifications in coordination
atoms impact bond angles and electronic distribution, which translate to optical properties of
molecules. Fluorophores with N,O- coordinated BF> moiety can have extremely high FQY —
90%;98%°. These are interesting fluorescent dyes to study in the context of two-photon
probes due to the mentioned values of FQY and o2, but also due to their interaction with
amyloids, which will be discussed in the chapter “Fluorescent probes for Amyloids in 2PFM”.

It is worth presenting the limitations of organic two-photon excited fluorophores. As
mentioned in the subsection 2.1.2 “two-photon fluorescence microscopy” probes, which emit
in NIR regions increase light penetration depth, as compared to probes with fluorescence
emission below 700 nm.’*>> However, construction of NIR-to-NIR two-photon (emission in
NIR and excitation by 2P in NIR) probes is not a trivial task. In order to construct effective 2P
absorbers large number of aromatic rings and conjugated bonds have to be places in the
molecule, which results in weak water-solubility. It can limit some biological applications.
Additionally, obtaining emission in NIR often results in low FQY, due to the fact, that by
shifting the emission towards red region of the electromagnetic waves, the energy gap between
the ground state and the excited state decreases, which favors non-radiative process. To
summarize, simultaneous enhancement of the three properties: 1) fluorescence in NIR region;
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2) two-photon absorption; 3) water solubility, is limited in small organic molecules. To
overcome this obstacle, new materials are proposed. One of the group of nanomaterials, which
have NIR-emission with high FQY and are water-soluble are DNA templated silver
nanoclusters.

2.2.2 DNA templated silver nanoclusters:

DNA-stabilized silver nanoclusters (Agn-DNAs) are novel atomically precise fluorescent
nanomaterials combined of silver core and stabilizing DNA oligomers. They link achievements
of metal nanocluster chemistry and DNA nanotechnology, which contributes to the increase in
research on these nanomaterials in recent years®’. Nucleotide bases present in DNA have
different affinity toward silver ions (Guanine ~ Cytosine > Adenine > Thymine), due to this
fact DNA is sequence-dependent ligand for silver atoms. DNA oligomer sequence controls
properties of Agn-DNAs including emission wavelengths, shape and their size.’’" In this
thesis are only discussed nanoclusters, which are stabilized by single-stranded DNA (ssDNA).
Since the optical properties of materials are the core of this dissertation, they will be discussed
in greater detail in the following section. First report on Agn-DNASs nanoclusters was presented
in 2004%, indicating emissive species made from 1-4 silver atoms bound to 12-base
oligonucleotide. After this discovery, interest in DNA- and oligonucleotide-stabilized silver
nanoclusters grew rapidly, leading to extensive research efforts, which point out their tunable
optical properties.’!%* Shortly, after introduction of Agn-DNAs their 2PEL was evaluated®’,
exhibiting large o2 reaching 50 000 GM. In time of reporting, these nanoclusters had o2
exceeding the values characteristic for known water-soluble two-photon absorbers. It
positioned them as interesting fluorophores that may be a foundation to a new generation of
water-soluble two-photon fluorophores with some of the largest o2, small size, and excellent
one- and two-photon brightness. However, at the beginning of exploring Agn-DNAs, end-
products of syntheses were a mixture of various species (emissive and non-emissive ones) and
for many years purity was a great difficulty and homogeneous size of Agn-DNAs was not
obtained for these samples. Therefore, it is not possible to assign specific optical properties
determined at that time to a specific molecular formula (chemical composition like number of
silver atoms, number of ligands per one nanocluster and oxidation state) of Agn-DNAs. The
use of High-Performance Liquid-Chromatography (HPLC) to purify products after synthesis
and determination of molecular formula based on electrospray ionization (ESI) Mass
Spectrometry (MS) opened the door for atomically precise Agn-DNA®6%7 and assignments of
optical properties to specific structure. In order to deeply understand modulation of optical
properties of Agn-DNAs by oligonucleotides sequence, high-throughput synthesis combined
with Machine Learning (ML) was employed.®®-’* ML helped to understand these materials and
also predicted hundreds of new emitters, which significantly expanded the family of Agn-
DNAs. They have interesting optical properties since many of them emit in the NIR-I region®”
"L or even at the border NIR-I/NIR-II 7>73, have high FQY (up to 73%)’*, presents dark states’”
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and Optically Activated Delayed Fluorescence (OADF)’%”7. Recently, the first examples of
application of Agn-DNAs in the cell staining through copper-free click chemistry method were
presented’® and in vivo 2PFM for measuring cerebral blood flow’”’. However, till today only 3

72, 80-82

nanoclusters have known crystal structure , which hampers theoretical calculation of

their optical properties, and in depth understanding of electronic levels and optical properties
relationship.

2.2.2.a Structure and chemical composition of Agn-DNAs:
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Figure 4. a) Crystal structure of (DNA)2[Ag16Cl2]%*; b) 2|F,| — |Fe| map around an Ag-mediated C8—C8 base pair contoured
at the 1.5 o level. (Silver: Ag atoms; green: Cl ions.) PDB number: 6M2P. Reproduced from [J. Am. Chem. Soc. 2023, 145,
19, 10721-10729]; ¢) Crystal structure of DNA2(Ag2sCl2)"**. PDB number: 9KHW. Reproduced from [Small Struct. 2025,
2500022].

Synthesis of most Agn-DNA is a simple procedure, where borohydride reduction (NaBH4) of
a solution of Ag" (obtained from AgNO3) and ssDNA is carried out in neutral pH.> Reaction
solution has to age for a few days (depends on the protocol), the end product is a mixture of
silver-DNA products. Obtaining pure product requires extensive purification on HPLC.

Agn-DNA are characterized by numbers of silver atoms Ny and DNA strands x; . N can be
divided into a number of neutral (Ny) and cationic (V+) silver atoms. Not all silver atoms in an
Agn—DNA nanocluster contribute to the valence electron count, as some are coordinated to
nucleobases. The effective valence electron can be calculated based on a formula: No=Nos —
N+. Most of characterized nanoclusters by ESI-MS have N, between 8-30, and are mostly
stabilized by ssDNA with 10-20 nucleotide bases. Effective valence electrons value is one of
the key parameters, since numerous metal nanoclusters can be explained by “superatom”
model, where the effective valence electrons within the cluster core adopt an electronic shell
structure comparable to the shell structure of a nuclei®. In this prediction Agn-DNA with No =
2 or 8, which is considered a magic number should have spherical shape. However, in
experimental data, Agn-DNA with No =4 and 6 are dominant®, and have assigned rod-like
geometry. Scarce examples of crystallographic data seem to support dominance of rod-like
Agn-DNA. In 2019 X-ray crystal structure of DNA2Agi6 was reveled, where silver core had
rod-like geometry with two DNA decamers stabilizing the structure. It presented, which DNA
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nucleobases are involved in silver complexation®!. 4 years after revealing crystal structure of
DNAxAg1s Gonzalez-Rosell ef al. discovered that initially proposed structure is not fully
correct®, since there are 2 chloride ions, which were firstly assigned as low-occupancy silvers
by X-ray crystallography (they were even excluded from overall chemical formula). The
correct chemical formula is DNA2[Ag16CL2]¥*, which was also proved by ESI-MS and
calculations — see correct structure in Figure 4a,4b . Characteristic feature is, that silver core
is shielded by the DNA from the solvent, only the area near the two chloride ions remains
exposed.® Recently, similar structure was proposed for presented Agn-DNA with 28 silver
atoms — see Figure 4c 72, It had rod-like geometry with around 2 nm length, intriguingly in the
crystal structure molecular formula was assigned as DNA2(Ag28CL)'*" by X-ray structure,
which was also supported by energy-dispersive X-ray (EDX) spectra. However, in the solution
presence of chlorido ligands was not confirmed using ESI-MS. Despite the isolated cases of
crystal structures of Agn-DNA, the interpretation of the data is not trivial.

2.2.2.b Opftical properties:
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Figure 5. a) In Agn-DNAs, the DNA sequence defines the fluorescence wavelengths, spanning from visible to NIR wavelengths,
and this behavior is associated with the cluster dimensions. Reproduced from [Nanoscale Adv., 2021, 3, 1230-1260]., b) Peak
absorbance wavelength of Agn-DNAs scales with No. Reproduced from [Acc. Chem. Res. 2024, 57, 2117—2129]; ¢) Schematic
depiction of excitation (dashed) and emission (solid) spectra characteristic of Agn-DNAs. Reproduced from [ Acc. Chem. Res.
2024, 57, 2117-2129]; d) Schematic electronic structure of the Agn-DNAs. Reproduced from [C. Cerretani, M. R. Carro-
Temboury, S. Krause, S. A. Bogh and T. Vosch, Chem. Commun., 2017, 53, 12556—12559].

Most of the Agn-DNASs present emission between blue and NIR ranges with fluorescence
lifetime between 1-4 ns and high FQY (above 10%). Their excitation and emission are
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characterized by a high degree of polarization, which results from defined and directional
transition dipole moments.®® In the Figure 5a dependency of cluster size on emission and
excitation wavelength is presented. Since size of the cluster is determined by DNA sequence,
we can call them programmable fluorophores. The effective valence electron also impacts
position of absorption peak, higher value of Ny is linked with longer wavelengths of absorption
— see Figure 5b. Excitation and absorption usually have one gaussian shape band in the longer
wavelengths range, higher energy transitions with low intensity and transition around 260 nm
characteristic for DNA bases — see Figure 5c. Upon excitation at 260nm and at longer
wavelengths the same emission is obtained, which is not fully understood.?” Photophysics of
these nanomaterials based on experimental data is more complicated than organic
fluorophores, and have to be described out of simple Jablonski diagram. There is proposed
general phenomenological model of energy relaxation for Agn-DNAs upon excitation, based
on ultrafast transient absorption experiments — see Figure 5d. Initially, upon excitation Agn-
DNA s populate the excited state (Franck-Condon state), later fraction of nanoclusters return to
ground state within time range of hundreds of fs. In a similar time range formation of emissive
state occurs and nanoclusters relax by radiation of emission in nanoseconds regime. However,
there is also additional state formation possibility, called dark state, with a millisecond-scale
decay time. Reported values for the quantum yield formation of a dark state fluctuating
between a few percent to 25%. Presence of this state have broad implications for observed
optical phenomena in Agn-DNAs. Excitation of the dark state can shift the Agn-DNA to the
emissive state, resulting in OADF phenomena.’s”’” 8 In OADF, firstly dark state is formed
upon primary excitation, later long-lived dark states can absorb secondary excitation in NIR
region, which results in emission. Agn-DNAs can emit upconversion fluorescence similar to
lanthanide doped nanomaterials.”” All of the mentioned optical phenomena present Agn-DNAs
as emitters with complex photophysics. There is one representative of Agn-DNAs, which is
the most extensively studied due to stability and known crystal structure - DNA>[Agi6CL]** 5>
8990 For DNA2[Agi6CLl2]*" there are a few theoretical works, which revealed the electronic
ground state of nanocluster in a solvent’!, orbitals involved in electronic transitions forming
absorption spectra’!, theoretical circular dichroism”'. Another work explained mechanism of
dual emission”, where nanosecond emission with Agm ~ 690 nm comes from spin-allowed S:
— So transition, while delayed microsecond emission originates from spin-forbidden T1 — So
transition. Additional changes in structure after excitation were presented, where bond between
the Ag-guanines is weaken and the length of the silver core expands®.

As stated in the introduction to Agn-DNAs, they were promising candidates as two-photon
probes. However, since introduction of atomic precision in Agn-DNAs, no investigation
regarding two-photon absorption was done. In the light of preliminary studies on mixtures
showing great potential as two-photon excited emitters, and considering their high FQY for
NIR emitters, the evaluation of their two-photon properties seems well justified, especially
since atomically precise thiol stabilized gold and silver nanoclusters are known to exhibit very
high two-photon absorption cross-sections (above 1000 GM).”>> An advantage of Agn-DNAs
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over other atomically precise thiol stabilized gold and silver nanoclusters with high o> can be
water-solubility, which is important in terms of bioimaging application.

2.3. Amyloids
2.3.1 Definition of amyloids:

Amyloid fibril In the mid-19th century, Rudolf Virchow
introduced the term “amyloid” to describe
abnormal extracellular deposits in tissues
that exhibited a starch-like reaction when
treated with iodine and sulfuric acid.’*” He

Cross-8
structure

concluded, that this deposits are composed

Fibril axis

of cellulose. Later, in 1859 Friedreich and
Kekule discovered, that extracellular
deposits lack carbohydrate, and have a

Hydrogen
bonds

presence of proteins. Although new insights
into these structures were gained, the term
amyloid—derived from the Greek word
: amylon, meaning starch — stayed. From 19"
Protofilaments century till around 1950 structure of

. . 98 .
Figure 6. Schematic representation of amyloid fibrils. Cross-f§ amy101ds was elusive™. From that time,

structure was done based on 3D Structure of Alzheimer's amyloids were extensively studied and the

Abeta(1-42) fibrils using PDB: 2BEG. Figure was made using . . . . .

Bioreder® with Publication and Licensing Rights. most important information regardlng their
characteristic will be presented. Amyloids

are aggregates composed of thousands of peptide or protein monomers arranged in a highly

ordered cross-f architecture — schematic representation in Figure 6. Inside fibrils, B-strands
align perpendicularly to the fibril axis, forming extended p-sheets that stack parallel to the axis
and are stabilized by a continuous hydrogen-bonding network® - see Figure 6. One mature
amyloid fibril might be composed of few smaller building blocks called protofilaments. This
supramolecular organization implicates exceptional chemical and thermodynamical stability
of this structures. The most general morphology of amyloids is long, non-branched fibrils with
diameters of 6-12 nm. They have a characteristic X-ray diffraction pattern showing a
meridional reflection at ~4.7 A and an equatorial reflection at ~6-11 A!%%-1%! corresponding to
inter-strand and inter-sheet spacings, respectively — see Figure 6 inset. Amyloids from various
proteins have common structure, as described above. However one of the feature of
amyloids is also polymorphism — diversity in morphology on mesoscopic and atomic level.
The most simple, yet the essential definition of polymorphism was written by Liisa Lutter et
al: “From one amino-acid sequence to many three-dimensional structures”'%>. The
polymorphism can also be considered in hierarchical manner, since amyloids are hierarchically
organized on many levels. Starting from the largest organizational unit: 1) differences in
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mesoscopic arrangement like fibril length, helical pitch, handedness of fibril twist, number of
protofilaments per fibril; 2) assembly of protofilaments inside the fibrils; 3) protofilament fold;
4) amino acid sequence changes by e.g post translational modifications, mutations.
Polymorphism translates to various biological response, which will be explained in the next
chapter “Amyloid links with disease”. Polymorphism might play a crucial role in binding of
ligands to amyloids'® e.g PET tracers, inhibitors of growth, fluorescent probes. However,
prediction of amyloid 3D-structures is a challenging process, various polymorphs coexist in a
laboratory tube and their separation in most cases is impossible. The recent studies used high-
throughput experiments to select fluorophores, which selectively binds to tau polymorphs'%.
The use of high-throughput experiments, which give large amount of data with ML approaches
might be a future successful method in selection of proper drugs and probes targeting amyloids.

A When discussing amyloids, their
growth mechanism is a key

feature. Amyloids are formed in a
th,105-106

100 (:3rowth phas? Legend:

polymeric  type  grow
" There are two type of pathways of
amyloid growth!®1%: 1) primary

Olgomers  pathway, when new aggregates are

Aggregate Percentage (%)

P s protofibrils . .
Ofs == 2 . formed from monomeric peptides
Lag phase ! | Plateau phase 59 yonomers a0 2) secondary pathways, when

Time > new fibrils might be created from

Figure 7. Schematic representation of primary pathway of amyloids growth fragmentation of already existing
from monomers of peptides. Figure was made using Biorender® with fibrils or through the process
Publication and Licensing Rights. called Secondary nucleati0n1°9,
when on already existing fibrils

new fibrils are formed from monomers. Let focus on a primary pathway, which is presented in
Figure 7. Starting from a monomeric unit, nuclei is formed, then peptide oligomers are formed,
which with proper amount of monomer-subunits form B-sheet rich structure and elongate into
protofibrils and later mature fibrils. The kinetic profile is typically sigmoidal shape with three
phases — lag phase, growth phase and plateau phase. In fluorescence-based experiments, a dye
whose fluorescence emission is enhanced upon interaction with fibrils, rather than the
monomeric form of the peptide, is added. Due to this phenomena, fluorescence signal is
detected, which increases when number of fibrils in growing. During lag time, nuclei are
formed and no signal is detected.!'” When numerus nuclei will grow and proliferate to give
detectable signal, growth phase starts to appear. In a growth phase oligomers are formed, which
elongate and giving rise to elongated structures called protofibrils. This is also the phase rich
in amyloid oligomers. In the literature, the term “amyloid oligomers™ has wide and ambiguous
definition.!'"!'2 Oligomers of amyloids represents diverse group of soluble or insoluble

aggregates formed by few to thousands of monomeric peptide subunits. They spark attention
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due to their biological activity and neurotoxicity'!*!'*. The last phase — plateau is state, where
concentration of monomer form of peptide is in an equilibrium.!'® Study of the kinetic growth
of amyloids in vitro is mostly done using fluorescent probes like Thioflavin-T, which increases
their fluorescence response upon binding to amyloids, not soluble native proteins (it will be
described in the chapter “Fluorescent probes for amyloid detection”). However, investigation
of amyloid deposits buildup in vivo is more challenging task, there is also a possibility to use
of proper fluorescent staining probes and visualize brain of model organisms for weeks or
months. For this purpose 2PFM is used, due to advantages, which were mentioned in the
chapter “Two-photon fluorescence microscopy”.

a) Schematic amyloid fibrils formation in vitro
Amyloid fibrils
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Figure 8. a) Scheme of amyloid fibrils formation from native protein in laboratory conditions; b) representation of
complementary techniques of amyloid characterization after incubation. Figure made using Biorender® with Publication and

Licensing Rights.

Since not all amyloid-related processes can be investigated in vivo, and a deeper understanding
of the fundamental dynamics and properties of amyloids is required, the majority of amyloid
studies are carried out in vitro, under controlled conditions in laboratory tubes etc. To study
amyloids in laboratory (in vitro), native proteins are incubated in specific conditions like
elevated temperature, proper (high) concentration, ionic strength and pH (schematic
illustration in Figure 8a). The incubation conditions depend on used native proteins, however
usually low pH, higher temperature and ionic strength induce faster aggregation. There are
proteins, which are used as amyloid-model systems due to their simple incubation and
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relatively low price compared to disease related proteins e.g bovine insulin''>, hen egg white

116 and B-lactoglobulin!!”. For bovine insulin, which was used in this thesis as a model

amyloidogenic protein, conditions of incubation are: pH 1.5-3, with elevated temperature

lysozyme

above 37°C, additionally extra salt content e.g NaCl can impact obtained morphology of
amyloids. To confirm presence of fibrils in solution after incubation and obtaining their
characteristics features, several techniques might be used. They gives various information
regarding amyloid structure — as presented in Figure 8b. To confirm the presence and
morphology of fibrils: Transmission Electron microscope (TEM) or Atomic Force Microscope
(AFM) imaging is performed. TEM gives more reliable information about the sizes in the
sample plane (X and Y axis), while AFM can give precise information in Z-axis, which is not
possible under TEM. AFM is widely used in amyloid morphology studies!!”!!8, it can be also
harvested to give more detailed information, like polymorphism studies'!’. TEM can also be
used routinely to confirm presence of amyloids. However, it should be remembered that the
sample preparation procedure uses heavy isotope salts like uranyl acetate to obtain suitable
image contrast. Cryo-EM, which is a type of TEM applied to samples with cryogenic
temperature revolutionized amyloid research. This is not a technique used in routine research,
but rather to answer fundamental questions regarding 3D models of fibrils on atomic level'?"-
122" Other detection methods are techniques based on fluorescence using proper fluorescent
amyloid-staining agents like Thioflavin-T or Congo-Red. They are fast and widely available
methods in any (bio)chemical laboratory. Fluorescence application to detect amyloids will be
in details described in the chapter “Fluorescent probes for amyloid detection”. To observe
characteristic changes in secondary structure of proteins upon aggregation, Fourier Transform
InfraRed (FTIR) spectroscopy measurements might be performed. Changes in Amide-I region
(1600-1700 cm™") characteristic for B-sheets are an indicator of amyloid formation'?>.
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2.3.2 Amyloids links with diseases:

Neurodegeneration Other disease
Alzheimer Parkinson Type 2 diabieties
disease disease

Healthy brain Alzheimer brain

W52
~\ ,}a‘* :

Huntington Tauopathies Amqul
disease pla ues..
y 0Ky W
5 ij!’l’)‘,‘ B 5

N
-3 L T

Figure 9. Examples of neurodegeneration disease and other type of disease related to amyloid plaques formation. Figure
made using Biorender® with Publication and Licensing Rights.

Amyloids association with diseases dates back to Alois Alzheimer discoveries in 1906, when
he documented first case of AD in his patient - Auguste Deter.!?* In postmortem tissues
Alzheimer visualized plaques in the brain, which contained amyloids stained with dye called
Congo-Red. Amyloid fibrils can aggregate into bigger structures called amyloid plaques in the
human body, which in histopathological evaluation can be even see with naked eye. To this
day presence of amyloids is associated with over 50 diseases'®, which the most popular are
neurodegeneration diseases, but also other like Type 2 Diabetes (T2D), Injection-localized
amyloidosis or Senile systemic amyloidosis.'>> There are also “functional amyloids”, which
have physiological activities in bacteria or humans.!*%1>® However, they will not be discussed
here. In humans or model organisms specific native protein, which plays important
physiological role in healthy individuals can abnormally aggregate. In the Figure 9 examples
of diseases are shown, which are related with amyloid plaques accumulation. IAPP — islet
amyloid polypeptide or amylin is a peptide hormone co-secreted with insulin by pancreatic
B-cells, contributing to glucose homeostasis, formation of amyloids by IAPP is a factor in
development of Type 2 Diabetes (T2D)'?°. Tau protein, which participate in microtubule
assembly and stabilization, can form inclusions in the brain, which are related with a group of
neurodegenerative pathologies called Tauopathies'?’, including Alzheimer’s disease (AD);
a-synuclein is mainly responsible for regulating synaptic vesicles and neurotransmitter
release, its abnormal aggregation is related with Parkinson disease and dementia with Lewy
bodies'*; has many functions in a healthy organism, simply it can be
summarized as a protective and regulatory role in the nervous system, its aggregation is
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associated with . However, the most famous representative of disease-
related amyloid is , which is more considered as a byproduct of the
metabolism of a larger protein called amyloid precursor protein (APP). Upon aggregation
forms amyloid plaques in the brain, which are hallmarks of . The amyloid-
cascade-hypothesis is one of the possible explanation of the pathogenesis of AD - as cause of
accumulation of AP plaques in the brain. It sparks a lot of attention in scientific community,
which confirms number of publications: 1,750 in WoS (till 02.09.2025) for keywords :
amyloid-cascade-hypothesis or amyloid hypothesis. Hypothesis formulated in 1992 present
linear cause (amyloid formation and accumulation in the brain) and effect (AD development)
mechanisms!**, Based on this hypothesis amyloids became main target in research and
therapeutics regarding AD. A major problem in the study of the influence of amyloids on
organisms physiology is the fact that in a disease state several native proteins may aggregate
e.g in AD besides AP plaques in the brain, hyperphosphorylated tau protein as neurofibrillary
tangles (NFTs) are also present '3413; there is also more evidence of cooperation between AP
plaques and IAPP aggregates in the individuals who suffer from T2D and AD!¥¢1%7,

138-139 and various conformers of amyloids'“’ from the same native

Additionally, polymorphism
peptide complicate the study of amyloid effect on pathology development. It has a real
implication in human health, since distinct polymorphs translate to development of different

diseaselZO, 141-142

- specific folds of tau protein define distinct tauopathies. Determined structure
of tau polymorphs by Cryo-EM from the postmortem brains from the individuals having
different types of tauopathies e.g Pick’s disease, Chronic Traumatic Encephalopathy (CTE)
reveled that specific filament fold indicated certain pathologies'*. Similar scenario is for
Amyloid-f, individuals with sporadic Alzheimer’s disease had domination of Type-1
filaments, while patients with familial Alzheimer’s disease had domination with so-called
Type-II filaments'**. This shows the complex molecular picture of amyloids and explains, why

despite thousands of studies, scientists are still working intensively on them.

Over the years some concerns regarding amyloid-cascade-hypothesis hypothesis were
raised!*"1%¢ due to the extensive in vivo studies in laboratories on animal models and also
based on data taken from patients. Nowadays, medical community considers it more as a
working hypothesis'4” and AD and other amyloid-related diseases is still not well understood
148 Even thou linear correlation between cause and effect seems to be far from the true, new
therapies targeting formation of amyloids were approved by US Food&Drugs Administration
(FDA)'*-15! Due to population aging in developed countries, which is related with high
percentage of dementia patients, lack of effective therapies can lead to hundreds of billions of
dollars cost (based on data provided by The Alzheimer's Association). Without a doubt, there
is still a need to better understand the role of amyloids in diseases since it can impact
development of new therapeutics, which has health consequences for millions of people around
the world as well as financial consequences for government and medical institutions. One of
the approaches to understand in details the role of amyloids in development and progression
of diseases is detection and visualization on molecular level preferably in model organisms, as
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well the study of amyloid in vitro. It can be realized by techniques based on fluorescence like
spectroscopy or microscopy, which are standard methods in pre-clinical studies. To obtain
fluorescent signal fluorescent probes, which will bound to target (in the case of this dissertation
- amyloids) are needed. In the next chapter fluorescent probes for amyloid detection will be
presented.

2.3.3 Fluorescent probes for amyloid detection:

a) b) One of the most popular amyloids
S y TEdlctnte detection methods in vitro and in
\©[ b@»N\ M vivo rely on fluorescent probes,
N* ¢ . . .
\ Cr which  selectively binds to
benzotiazole dimethylanilino ring

core amyloids  fibrils.  Fluorescent
LE state

probes can be used to visualize
amyloids in  the  imaging
procedure, which was mentioned

before. However, they can also be

Fibril axis

applied in spectroscopic
techniques when it is necessary to

determine whether amyloids are

Figure 10. a) Structure of ThT, arrow indicate rotating C-C bond; b) present  in solution c.g Study

Structure conformation of ThT in the TICT and LE state. LE state is kinetics of amyloid formation,
highlighted to point out its emissive nature; Taken from PubChem and . L
modified using ChimeraX. c) Location of ThT inside the fibril, 3D Structure Study the formation of amy101ds n

of Alzheimer's Abeta(1-42) fibrils using PDB: 2BEG. Modified using certain incubation conditions.
ChimeraX and Blender 4.3.

The gold standard in fluorescent probes for amyloid detection is Thioflavin-T (ThT) - 2-[4-
(dimethylamino)phenyl]-3,6-dimethyl-1,3-benzothiazol-3-ium chloride (IUPAC name) — see
structure in Figure 10a. Since being introduced for amyloid staining in 1965'%%, the dye has
been routinely used for the in vitro quantification of amyloid formation. ThT upon binding to
amyloids have fluorescence emission maximum (Agm) around 485 nm and its intensity
increases few orders of magnitude upon binding to amyloids, as compared to free dye in the
solution. It was proven that ThT binds to the amyloid fibrils parallel to their long axes
(Figure10c)'>*. ThT belongs to the group of so-called molecular rotors!3*!%, the C-C bond
between benzothiazole core and the dimethylanilino ring can rotate in the solution. Due to this
fact upon excitation formation of Twisted Intramolecular Charge Transfer (TICT) take place,
where the angle between benzothiazole and dimethylanilino rings changes from 37° to 90°,
which leads to non-radiative processes domination and almost non-fluorescence response'*®.
On the other hand, when molecule is immobilized in the high viscosity medium or inside
fibrils, it results in formation of emissive locally excited (LE) state!>’. Comparison of

37



conformation for this two states is presented in Figure 10b. Non-bound ThT gives low
background signal and high enhancement of FQY upon binding is used to detect fibrils'*,
especially in amyloid growth kinetics (see subsection 2.3.1 Definition of amyloids). The works
from Prof. Sara Linse and Prof. Tuomas P J Knowles made a major contribution in the
development of amyloid growth kinetics protocols and mathematical models of the kinetics of
amyloid growth using ThT!0¢-10710.19 " byt also revealed new pathways of growth like
secondary nucleation!?!®" or differences in growth of amyloids from AP40 and AB42
peptides.'®! ThT most often possess a few types of binding modes with various affinities to
amyloids from different proteins e.g insulin!®?-163, Ap42164165 alfa-synuclein'®®. Also adding
dye to mature fibrils or during incubation procedure might impact a type and number of binding

modes. !¢’

The number of publications focusing on ThT or employing it in various applications clearly
reflects the popularity of this dye, however it has also disadvantages, which encourage
scientists to develop new fluorescent probes for amyloid detection. Presence of additional
exogenous compounds in solution can give false results monitoring aggregation process'®.
Tonic strength has impact on the performance of ThT'®, by modification of the dye’s binding
affinity and fluorescence intensity upon interaction with amyloids. Additionally, pH plays an
important role in ThT interactions with amyloids, since it is a cationic dye (has a positive
charge on nitrogen in benzotiazole core). On the surface of amyloids, there are amino acid
residues with variable protonation, with pH change, protonation of this groups also change and
when the surface of the fibril may be positively charged, electrostatic repulsion limits the
binding of positively charged ThT (opposite effect is when the surface of the fibril is negatively
charged). Incubation of peptides occurs often at low pH, which lowers fluorescence response
of ThT!"" and can give false results!”!. Furthermore, charged nature with low lipophilicity
limits its use in in vivo studies, since it has poor blood-brain barrier penetration!’?. Another
disadvantage is limited selectivity toward amyloids, ThT also binds to DNA!"3-174 and RNA!">
176 ThT binds to fibrils formed from various peptides. While the binding induces a
characteristic fluorescence signal, the emission maximum remains largely unchanged
regardless of the amyloid type. Consequently, ThT assays cannot distinguish between different
amyloid species, which can be considered a limitation depending on the intended application.
To answer mentioned disadvantage many derivatives of ThT were proposed. Derivative called
ThN addressed hydrophobicity of ThT, emission position (red-shifted), enhanced binding
affinity toward AR amyloids'”’. Analog DMASEBT has red-shifted emission by over 100
nm'”®17° which increases its attractiveness for in vivo studies. There are derivatives dedicated
for detection of certain amyloids- Amylin'® ; o-synuclein'®!. Lisa-Maria Needham et al.
addressed detailed photophysical characterization and comparison of library of derivatives,

differing in one modification in the structure, e.g. a functional group!'®2.

Most of derivatives of ThT use ability of molecular rotors, where the non-restricted structure
is non-fluorescent, however after binding, intense emission occurs due to the rigidification of
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the dye structure inside fibrils. To note, ThT derivatives are not only representatives of
molecular rotors for amyloid detection'®>. However, there are more mechanism of modulating
fluorescence properties of probes interacting with fibrils. Another family of fluorophores are
so-called “environment sensitive* dyes, which upon changes in polarity'**!% or
simultaneously polarity and viscosity modulate emission'®*-13¢, This type of molecules often
have charge-transfer (CT) character, which means that during electronic excitation (via light)
electron density moves from electron-donating part of the molecule to an electron-accepting
part. This excited state with redistributed electron density have stronger dipole moment, than
ground state. Polar solvents/microenvironment stabilize excited state more strongly, leading to
solvent-dependent shifts in emission spectra, which is called solvatochromism. It is especially
useful, since environment inside binding pockets of amyloids is usually less-polar, which can
be probed by emission of this type of dyes. Binding pockets in fibrils formed from different
native proteins or even between conformers of amyloids also have various microenvironment,
which can be detected. Aminonaphthalene 2-cyanoacrylate (ANCA) dye was used to
discriminate Amyloid-f and Prion Plaques in brain thanks to distinct fluorescence spectra upon
binding to various amyloids, additionally static relative permittivity of binding pockets of A3
and PrP5¢ were estimated.'® Another, group are probes based on N,0O-benzamide difluoroboron
moiety (- N,O-BF2) which is strong electron acceptor group connected with electron donor
group - N,N’-dimethylaminobenzene. It creates intramolecular CT character in order to reach
the emission in NIR region. They also presents solvatochromic properties, which were used in
AP and tau fibrils detection.!”®!®! The best candidate called 4PmNO-2 had 174 nm
bathochromic shift from n-hexane (562 nm) to PBS (716 nm). Its environmentally sensitive
fluorescence was also reflected upon binding, since in ABi42 Agm= 632 nm, and for Tau
?»EM=654nm190.
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2.3.4 Fluorescent probes for Amyloids in 2PFM:
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Figure 11. Structure of dyes presented in section *“ 2.3.4 Fluorescent probes for Amyloids in 2PFM.”.
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This section focuses only on fluorescent probes wused for two-photon
microscopy/multiphoton microscopy in amyloid detection. All of the structures of
mentioned probes are presented in Figure 11. The same mechanisms of fluorescence
enhancement upon binding to amyloids as discussed earlier are also valid for two-photon
excited fluorescence. However, properties of fluorescent probes required for two-photon
excited amyloid detection are: high o2 and o25. Additionally since 2PFM is used mostly in
vivo properties for this type of imaging should be considered: NIR emission; reasonable
lipophilicity (log P between 1 and 3); molecular mass less than 600 Da; high-aftinity binding,
stability in blood and low-affinity binding with bovine serum albumin (BSA).!*?

In 2002 William E. Klunk ef al. proposed one of the fluorescent probes for amyloid detection
in 2PFM called Methoxy-X04 (MeO-X04).!”> MeO-X04 was IV generation of Congo Red
(CR)'? derivative with improved brain entry, which was at that time rarely achieved property.
Authors presented detection of individual amyloid plaques in the brain on living PS1/APP mice
(one of Alzheimer’s disease transgenic mouse model) by multiphoton microscopy. However,
optical properties like fluorescence, absorption spectrum, FQY, o> were not presented.
Nevertheless the molecule become a standard in postmortem tissues, as well as in vivo 2PFM.
Later, other publications reveled optical properties of MeO-X04, which had some
disadvantages like Agm below 600 nm, which limits light penetration into the tissues; a
maximum o2 = 75 GM'*. Additionally, MeO-X04 have a not-specific staining of various
forms of amyloids — AP plaques, NFTs and cerebrovascular amyloids. Since the introduction
of MeO-X04, other two-photon probes with more optimized properties like higher o2 *41%
or red-shifted emission!** %6198 broader excitation ranges, higher selectivity toward specific
type of amyloids'**!® were proposed. Pittsburgh Compound-B (PIB) is based on
hydroxybenzothiazole, which was designed for amyloid-imaging PET>*. However, despite the
lack of optimization in two-photon properties (maximal 62,8~ 50GM) and emission below 600
nm, was used for multiphoton microscopy??’. PIB can be used as reference dye for two-photon

evaluation.'®*

6-(6-hydroxy-benzo[d]thiazol-2'-yl)-2-(N,N-dimethyl amino)naphthalene, in short SAD1, was
presented as effective 2P probe that can be used in deep tissue imaging to 3D monitor AP
plaques in vivo'*. Its performance was compared to other used probes like MeO-X04, PIB.
SADI1 had red-shifted Aem (497 nm with FQY = 24%), compared to PIB (431 nm) and MeO-
X04 (452 nm) in phosphate buffered saline (PBS). SAD1 had significantly higher 62,8 within
720-880 nm 2PE range in contrast to PIB or MeO-X04. Maximum of o2, for SAD1 was 170
GM at 750 nm, while PIB 40 GM and MeO-X04 75 GM. SAD1 was evaluated in transgenic
5xFAD mice (genetically modified model carrying human Alzheimer’s-related genes that
rapidly develops disease-like symptoms?’!) and allowed for high-resolution 3D imaging of
single AP plaques in vivo, at depths greater than 380 pm, with low background fluorescence
and minimal photobleaching. Progress in two-photon absorption cross-sections was visible at
that time, however emission was still in the range of high autofluorescence and scattering.
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The same group few years later, proposed another 2P probe called QAD1, which was
quadrupole dye based on tetrafluorobenzene (electron acceptor).'®® Fluorescence emission was
between 450-650 nm upon binding to A amyloids and 62,8 was improved, with value 420
GM at 750 nm. QADI1 was also evaluated in vivo on the transgenic SXFAD mice and 3D
visualization of the individual plaques was obtained. 62,8 was significantly improved compared
to SADI1, emission ranges were slightly red-shifted. However, excitation range was the same
as in the case of SAD1, MeOX-4 or PIB, not exciding 880 nm.

Interesting scaffold based on boron-containing curcumin derivative for amyloid detection
was presented by Chongzhao Ran et al. (called CRANAD)!*2. It was one of the first dyes that
had emission in NIR along with 70-fold fluorescence intensity increase upon binding to AP
aggregates and suitable properties for studying amyloids in vivo as stability in serum, high
affinity towards AP amyloids (Kq = 38.0 nM) and proper brain entry. The first generation of
CRANAD:s laid the foundation for the broad group of derivatives, some of them were more
intended for two-photon microscopy. CRANADs due to their electronic architecture with
strong ICT character, present environment sensitive emission in the NIR range, which
contributed to their versatile applications. In CRANAD-3 the two phenyl rings were replaced
by pyridyls in order to promote hydrogen bond formation between the interacting AP fragment
and the pyridine nitrogen atoms'”®. CRANAD-3 showed Agm ~ 730 nm in PBS and various
response like fluorescence enhancement and peak of emission toward soluble species
(monomers, dimers, and oligomers) and insoluble (aggregates) AP species. 2PFM imaging of
AP deposits with CRANAD-3 was performed, co-staining of amyloid plaques with Thioflavin-
S (derivative of ThT used in histopathology) confirmed its applicability. However, authors did
not present two-photon properties of this dye (o2, or 62,8 ), in this meter it’s impossible to
compare it quantitatively to previously mentioned two-photon probes. CRANAD-28 with
phenyl rings replaced with phenyl substituted N-1 position of pyrazole was also tested for
2PFM'’. Due to this substitution, FQY of CRANAD-28 was improved compared to other
derivatives from this family — with values of FQY in PBS equal 29%, while in EtOH 47%. It
also stained AP aggregates in APP/PS1 mouse, which was image by 2PFM. However, as for
CRANAD-3, authors did not presented two-photon properties of studied molecule. In general,
CRANAD derivatives are known for NIR emission and optimized properties for in vivo
imaging. Unfortunately, their quantitative 2P properties have not been demonstrated, which
minimizes the understanding of the influence of structure changes in derivatives on their non-
linear properties. Based on the structures and use in 2PFM, it can be assumed that 6> might be
high due to the donor-acceptor-donor electronic architecture. Incorporated BF2- moiety is a
strong acceptor, impacts 62, which was discussed preciously.

Molecular rotor probe called intramolecular rotation-enabled iminocoumarin 1 (IRI-1)
based on coumarin core and rotating dimethylaniline group was introduced for 2PFM.?%
Inspired by ThT, IRI-1 presented conformational restriction upon binding to amyloids®®,

which resulted in fluorescence intensity increase of ~167-fold in the presence of Ap fibrils.
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Low signal-to-noise ratio resulted from TICT state formation of excited non-bound dye.
Optical properties were : Aev=566 nm in the presence of AP fibrils and o2s reached values up
to 111 GM at an excitation 880 nm. To confirm visualization of AP plaques in transgenic mice
5xFAD by IRI-1 using 2PFM, co-staining with MeO-X04 was performed. High degree of
signal overlap coming from two dyes, confirm that IRI-1 can detect plaques in vivo by 2PFM.
Example of IRI-1 shows, that class of molecular rotors can be effective two-photon probes for
amyloid detection, however one of the disadvantage was less red-shifted emission compared
to e.g CRANADs family.

),28 reached

Dye called PyrPeg, fusion of a pyrazine derivative and poly(ethylene glycol
record high o2 for amyloid probes - 543 GM in 1,4-dioxane. Its fluorescence emission is
located on the border of 600 nm (in 1,4-dioxane). High o2 resulted in higher signal in the
imaging procedure upon staining amyloid plaques, than for Thioflavin-S and MeO-X04. In AD
model mouse brains and human post-mortem tissues, the novel probe shows selective affinity
for insoluble AP over tau or a-synuclein aggregates. Additionally, PyrPeg was used in AP
staining in metabolic studies.?** Missing information in the article is fluorescence properties
of PyrPeg upon binding to amyloids (like emission ranges, FQY, or enhancement of
fluorescence). Therefore, despite the record high cross sections in 1,4-dioxane, some of the

optical properties cannot be compared to other dyes presented in this section.

Fluorescent benzothiadiazole (BTD) derivatives are gaining more and more interest as novel
probes?®® due to strong electron acceptor effect and relatively simple modifications in the
structure. Polarity-sensitive dye with D—A-ion architecture based on BTD scaffold called TZPI
was presented for insulin amyloid detection'®®. In TZPI the dominant mechanism of
enhancement of fluorescence is the change of polarity in the environment (restriction of
conformation was excluded). TZPI exhibits a large o,=467.6 GM at 890 nm excitation upon
binding to amyloids, it is first and only o2 presented in this chapter upon binding to
amyloids. All other values were measured for unbound dyes in the solvents. TZPI also had
high photostability and Aem =648 nm with insulin amyloids. Another BTD-based probe is the
so-called BTD-AP.2% It is a molecular rotor with D-A-D architecture. BTD-AB presented
02=240 GM, red emission with Aegm=630 nm, and large Stokes shift of 200 nm, which is also
beneficial in bioimaging. The probe was successfully used for in situ observation of AB42
aggregating in brain-derived endothelial cells and in vivo brain imaging in AD mice.

Another interesting family of fluorophores is organoboron compounds, which includes N,O-
coordinated or N,N- coordinated organo-BF2/BF dyes. Many derivatives were proposed for
amyloid detection, however most of them are intended for one-photon detection. Y. Chen et
al. presented series of new N,O-coordinated organo-difluoroboron probes with D-A
architecture.'”® The optical properties of the dyes made them suitable for 1P and 2P NIR
imaging. Upon binding to AP aggregates and NFTs, their emission maxima differed between
synthetic protein preparations and aggregates obtained from AD patient tissues and transgenic
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mice. For probe called 4PmNQO-2, 6> reached 234 GM at the excitation wavelength of 810 nm.
Unfortunately, 2PA of other presented molecules was not evaluated.

There is a progress in development of two-photon probes in terms of fluorescence emission
ranges, values of o2, 628 and selectivity. It is worth noting, that some of the markers, despite
their use in imaging, lacked the information about key optical parameters like 62, FQY, Aem for
two-photon markers. This does not remove their ability to be used in two-photon microscopy,
although it significantly complicates comparing the markers with each other and understanding
how the structure affects the properties. There are aspects regarding two-photon probes for
amyloids which are not addressed in the literature. One of them is a change of values of 6, or
02,8 upon binding to amyloids. Only in study on TZPI authors measured 6> upon binding to
insulin amyloids, other works present 6> only in solvent (usually organic ones). Two-photon
absorption cross-sections can be influenced by surrounding microenvironment, which was used
in sensing K+ ions®"’, viscosity?®®, polarity?”’, localization inside DNA?'°, It is important due
to the fact that higher o> correlates with obtaining higher signal upon 2PE. Potential changes
between o2 in solvents and upon binding may give a false representation of the possibilities of
a given dye. Second, there are no studies addressing correlation between structure- two-photon
properties and amyloid binding. In terms of one-photon probes, creating library of structures
and comparing their relationship between structure — optical properties e.g FQY, Arwm,
simultaneously with amyloid binding is a known approach. However, for two-photon probes
even if library of molecules is created, evaluation is done only for one-photon properties and
only the best candidate is evaluated in terms of o> and 2PFM, which was the case for N,O-
coordinated organo-difluoroboron dyes'®. Lack of correlation between structure-two-photon
properties-amyloid interactions limits design of fluorescent probes with intended properties,
which I address in this thesis.
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III. PUBLISHED WORK - DESCRIPTION OF
OWN RESEARCH

Chapter 3. BF2-FUNCTIONALIZED BENZOTHIAZOLE AMYLOID
MARKERS: EFFECT OF DONOR SUBSTITUENTS ON ONE- AND
TwO-PHOTON PROPERTIES.
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Figure 12. Structures of studied molecules with highlighted donor and acceptor part of the molecules. Blue
circles indicates electron donor groups, red circles indicates electron acceptor groups.

3.1 Research purpose:

9 BF;-functionalized benzothiazoles with structural core inspired by ThT, were previously
proposed by Rybczynski et al.°® The systematic change of functional groupsin the two
substitution points (R and R’), where R is benzothiazole fragment and R’ is the para position
of the phenyl ring (R’) resulted in tunning FQY between 0.4 and 98%. Substitution in R and
R’ points were done by two functional groups: mild electron donating group — methoxy (-MeO)
and inductive electron acceptor (-CF3). Single C—C bond between the benzothiazole core and
phenylene group, is similar as in ThT, resulted in rotational freedom. To systematically
evaluate how dye structure relates to its optical properties upon interaction with amyloids,
I selected three dyes from the work of Rybczynski et a/ °°, which had varying position of donor
group in the R,R’ positions. Studied dyes with architecture: (1) donor-acceptor (DA-) (IUPAC
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name: ((£)-[(difluoroboryloxy)-phenylmethylene](6-methoxy-1,3-benzothiazol-2-yl)amine);
(2) acceptor-donor (-AD) (IUPAC name: (Z)-[(difluoroboryloxy)(4-methoxyphenyl)-
methylene]-1,3-benzothiazol-2-ylamine); (3) donor-acceptor-donor (DAD) (IUPAC name:
(2)-[(difluoroboryloxy)(4-methoxyphenyl)methylene](6-methoxy-1,3-benzothiazol-2-
yl)amine)) are presented in Figure 12. They have dipolar electronic architecture with a mild-
donor agent and strong acceptor group - BF».

From studies by Rybczynski et al *° it is known, that the FQY of DA- dye is mainly
sensitive to viscosity; -AD dye was robust emitter and exhibited low sensitivity to
environmental factors (hydrogen-bonding network, polarity, and viscosity); DAD dye
fluorescence was responding to changes in hydrogen-bonding, polarity as well as viscosity. I
wanted to investigate whether these dependencies obtained in solvents could be translated into
interactions with more complex structures like amyloids. This approach was beneficial in terms
of understanding optical properties such as the fluorescence lifetime (1), FQY, 2PA, Aem change
upon binding to amyloid fibrils. One of the main goals of the research was to evaluate o2 of
dyes before and after binding to amyloids. This could give an insight into modulation of 2PA
and 2PEL in the same manner as one-photon properties, which is an innovative aspect of the
research. o2 or o2 are determined mostly in pure solvents such as ethanol, chloroform,
methanol, N,N-Dimethylformamide, which mimic more hydrophobic environment in the core
of amyloids. However, scarce examples presented in the literature investigating dyes bound to
biopolymers such as DNA or peptides indicate that the fluorophore orientation and localization
inside biomolecules module their two-photon response?!%-2!!
binding should predict more accurately performance of probe for 2PFM, than evaluation only

. Thus, determination of 62 upon
in pure solvents. Additionally, it can lay the foundation for future investigation of fluorescent

probes, where modulation upon binding will play a role in the design of not only fluorescence
properties, but also 2PA.
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3.2 Results:
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Figure 13. Fluorescence intensity of dyes upon interaction with insulin amyloids for: (a) DA- dye (b) AD dye (c) DAD
dye; (d) Comparison of fluorescence intensity (F.1) increase with increasing concentration of insulin amyloids. Figure
reproduced from [Hajda A., Grelich-Mucha M., Rybczynski P., Osmiatowski B., Zalesny R., Olesiak-Banska J. (2023). BF2-
Functionalized Benzothiazole Amyloid Markers: Effect of Donor Substituents on One- and Two-Photon Properties. ACS
Appl. Bio Mater. 6, 12, 5676—5684.]

Dyes were synthesized by Patryk Rybczynski and Prof. Borys Os$miatowski at the
University of Mikolaj Kopernik, Torun. Model amyloid system was bovine insulin amyloids,
where I confirmed the presence of fibrils after incubation of native protein by AFM, which is
presented in Figure S1 of Supporting Information on page 62. Firstly, I evaluated one-photon
optical properties like FQY, one-photon excited fluorescence (1PEF), tave, of fluorophores
before and after insulin amyloid binding and compared to values in glycerol — which represents
a viscous medium, and in CHCI3, which represents a hydrophobic medium. Restricted motion
of a dye in glycerol relates to immobilization of a dye inside the amyloids, while CHCl;3
hydrophobic environment resembles usually hydrophobic binding pockets of amyloids. Note
that it is an approximation of certain properties of microenvironment in amyloids.
Fluorescence spectrum before and after amyloid binding for all dyes is presented in Figure 13.
I measured fluorescence spectra at various concentration of amyloids (dye concentration was
constant) and increase in fluorescence intensity at Agm. is plotted in Figure 13d, to obtain
information at what ratio of concentration between amyloids and dyes saturation of
fluorescence is observed. Based on this data concentration of amyloids for each dye was
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chosen, which was later used in detailed studies for FQY, Tave and 2PA. The value of FQY
increased in the following order upon binding to amyloids: DA- (27.5%) < DAD (75.2%) <
AD (94.4%). 1t also followed the trend observed in glycerol and CHCI3, which confirms that
chosen environmental models reproduce the effects present upon amyloid binding. The highest
ratio between FQY for solution before and after amyloid addition (®.) was for DAD
fluorophore (®rt =57.9), which has emission dependent on a few factors: hydrogen-bonding,
polarity, viscosity. For DA- change in FQY upon binding to amyloids (®r. =25) and for high
viscosity medium (®=27.1) is very similar, which suggests mechanism of fluorescence
enhancement upon binding coming mostly from immobilization inside amyloid fibrils, similar
to ThT. Due to the efficient emission of -AD in various environments already in the free for
of the dye, the fluorescence enhancement upon binding is low and ratio between FQY before
and after binding is the smallest for this dye (®r=7.4).

DAD
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Figure 14. (a) Comparison of kr values for dyes in CHCl3, amyloid solution, glycerol, DMSO/H2O (solution before amyloid
addition). (b) Comparison of knr values for dyes in CHCI3, amyloid solution, glycerol, DMSO/H2O. Figure reproduced from
[Hajda A., Grelich-Mucha M., Rybczynski P, Osmiatowski B., Zalesny R., Olesiak-Banska J. (2023). BF2-Functionalized
Benzothiazole Amyloid Markers: Effect of Donor Substituents on One- and Two-Photon Properties. ACS Appl. Bio Mater. 6,
12, 5676-5684.].

For all dyes upon amyloid binding, life times increased from values below 0.5 ns to 1.93
1.98, 2.45 ns for -DA, -AD, DAD, respectively. Measured 1 and FQY were used to calculate
the radiative (k;) and nonradiative (knr) decay constants. Trends of k; and kyr in various media
like CHCIs, glycerol, amyloids, solution before binding (mixture of H2O and DMSO) were
evaluated and are presented in Figure 14. I concluded that position of a donor group is linked
with the changes of k: and ky. Kkris influenced by substitution of the donor on rotating
phenyl ring, while ki, is influenced by the donor attached to the benzothiazole core.
Additionally, I studied fluorescence enhancement of dyes upon binding to other types of
amyloid, obtained from hen egg white lysozyme (HEWL). Fluorescence intensity for dye DAD
and DA- is smaller for the same content of amyloids in HEWL as compared to insulin.
However, position of Aem. and shape of the spectrum is almost the same. Interestingly, -AD dye
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mixed with HEWL amyloids decreased intensity, even in comparison to free dye. Quenching
is increasing with increasing amyloid content — see Figure S9 in Figure 72. Higher content of
arene groups due to the six Tryptophan (Trp) residues in HEWL were attributed to this

phenomena.
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Figure 15. Two-photon absorption cross section for dyes in various environments: H>O/DMSO mixture, CHCI3, and amyloid
solution (concentration presented in the Experimental Section of article). (a) DA- dye, (b) -AD dye, and (c) DAD dye. The
uncertainty of the calculated values was +15%. Figure reproduced from [Hajda A., Grelich-Mucha M., Rybczynski P,
Osmiatowski B., Zalesny R., Olesiak-Banska J. (2023). BF2-Functionalized Benzothiazole Amyloid Markers: Effect of

Donor Substituents on One- and Two-Photon Properties. ACS Appl. Bio Mater. 6, 12, 5676—5684.]

I measured 2PA of dyes in CHCls, upon binding to amyloids and in the same solvent before
amyloid binding (H2O/DMSO) by 2PEL technique. Comparison of measured o> for all probes
is presented in Figure 15. In H2O/DMSO solution the highest 6> was for the DAD dye (28
GM), while the lowest for -AD (~10 GM). For -AD and DAD o> decreased upon binding to
amyloids, while for DA- it increased. Since there are various trends in changes of o2, | wanted
to understand possible explanation. Microenvironment inside binding pockets of amyloids is
usually hydrophobic. In order to evaluate o, in a hydrophobic environment, 2PA was measured
in a more hydrophobic and less polar solvent (CHCl3) than H2O/DMSO solution. In evaluation
of one-photon properties CHCI3 turned out to be a sufficient approximation. For 6> the same
trends were observed in CHCl3 as in amyloids. DA- had o2 higher than in HO/DMSO solution,

while in -AD and DAD it had smaller values — see Figure 15. This provides an information,
that polarity is one of the modulator of 62 upon binding to amyloids. At the end, values of 628
were compared for all investigated dyes and o2 with amyloids increased in comparison to

not-bounded dyes.
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3.3 Summary:

I presented, that fluorophores based on benzothiazole core with incorporated N,O-coordinated
BF2 moiety interact with amyloids. I confirmed hypothesis 1 “BF2-functionalized
benzothiazoles can serve as fluorescent amyloid probes. Modification of the localization of
functional groups in the molecules has an impact on optical properties of studied fluorophores
bound to amyloid fibrils”. Dyes upon binding presented FQY even up to ~ 94%, without a
strong electron donor in the structure. Probe DAD, which exhibited sensitivity of FQY to more
than one environmental factor, had the highest increase in FQY with insulin amyloids. -AD
was the least sensitive to viscosity, and it displayed the largest variations in fluorescence
detected upon binding to HEWL vs insulin amyloids. It might give a hint in construction of
probes, which can discriminate amyloids from various native peptides and proteins. They
should have limited fluorescence response on viscosity and thus higher sensitivity to other
environmental factors.

Two-photon properties of the dyes were also investigated, and we presented for the first time
o2 before and after amyloid binding. Evaluation of 2PA in the solvents may demonstrate a
trends, however is not sufficient for the prediction of o2 and o628. The increase in 62 upon
binding was observed only for DA- dye, while values of o2 increased for all the dyes. In
general, all dyes presented relatively low values of 62, and 62,8 -5 GM due to the mild donor in
the structure. Since dyes present potential in amyloid detection, incorporation of a stronger
donor in the structure should increase 5.

This studies determine the goal of deeper understanding relationship between modulation of
2PA of a dye bound to amyloid with structure of studied fluorophore. Hypothesis 2 “2PA of
fluorophores bound to amyloids is different than the one of free molecules and can be
modulated based on their chemical and consequently electronic structure” was confirmed.
BF2-functionalized benzotiazoles can be a new scaffold for further application in amyloid
detection. My studies answered the goal 2 “Determine relationship between the modulation of
2PA of studied fluorophores bound to amyloid with the structure of fluorophores”. The studies
also give information on modulation of k; and knr for fluorophores intended for amyloid
detection.
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ABSTRACT: Investigation of amyloids with the aid of fluo-
rescence microscopy provides crucial insights into the development
of numerous diseases associated with the formation of aggregates.
Here, we present a series of BE,-functionalized benzothiazoles with
electron-donating methoxy group(s), which are tested as amyloid
fluorescent markers. We evaluate how the position of donor
functional group(s) influences optical properties (fluorescence
lifetime (7) and fluorescence quantum yield (FQY)) in a solution
and upon binding to amyloids. We clucidate the importance of
surrounding environmental factors (hydrogen-bonding network,
polarity, and viscosity) on the observed changes in FQY and
evaluate how the localization of a donor influences radiative and
nonradiative decay pathways. We conclude that a donor attached to
the benzothiazole ring contributes to the increment of radiative decay pathways upon binding to amyloids (k,), while the donor
attached to the flexible part of a molecule (with rotational freedom) contributes to a decrease in nonradiative decay pathways (k).
We find that the donor—acceptor—donor architecture allows us to obtain 58 times higher FQY of the dye upon binding to bovine
insulin amyloids. Finally, we measure two-photon absorption (2PA) cross sections (6,) of the dyes and their change upon binding
by the two-photon excited fluorescence (2PEF) technique. Measurements reveal that dyes that exhibit the increase/decrease of 6,
values when transferred from highly polar solvents to CHCIly present a similar behavior upon amyloid binding, Our 2PA
experimental values are supported by quantum mechanics/molecular mechanics (QM/MM) simulations. Despite this trend, the
values of ¢, are not the same, which points out the importance of two-photon absorption measurements of amyloid—dye complexes
in order to understand the performance of 2P probes upon binding.
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1. INTRODUCTION

Amyloids are misfolded proteins with a characteristic fibrillar
morphology and a fi-sheet-rich secondary structure. According
to one of the hypotheses, their presence in tissues is one of the
hallmarks of over 50 diseases, including various neuro-
degenerative disorders, such as Parkinson’s disease (PD) and
Alzheimer’s disease (AD), and type 2 diabetes ('12D)." The
mentioned pathologies are incurable, and their etiology is still
not fully understood.” Accurately tracking the development
and localization of amyloids inside cells is crucial for
understanding discase progression and the development of
therapeutic agents. Techniques such as magnetic resonance
imaging (MRI),” positron emission tomography (PET)," and
fluorescence microscopy enable the detection of amyloids in
vivo.” Fluorescence microscopy attracts broad attention, mainly
due to its simplicity and higher spatial resolution compared to
other mentioned techniques. Another type of microscopy,
widely used in vivo, is two-photon microscopy (2PM). 2PM
enables excitation in the near-IR region (>700 nm), which is
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beneficial due to its deeper tissue penetration, low photo-
toxicity, minimalized photobleaching, and imaging of small
objects.”” 2PM has already been successfully employed in the
visualization of Af amyloids located in the deep brain
region.”” However, fluorescence microscopy requires fluo-
rescent amyloid-binding agents to obtain a high signal-to-noise
ratio. From the spectroscopic point of view, perfect markers
should present the following features: (1) increase in FQY
upon amyloid binding and/or shift in the maximum emission/
absorption wavelength upon binding to differentiate between a
dye in the bound and unbound states; (2) high photostability;
and (3) emission and absorption in the first biological window
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(700—-950 nm). When it comes to markers for 2PM, a high
value of the product of two-photon absorption cross section
(0,) and FQY (¢), 6.4 = 05 X ¢, is additionally required. The
latter quantity (o,q) is also termed the two-photon action cross
section.

The smart construction of new fluorescent dyes for amyloid
detection is a challenging process. Most existin§ probes are
based on popular fluorophores: benzothiazoles,"’~'* BODI-
PY,"*" curcumin,'®” and thiophene‘lg"‘“ Moreover, various
mechanisms of enhancing FQY of probes upon binding to
amyloids are explored: (1) restriction of rotation of structural
parts of a dye upon binding, which occurs in molecular rotors
such as thioflavin T (ThT),*" (2) transition from a hydrophilic
to a hydrophobic environment (e.g., Acedan derivatives),‘l 3)
dual mechanism of restriction and environment (e.g,
ANCA),* or (4) aggregation-induced emission.”* Recently,
our group has synthesized a series of BF,-functionalized dyes
with structural core inspired by ThT.”® By and large, dyes
carrying the BF, moiety attracted the attention of the scientific
community as fluorescent probes due to their outstanding
photophysical properties: high FQY, large molar extinction
coefficients, tunable emission wavelength and narrow emission
bands, high chemical stability, and high two-photon absorption
cross sections.”*™** The difluoroborate (BF,) moiety acting as
an electron acceptor can lead to strong intramolecular charge
transfer (ICT) when combined with the electron donor group.
The same moiety is also responsible for the rigidification of the
molecular skeleton. The largest group of BF,-containing dyes is
4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes (BODIPYs). In
BODIPYs, two nitrogen atoms coordinate with an atom of
boron; however, in some similar derivatives, nitrogen is
replaced by oxygen. It is worth mentioning that N,O-
coordinated BF, probes were already used to detect Af
plaques and neurofibrillary tangles in IPM and 2PM, but there
were no systematic studies of two-photon properties of probes
before and after amyloid binding.””*" Examination of multi-
photon properties can provide new information about the
relationship between the structure of the probe and amyloid
interactions, which might differ from one-photon optical
changes. In this paper, we investigate the potential of BF,-
functionalized benzothiazoles with electron-donating methoxy
group(s) as amyloid fluorescent markers. To gain systematic
knowledge about the relationship between the dye structure,
its optical properties, and their modification by binding to
amyloids, we investigate three dyes with a weak electron donor
located on one or both terminals of the fluorescent core (see
Figure 1): (1) DA- ((Z)-[(difluoroboryloxy)-
phenylmethylene] (6-methoxy-1,3-benzothiazol-2-yl)amine),
(2) -AD ((Z)-[(difluoroboryloxy)(4-methoxyphenyl)-
methylene]-1,3-benzothiazol-2-ylamine), and (3) DAD ((Z)-
[(difluoroboryloxy)(4-methoxyphenyl)methylene] (6-me-
thoxy-1,3-benzothiazol-2-yl)amine). Using the same benzo-
thiazole core, it was possible to modulate the FQY between 0.4
and 98%° by changing the position of the donor and acceptor
units only. In the current study, changes in optical properties
such as the fluorescence lifetime (7), FQY, 2PA, 1P, and 2P
excited fluorescence upon binding to amyloid fibrils are
investigated. The discussion is focused on differences in the
architecture of dyes, as well as different dependencies of FQY
on surrounding environmental factors (hydrogen-bonding
network, polarity, and viscosity) and the performance of dyes
upon binding to amyloids. We indicate general principles in
the evaluation of one- and two-photon optical properties of
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Tigure 1. Structures of the investigated dyes.

fluorescent amyloid markers. That is mainly based on their o,
or 0 in moderate polarity media such as EtOH, DMF, and
DCB, as the core of amyloids is similar in polarity to the
mentioned solvents. Although scarcely presented in the
literature, investigations of dyes bound to biopolymers such
as DNA or proteins show that the orientation and localization
of ﬂuorog hores inside biomolecules influence their 2PA cross
sections.”** Thus, 2PA cross-sectional determination of free
dyes in organic solvents may not be sufficient to predict their
two-photon absorption upon binding to amyloids, which are
complex biopolymers. Here, we evaluate the need for the
determination of ¢, not only in solution but also after binding
to amyloids for a reliable discussion on the structure—property
relation in the design of two-photon amyloid markers.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Dyes. The synthesis of dyes was described in
our previous article.'

2.2. Incubation of Bovine Insulin Amyloids. Bovine insulin (BI)
was purchased from Sigma-Aldrich (I5500) and dissolved in T1Cl
solution (pH ~ L.§), yielding the final concentration of 2 mg/mL.
The samples were incubated in an Eppendorf ThermoMixer C for 40
h at 45 °C, with agitation sct to 700 rpm.

2.3. Incubation of the Hen Egg White Lysozyme (HEWL)
Amyloids. HEWL was purchased from Sigma-Aldrich (1.6876) and
dissolved in HCl solution (pH ~ 1.5) to yield a final concentration of
20 mg/mL (1.4 mM). The samples were incubated in an Eppendorf
ThermoMixer C for 20 h at 85 “C, with the agitation set to 1400 rpm.

2.4. Atomic Force Microscopy (AFM). The full procedure is
published elsewhere."" In brief, samples were diluted to 0.01 mg/mlL.
The droplets of the samples were deposited on a mica layer, rinsed
with Milli-Q water after 5 min, and dried aflerward. Measurements
were conducted by using a Veeco Dimension V. atomic force
microscope in tapping mode with the SuperSharpSilicon probe
mounted (Manufacturer: NANOSENSORS).

2.5. Absorption and Fluorescence Spectroscopies. One-photon
absorption spectra were measured with a Jasco V-670 spectropho-
tometer in quartz cuvettes within the range of 280—700 nm. Stock
solutions of dyes were prepared by dissolution in DMSO (500 M),
and all solutions were prepared before use. For samples of mixtures of
water and DMSO, the appropriate volume of the stock solution was
withdrawn and diluted so the volume of DMSO reached 40%; then,

https://doi.org/10.1021/acsabm.3c00815
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Figure 2. (a) Fluorescence intensity of DA- upon interaction with Bl amyloids (122 #M). (b) Fluorescence intensity of -AD upon interaction with
BI amyloids (122 gM). (c) Fluorescence intensity of DAD upon interaction with BI amyloids (82 #M). (d) Comparison of fluorescence increase

with increasing concentration of BI amyloids.

Milli-Q_ water was added. For samples with amyloids, the order of
addition to prepare samples was as follows: DMSO, the stock solution
of dye, the stock solution of amyloids, and Milli-Q water. The final
concenlration of the dye in fluorescence enhancement measurements
upon amyloid binding was 2.5 pM. Fluorescence emission and
excitation spectra were recorded using an FSS Spectrofluorometer
(Edinburgh Instruments) cquipped with a xenon lamp.

2.6. Selectivity toward Biomolecules and Bovine Serum Albumin
(BSA). Measurements of fluorescence changes of dyes (2.5 uM) upon
binding to various bioanalytes and BSA were measured on a
clarioSTAR Plus plate reader in a 96-well black plate. Fluorescence
spectra were measured 10 min after the incubation of dyes with
biomolecules at room temperature. To compare changes before and
after binding, the fluorescence intensity (FI) at maximum wavelength
before and after binding in the same solvenl were divided by each
other (T, l»imliug/r'ldyc o)

2.7. Fluorescence Quantum Yield. The FQY was measured by
using the SC-30 Integrating Sphere Module for an FSS spectro-
fluorometer from Edinburgh Instruments. The concertation of dyes
was set to obtain a high signal on a two-photon microscope, as the
FQY is used to calculate the 2PA cross section. For measurements
before and after amyloid binding, the DMSQO content was the same as
that described in Section 2.5. T'he final concentration of dyes with and
without amyloids was 2.5 #M. The amyloid concentrations were 122
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uM for DA-, 82 uM for -AD, and 82 uM for DAD. These
concentrations provided the best enhancement in fluorescence.

2.8. Fluorescence Lifetime Characterization. One-photon excited
fluorescence decays were acquired by time-correlated single-photon
counting (T'CSPC), the selup containing an Acton SpectraPro SP-
2300 monochromator (Princeton Instruments) and a high-speed
hybrid detector HHPM-100-50 (Becker & Hickl GmbH) controlled by
a DCC-100 card. As an excitation source, a BDL-375-SMN
picosecond laser diode (20 MHz, A, = 377 nm) was used. For
each measurement, 6 scans were performed, which were later fitted in
SPCImage software. For the fitting of data, synthetic IRF was used.
The mean value of the fluorescence lifetimes from 6 scans was
calculated to obtain the most reliable result. The mean value was used
as the “real” data in the calculation of ky and k. Decays were
measured al 4, = 430 nm (-AD), 4,,, = 490 nm (DA-), and 2,,,
475 nm (DAD). Samples had the same concentrations of dyes and
amyloids as those in FQY measurements.

2.9. Calculation of k, and k. To calculate k, and k, the fitted
average lifetime and measured FQY were used, as described in egs 1

and 2

o kr
€= k +k,

m

https://doi.org/10.1021/acsabm.3c00815
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2.10. Characterization of Nonfinear Optical Properties. Two-
photon excited luminescence was measured using a custom-built
multiphoton microscope consisting of a femtosecond mode-locked
Tizsapphire laser (~100 fs, 80 MHz, Chameleon, Coherent Inc.) with
an incident wavelength range tunable within A = 700—1050 nm.
Luminescence was recorded through a microscope objective (Nikon
Plan Fluor, 40X, NA 0.75), and 2PEF signals were recorded in the
epifluorescence mode. 2PEF spectra were measured with a Shamrock
303i spectrometer (Andor) equipped with an iDus camera (Andor).
Samples and references were illuminated with the output power set
between 40 and 70 mW depending on the measured dye (reference
always was measured with the same power as the sample).
Experimental conditions were chosen to prevent photobleaching
and achieve a high signal-to-noise ratio. Two-photon absorption cross
sections were calculated with eq 3

ECan]
= 700,
ECaqn; )

Effective two-photon absorption cross sections were calculated with
eq 4

0y ot = PO, ;

[/

4

where C is the fluorophore molar concentration per cubic centimeter,
n the refractive index of the solvent, ¢ the fluorescence quantum yield,
and F the integral over the whole two-photon excited emission band.
The letters s and r correspond to the sample and reference,
respectively. The chosen reference was a fluorescein solution in 0.1
M NaOH. The two-photon absorption cross section of fluorescein
was obtained from elsewhere.” Samples prepared in CHCL, and
H,0/DMSO before and after amyloid binding had the same
concentrations of dyes and amyloids as in FQY measurements.
2.11. Power Dependence of the Fluorescence Intensity. To
confirm that the observed fluorescence excited by laser pulses had a
two-photon nature, we measured the intensity versus excitation power
dependence and determined the power exponent n (eq 5).

_ log(PL intensity)

log(power) (5)

where the PL intensity is a 2P excited photoluminescence intensity,
and the power is the average incident laser power.

2.12. Computer Simulations. The studied dyes were solvated with
chloroform or water molecules, resulting in spherically symmetric
clusters. Two-layer ONIOM calculations were performed for the
clusters.”® The composition of layers was determined based on the
following criteria:

layer 1: 0A < IREY™ — REM < 8 A

layer2: 8 A < IRE%'&M = Ré‘g‘ﬁl <30A

where Riqy refers to the position vector of the center of mass
(COM) of the i-th molecule. Subsequently, the optimization of the
geometry was performed using GAUSSIAN program.w In so doing,
layer 1 was described at the B3LYP/6-31+G(d) level of theory with
D3 version of Grimme’s dispersion model,*® while layer 2 was
described by the AMBER force field.*” The optimized clusters were
subsequently used in electronic structure calculations to determine
one- and two-photon absorption spectra. These calculations were
performed using TURBOMOLE program50 at the RI-CC2/aug-cc-
PVDZ level of theory,” and all solvent molecules were represented by
point charges.

3. RESULTS AND DISCUSSION

BF,-functionalized benzothiazoles with additional electron-
donating functional methoxy groups were synthesized
according to a protocol described elsewhere.”® These probes

5679

55

possess a single C—C bond between the benzothiazole core
and phenylene group, which introduces rotational freedom—a
feature resulting in the linear dependency of FQY on
viscosity.z5 However, the sensitivity of FQY to viscosity
changes differs between dyes. It was proven that the FQY of
DA- is mainly sensitive to viscosity, -AD is weakly sensitive to
environmental factors (hydrogen-bonding network, polarity,
and viscosity), and DAD is simultaneously sensitive to the
hydrogen-bonding/polar environment and viscosity.25

The dyes present a low intensity of fluorescence in H,O/
DMSO mixture, with FQY values equal to 1.3, 1.1, and 12.8%
for DAD, DA-, and -AD, respectively. These values can be
largely increased upon binding with amyloids, as shown in
Figure 2a—c. We prepared bovine insulin (BI) amyloids and
confirmed their presence by atomic force microscopy (AFM)
(Figure Sla). Details about the preparation of samples are
described in the Experimental Section. Values of the
fluorescence intensity (FI) for amyloid solutions were
compared before and after binding. As shown in Figure 2d, a
strong increase in FI, from 7 for -AD dye to 49-fold for the
DAD dye, was observed upon binding to amyloids. To
determine whether the increase in FI is equally sensitive to
protein monomers, the fluorescence of dye solutions with the
monomeric form of bovine insulin was measured. A lack of
intensity changes confirmed that the enhancement of FI is
specific for the interaction with amyloid fibrils (Figure S6). As
shown in Figure 2d, DAD achieves the highest fluorescence
increase and -AD the lowest fluorescence increase for the same
ratio between the amyloid and dye concentration. In order to
evaluate the potential usage of dyes in vivo, the fluorescence
response in a range of concentrations of bovine serum albumin
(BSA) was determined (Figure SS). The smallest interactions
seem to occur for the -AD dye, as with increasing BSA
concentration, the fluorescence remains almost constant. For
dyes DAD and DA-, we observed similar responses between 10
and 125 #M BSA. We clearly observed the interactions of BSA
with these two dyes. It is worth mentioning that in the same
instrumental settings, dyes with amyloids present higher
intensities at lower concentrations compared to BSA. To
conclude, there is a small chance of a background signal from
the BSA—dye complex, especially for the DAD dye. However,
the interactions suggest that it might be efficiently transported
through the bloodstream.

For all dyes, the emission maximum was blue-shifted upon
binding as compared to the solution without amyloids. One-
photon optical properties such as the emission maximum
wavelength (A, [nm]), absorption maximum wavelength (4,
[nm]), and average fluorescence lifetime (7, [ns]) were also
measured in H,O/DMSO mixtures as well as in solvents of low
polarity (CHCl,) and high viscosity (glycerol), as presented in
Table S1. For ease of comparison, we present the position of
fluorescence emission for all dyes in used solvents in one
spectrum (Figure S2). The smallest changes are observed for
-AD. To examine the photostability of dyes, we measured the
fluorescence intensity changes upon irradiation of 370 nm
wavelength (Figure S3). The DA- and -AD intensities did not
change, which indicates that they are highly photostable, while
the DAD intensity decreased by around 10% after lh of
irradiation.

Amyloids possess a hydrophobic core and hydrophilic side
groups exposed to the aqueous solution, and binding of dyes
may occur in either of the locations. Dissolving dyes in CHCI,
is intended to show the optical properties of dyes in a

https://doi.org/10.1021/acsabrm.3c00815
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hydrophobic medium, whereas glycerol is used to evaluate the
influence of immobilization of dyes in the amyloid fibrils.

FQY and 7 values were evaluated before and after amyloid
binding in the same solvent. The highest FQY in the presence
of amyloids was achieved for -AD (94%). This value is similar
to the best FQY standards, such as Rhodamine 6G or
fluorescein.®® The second highest value in the presence of
amyloids was obtained for DAD and was equal to 75%. The
least emissive is DA-, with an FQY equal to 27.5%. The
decrease of FQY values in the series -AD, DAD, and DA-
observed in amyloid solutions corresponds to the order found
for solutions in chloroform (Table S1; note that the values are
not the same).

First, we compared the FQY in the same solvents before and
after binding to amyloids, and subsequently, we compared
changes in FQY with the values in high-viscosity media
(glycerol) as the dyes exhibited different sensitivity to viscosity.
DA- showed a 25-fold increase in FQY (¢,,;) upon binding to
amyloids, with similar changes of FQY in amyloids and
glycerol (Table 1). This suggests that the improved FQY

Table 1. Selected Spectroscopic Data for the Dyes in
Different Solvents

probe solution D [%] D, Ty [15]
DA- H,0/DMSO? 11 0.16
amyloids” 278 25 1.93
glycerol 114 271 1.08
-AD HZO/DMSOZ’ 12.8 042
amyloidsb 944 74 1.98
glycerol 733 27 1.58
DAD HZO/DMSOB 13 021
amyloids” 752 57.9 245
glycerol 284 11.8 115

“®,,, for the amyloid solution is ® of the dye with amyloids divided
by @ of the dye in H,O/DMSO mixture. ®,,, for glycerol is ® of the
dye in glycerol solution divided bZ @ of the dye in methanol. Data for
glycerol are taken from ref 26. “Details on concentrations and v/v
ratios between solvents for each dye are presented in the Experimental
Section in the Supporting Information file.

comes mainly from the immobilization of the molecule upon
binding to amyloids. The same behavior is observed for ThT,
which belongs to the class of molecular rotor probes. In -AD,

@, upon adding amyloids was 7.4, which is higher than the
change observed in glycerol in comparison to the much less
viscous methanol. In any other solvent, this probe does not
exhibit equally high FQY, even though it has similar values in
CHCl, and glycerol (Table S1).

The highest increase in FQY of the presented dyes (58-fold)
upon the addition of amyloids was observed for DAD (Table
1). Its FQY with amyloids (75%) was almost two times higher
than that for ThT with amyloids (42%),** while the FQY was
found to be lower for glycerol (viscous media) than for the
solution of amyloids. This confirms our previous finding that
the dye is sensitive to viscosity, and polarity/hydrogen bonding
can translate into an interaction with amyloids.

DAD and -AD both have a methoxy group on the phenyl
side. Some of the present authors have previously proved that
such a location of the donor is crucial for achieving a high
value of FQY.” The methoxy moiety attached to the
benzothiazole core present in DAD and DA- has already
been used in ThT derivatives to increase the electron density
on the benzothiazole core.’¥* ThX, one of the ThT
derivatives, had an FQY 3.4 times higher than that of the
parent ThT upon binding to a-synuclein and showed increased
binding affinity. Another publication presented a comparison
of a novel library of 12 ThT-inspired fluorescent probes for
amyloid protein with the methoxy moiety attached to the
benzothiazole core (with or without a positive charge in their
structure).36 In general, charged molecules exhibit a higher
FQY after binding to a-synuclein. Our studies show that the
introduction of the BF, moiety as the acceptor serves as a
possible solution for achieving high FQY without using
charged species, which is an interesting alternative in the
design of probes for amyloid aggregates. Moreover, it should
not be overlooked that the dyes carrying a quaternary/charged
nitrogen atom would rather interact with polar groups within
the protein, while BF,-carrying ones provide a chance to bind
in hydrophobic parts.

Determination of 7 and FQY values allowed us to calculate
the radiative (k,) and nonradiative (k) decay constants and
their changes upon dye binding to amyloids. Fluorescence
lifetime values after binding were equal to 1.93, 1.98, and 2.4
for DA-, -AD, and DAD, respectively (Figure $3). In order to
link the effect of binding to amyloids with changes in
fluorescence, we compared the values of k, and k,, in CHCI,,
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Figure 3. (a) Comparison of k, values for dyes in CHCl,, amyloid solution, glycerol, DMSO/H,0. (b) Comparison of k,, values for dyes in CHCL,
amyloid solution, glycerol, DMSO/H,O. Details of the calculations are given in the SL
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DAD dye. The uncertainty of the calculated values was +15%.

glycerol, and H,O/DMSO solutions before and after amyloid
addition for all probes.

DA- presents a decrease in values of k, after amyloid
binding (Figure 3b). There are similarities in k,, in a high-
viscosity medium and amyloids. There is additional con-
firmation that the restriction of the conformational freedom of
a dye takes place, which translates into the suppression of the
nonradiative processes. In the case of DA-, there is also an
increase in k, after binding to amyloids, with higher k, in
amyloids than in glycerol (Figure 3b).

-AD also presents suppression of nonradiative processes
after amyloid binding. However, the dye presents similar values
of k, in CHCl,, glycerol, and upon binding to amyloids. Thus,
it is not possible to point out a single dominant environmental
factor that contributes to the suppression of these processes.
The FQY of -AD slightly changes with viscosity; thus, the
immobilization of the dye contributes to a decrease of
nonradiative decay pathways upon binding to amyloids. The
contribution of k, in an amyloid solution is the highest for this
dye among all investigated dyes. The localization of the donor
group may reduce the rotation capacity around the bond
between the benzothiazole core and phenylene group,37
leading to an initial high FQY of a free dye. Then, upon dye
binding to amyloids, further immobilization and hydro-
phobicity of grooves in amyloids, where the dye is located,
allow us to achieve an FQY above 90%.

The DAD dye presents high suppression of nonradiative
processes after amyloid binding. On a comparison, the k,
values of different solvents were found to be the most similar
to the k, value measured in glycerol This proves that the
immobilization of a molecule takes place, which results in a
decrease of k. The acceleration of radiative pathways upon
binding to amyloids is the highest for this system compared to
other dyes (Table S3), which translates into the highest A¢
upon binding to amyloids. As shown in Figure 3a, k, has similar
values in a hydrophobic solvent and amyloids; thus, the
polarity may have a significant influence on the radiative decay
pathways.

Based on a comparison between dyes, we link particular
moieties with the changes of k, and k.. The localization of the
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donor on the part of a molecule exhibiting rotational freedom
influences k, while the donor attached to the benzothiazole
core has a stronger influence on k. The highest FQY was
obtained for -AD upon binding to amyloids, thus achieving a
high FQY depending on electron density on the moiety
exhibiting rotational freedom. The donor group attached to the
benzothiazole core increases the sensitivity of FQY to the
immobilization of dyes. DAD and DA- exhibit FQY sensitivity
to viscosity and more “molecular rotor probe”-like behavior.
For DAD and -AD dyes, k, values in samples with amyloids
correspond better with values in a hydrophobic environment
than in glycerol. This suggests that dyes are located inside the
hydrophobic amyloid structure, which is supported by the
hydrophobic character of the dyes determined from log P
values (see Table S4) and the mentioned earlier presence of
fluorine atomns.

We also studied the optical properties of dyes in amyloids of
other proteins. The fluorescence intensity of the compounds
upon the addition of amyloids formed from hen egg white
lysozyme (HEWL) was lower compared to that of Bl amyloids
(Figure S8), which we attribute to various amyloid environ-
ments, e.g, a higher content of arene groups in HEWL
compared to BL A detailed discussion regarding the probe
performance upon binding to HEWL is presented in the SL
Overall, trends in intensity increase are the same for dyes upon
binding to HEWL and BI amyloids. However, -AD in HEWL
amyloids presented quenching, and no increment of FI upon
binding was observed (Figure $9).

As DAD presented the highest increment of FQY upon
binding and exhibited the best application potential, we also
investigated interactions with various endogenous biomole-
cules (Figure S4). To summarize, we did not observe any
changes in fluorescence upon interaction with to L-cysteine, L-
methionine, glycine, glutathione, ascorbic acid, and H,0,.

Nonlinear optical properties of the analyzed chromophores
were studied in terms of their multiphoton absorption and the
corresponding fluorescence processes, with a femtosecond
pulsed laser as an excitation source. First, the two-photon
nature of absorption processes was confirmed with fluores-
cence response vs the input laser power (Figure S10). o, values

https://doi.org/10.1021/acsabrm.3c00815
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of the dyes before and after amyloid binding were measured.
The 0, value in H,O/DMSO solution was found to be the
highest for the DAD dye (28 GM at 780 nm) while the lowest
was for -AD (~10 GM at 720 nm; Figure 4). For DA-, o,
increased upon binding to amyloids, whereas for -AD, a minor
difference was observed, and for DAD, we noticed a decrease
of the o, value. We also compared the two-photon absorption
(2PA) spectra of all chromophores with their one-photon
absorption (1PA) spectra (Figure S11). The 2PA spectra of
free dyes overlap with the 1PA bands plotted at a double
wavelength. On the other hand, probes with amyloids have
slightly shifted 2PA bands compared to the doubled positions
of the 1PA spectra (Figure S11). In order to assess the effect of
polarity on o,, we performed 2PA measurements in a more
hydrophobic and less polar solvent—CHCI;. For DAD and
-AD in CHCl;, 0, decreased compared to that in the H,0/
DMSO solution, while for DA-, 5, was higher (Figure 4). The
presented tendency of ¢, in CHCl; correlates to changes upon
adding amyloids. The dependence of ¢, on the solvent polarity
is a well-known phenomenon. S Binding pockets of amyloids
are mostly hydrophobic,***" which translates to the observed
correspondence between the two-photon performance of dyes
in amyloids and CHCI; solutions. However, values in these
two solutions for all probes are not the same: for DA-, o, at
760 nm in CHCl, is 29 GM, which is almost two times higher
than that in the solution of amyloids. In complex biopolymers
such as amyloids, additional factors influence 2PA, eg, the
local electric field.>"#%*3 Previously presented differences
between dyes in Bl and HEWL amyloids indicate that
interactions with amino acid residues present in fibrils
significantly modulate the optical properties of dyes. Similarly,
the modulation of nonlinear optical properties is expected.

The experimental investigation of two-photon properties of
dyes in solutions was supported by quantum mechanics/
molecular mechanics (QM/MM) simulations of dyes in
CHCl; and water (mimicking a water/DMSO mixture).
Details of the simulations are provided in the Experimental
Section, and a summary of the results is presented in Table S6.
The results of simulations are in line with experimental
findings and clearly indicate that o, of DA- in CHCI; is much
larger than those of DAD and -AD. Electronic structure
calculations also indicate that a more polar environment (water
vs CHCL,) increases the o, values of the studied dyes.

0,¢ which is a product of o, and FQY, is the quantity that is
the most relevant for evaluating the potential of two-photon
probes in imaging applications. Values of o, increased upon
binding for all investigated dyes (Figure S12) due to increasing
FQY of these systems, with the value around 4—5 GM, for all
dyes. However, the highest difference in the o4 value between
the bound and unbound dyes was observed for DA- molecules,
which presented the lowest FQY upon binding. In the case of
sufficiently large values of o, the increase of the two-photon
excited fluorescence intensity upon incorporation into fibrils
may be the fundamental factor determining the utility of a dye
in bioimaging applications.

4. CONCLUSIONS

In conclusion, we presented a systematic study of the optical
properties of three fluorophores with a structure based on ThT
and an N,O-coordinated BF, moiety, with a donor group
located on both or one of the termini of a molecule (DAD,
DA-, and -AD). We show that probes with an N,O-
coordinated BEF, acceptor, while incorporated into amyloid
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fibrils, exhibit FQY values exceeding 70% even without the
presence of a strong electron-donating moiety, like the
frequently used N,N-dimethylamino group. The highest
increase in fluorescence upon binding with amyloids was
observed for the DAD dye, which exhibits an FQY sensitive to
a range of environmental factors such as the hydrogen-bonding
network, polarity, and viscosity. The results reveal that probes
that are sensitive to more than one environmental factor might
be the best choice in amyloid detection. Our data show that a
crucial aspect in tuning the FQY is the donor location in the
molecule. The best performance was obtained for a donor
attached to the aromatic ring with a single C—C bond
connected to the core with the acceptor. The methoxy group,
as a hydrogen bond acceptor, enhances the interaction with
amyloids in parallel with increasing FQY, while this group is
attached to the benzothiazole ring.

The probes studied here presented various responses to
HEWL and BI amyloids. It is beneficial as discrimination
between various amyloid structures is important in bioimaging
studies of protein aggregates. The probe -AD has an FQY that
is the least sensitive to viscosity, and it presented the largest
differences in fluorescence detected upon binding to HEWL vs
BL This might suggest that probes with limited sensitivity to
viscosity perform better in discriminating between different
types of amyloids, where different mechanisms influencing
FQY play the main role.

We also investigated the two-photon properties of the dyes
and proved the importance of measuring 2PA cross sections of
dyes both in a solution and after amyloid binding. Measuring
2PA cross sections in solvents may show a trend but may not
be sufficient for the prediction of two-photon properties of a
dye upon binding to amyloids. The measurements of o, in
organic solvents did not provide a reliable estimation of the
difference in two-photon-excited fluorescence intensity be-
tween bound and unbound probes in water solutions, which is
crucial for the observation of amyloid-bound dyes with no
background fluorescence. Moreover, the evaluation of o, in
amyloids gave us important information about the factors that
contribute to the highest differences in two-photon properties
between bound and unbound dyes. Such an approach can be
used for a better comparison of various probes designed for
amyloid imaging by two-photon microscopy.
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Figure S1. (a) Amyloids of BI deposited on mica (b) Amyloids of HEWL deposited on mica.
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Table S1. One-photon optical properties of dyes in different solvents.

Probe | Solvent ‘ D [%] | dem[nm] | Aabs [nm]
DA- | H,O/DMSO 1.1 515 361.0
CHCls 0.9 458.5 361.0
DMSO - 512.0 365.0
Glycerol 11.4 491.5 -
Amyloids 27.5 485 364
-AD | HO/DMSO 12.7 430.0 364.0
CHCls 75.6 419.5 364.0
DMSO - 428.0 366.0
Glycerol 73.3 426.5 -
Amyloids 94.4 424 366
DAD | HO/DMSO 1.3 502.5 373.0
CHCIs 13.1 454.5 368.0
DMSO - 501.0 375.0
Glycerol 283 482.0 -
Amyloids 75.2 470 380

For CHCI3 and glycerol data taken from: Rybczynski, P.; Bousquet, M. H. E.; Kaczmarek-

Kedziera, A.; Jedrzejewska, B.; Jacquemin, D.; Osmialowski, B., Controlling the fluorescence

quantum yields of benzothiazole-difluoroborates by optimal substitution. Chem Sci 2022, 13 (45),

13347-13360.
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Figure S2. (a) DA- normalized fluorescence emission in different solvents (b) -AD normalized

fluorescence emission in different solvents (¢) DAD normalized fluorescence emission in different

solvents.
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Figure S3. Photostability examination under irradiation using Xenon Lamp at 370nm.
Fluorescence intesity at maximum emission wavelength before irradiation and during irradiation

was monitored. Changes in intesity were recalculated to procentage for better visualization of data.
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Figure S4. Fluorescence increasement of 2.5uM dye DAD upon mixing with various endogenous
biomolecules — 100uM H202, 5SmM Glycine (Gly), 10mM Ascorbic Acid(AA), SmM L-
Methionine(L-Meth), SmM L-Cysteine (L-Cys), ImM L-Gluthiahione (GSH) and comapred to

increasment upon binding to 82uM amyloids from bovine insulin.
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Figure S5 . Comparison of fluorescence intensity changes upon binding of dyes (¢=2.5uM) to
various concentrations of BSA. Comparison of fluorescence emission was taken before and after
binding for maximum emission wavelength upon binding to BSA and to enhancement upon

binding 82uM bovine amyloids.
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Figure S6. (a) comparison of F.I for dye (DA-) upon adding amyloids and monomers of bovine
insulin (20uM); (b) comparison of F.I for dye (-AD) upon adding amyloids and monomers of

bovine insulin (20uM); (¢) comparison of F.I for dye (DAD) upon adding amyloids and monomers

of bovine insulin (20uM).
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Figure S7. Fluorescence lifetime fitting for dyes with maximal amyloid F.I increment (a) DA-

(b) -AD (c¢) DAD dye.

Tabel S2. Fluorescence lifetime details for water/dmso mixture and amyloid solution (maximal

F.I enhancement concentration).

Probe solution [74[ns]| a% |t7o[ns]| b% | T4, [ns]
DA- 40%DMSO | 0.157 | 99.7 1.013 0.3 0.16
Amyloid 1.509 | 56% | 2.489 | 44% 1.93
-AD 40%DMSO | 0.419 | 100% 0.42
Amyloid 1.982 | 100% - - 1.98
DAD 40%DMSO | 0.201 [99,7% | 1.827 | 0.3% 0.21
Amyloid 2.445 | 100% - - 2.45
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Table S3. Summary of radiative and non-radiative decay pathways

DYE Solution @ [%] | Tarms] | ko (*10%) [s1] | ke (*10%) [s]
H,O/DMSO 1.1 0.16 61.2 0.7
Amyloids 27.5 1.93 3.7 1.4
DA- MeOH! 0.4 0.12 84.5 0.4
Glycerol! 11.4 1.08 8.2 1.1
CHCI3! 0.9 0.13 78.7 0.7
H,O/DMSO 12.7 0.42 20.7 3.0
Amyloids 94.4 1.98 0.3 4.8
-AD MeOH! 26.5 0.68 10.8 3.9
Glycerol! 73.3 1.58 1.7 4.6
CHCI3! 75.6 1.71 1.4 4.4
H,O/DMSO 1.33 0.21 47.1 0.7
Amyloids 75.3 2.45 1.0 3.2
DAD MeOH! 2.4 0.14 72.3 1.8
Glycerol! 28.4 1.15 6.2 2.5
CHCI5! 13.1 0.46 18.9 2.85

! Data taken from: Rybezynski, P.; Bousquet, M. H. E.; Kaczmarek-Kedziera, A.; Jedrzejewska,
B.; Jacquemin, D.; Osmialowski, B., Controlling the fluorescence quantum yields of

benzothiazole-difluoroborates by optimal substitution. Chem. Sci. 2022, 13 (45), 13347-13360.

Table S4. Partition Coefficient (LogP) - Calculated using the online ALOGPS 2.1 program

‘DYE logP
‘DA- 488
-AD 493
‘DAD 494
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HEWL amyloid experiments

Fluorescence emissions of compounds upon addition of amyloids formed from hen egg white
lysozyme (HEWL) was evaluated (Figure S4). Presence of HEWL amyloids was confirmed by
AFM imaging (Figure S1b). All probes with HEWL amyloids presented smaller fluorescence
intensity compared to BI amyloids. F.I for -AD with HEWL was smaller than for the dye without
amyloids, which suggests fluorescence quenching mechanism upon binding. Increasing
concentration of amyloids caused further quenching (Figure S5). Amyloids, besides their structural
similarities, differ according to the amino acids content. Unique microenvironment, coming from
amino acids residues, is used to distinguish amyloids by fluorescent probes.” It is known
phenomenon for ThT? and Nile Red" that binding to HEWL amyloids results in smaller emission
enhancement compared to Bl amyloids. Since ThT is a charged molecule, electrostatic interactions
play an important role influencing binding to amyloids. The molecules studied in this Letter are
neutral; therefore, the electrostatic interactions do not prevail over other interaction components
and we thus do not include them in our considerations. HEWL amyloids have higher
hydrophobicity and contain more aromatic moieties within the groove than bovine insulin
amyloids.® The arene groups play important role, since HEWL have six Tryptophan (Trp) residues
in the sequence whereas BI have none. Quenching of dyes luminescence caused by Trp in well-
known phenomenon.® The 7-7 interaction creating various microenvironment of studied amyloids
grooves, including Trp presence, may be responsible for different optical properties of probes. This
finding also supports our previous divagation about interaction of dyes with amino acids residues.
DAD and DA- both have higher dependence of fluorescence on viscosity than -AD and for these

dyes HEWL amyloids induced the increase in F.I upon binding.
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Figure S8. Comparison of Normalized Fluorescence Intensity (N.F.I) of dyes upon binding to
amyloids of HEWL and BI. Both had concentration 20uM. Normalization was done using the

highest Fluorescence intensity as 1.
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Figure S9. Fluorescence emission of -AD (2.5uM) upon binding to HEWL amyloids.

Table SS. Summarizing table of emission properties of dyes with 20uM of HEWL amyloids.

DYE hem [nm] Fold
DA- 482 8
-AD 427 decrease

DAD 462 15

Fold — the increase of fluorescence intensity upon binding with amyloids
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Figure S10. Log of the measured photoluminescence intensity (Log(PL intensity)) values plotted

versus log of the incident laser power (log(Power)) for the studied free dyes: DAD (a), DA- (¢). -

AD (e) and upon the binding of bovine insulin (B.I.) amyloids to: DAD (b), DA- (d). and -AD ().

72

S12



Wavelength (hm + B.I. amyloids
avelength (nm) Wavelength (nm)
b3so 380 400 420 as0 460

g 8
g g
@ o
2 3
< <
.
\§ 3
10k \;'\ - 0.05
S
. 00} ¢ F-a.—s = Arwded S
700 750 800 850 900 700 750 800 850 900 i
Wavelength (nm) Wavelength (hm)

Figure S11. Two-photon absorption spectra with the corresponding one-photon absorption (1PA)
spectra (a) free dyes in HO/DMSO mixture, (b) dyes with Bl amyloids. Concentration of amyloids

was chosen to provide the strongest one-photon fluorescence enhancement of each dye.
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Figure S12. Effective two photon absorption cross-section for dyes in different solutions: CHCls,
H,O/DMSO, Amyloids. Concentration of amyloids was chosen to provide the strongest one-photon

fluorescence enhancement of each dye. Uncertainty of values +15%

Table S6. Calculated two-photon absorption cross sections (g,, [GM]). Two-photon absorption

wavelengths (A, [nm]) are given in parentheses. The results correspond to So—S: electronic
transition.

DYE 0,[GM] o, [GM]
(% [nm]) (% [nm])

chloroform water
DA- 47 (687) 57 (699)
_AD 12 (664) 29 (690)
DAD 5 (690) 11 (684)
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Chapter4. ' TWO-PHOTON BRIGHTNESS OF NIR-EMITTING,
ATOMICALLY PRECISE DNA-STABILIZED SILVER NANOCLUSTERS.

4.1 Research purpose:

In this work, my aim was to investigate o2 by 2PEL technique of 4 representatives of Agn-DNA
nanoclusters. Atomically precise silver or gold nanoclusters (Ag/Au NCs) were reported as
strong two-photon absorbers with o2 ranging from 10> GM to 10° GM.”> *+%% 212 However,
Ag/Au NCs stabilized by thioles show low Photoluminescence Quantum Yield (PLQY), which
results in low o2 limiting their application in 2PFM. As mentioned in the chapter “DNA
templated silver nanoclusters ”, early studies on 2PA of Agn-DNAs presented their high values
of o2. Nevertheless, these studies were performed on heterogeneous samples, without
atomically precise size and with unknown chemical compositions. Based on the literature,
the 2PA of atomically precise Agn-DNAs has not been evaluated before. Taking into
account the advantages of these nanoclusters like high PLQY for NIR-emission, water-
solubility and other properties which overcome limitations of organic chromophores, Agn-
DNAs seem to be interesting materials to study in the context of two-photon properties and
consequently evolve as potential probes for 2PFM. For this purpose I selected four far-red and
NIR emitting Agn-DNAs from the study by Guha, et al’!., which reported four distinct
structural/compositional groups of HPLC-purified Agn-DNA. Four Agn-DNASs groups were
characterized by: (1) 8-electron clusters stabilized by two DNA oligomer copies; (2) 6-electron
clusters with two oligomer copies; (3) 6-electron clusters with three oligomer copies, (4) 6-
electron clusters with two oligomer copies with additional chlorido ligands. In total 19 Agn.
DNAs were presented and their emission, absorption and circular dichroism (CD) were
characterized, each nanocluster composition was confirmed by ESI-MS!.
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Table 1. Composition and optical properties of Agn-DNAs, selected from a previous study.®® ng: number of ssDNA
template stabilizing the Agn-DNA, No: effective valence electrons of Agn-DNAs, 1PA: one-photon absorption,

FQY: fluorescence quantum yield, IPEL: one-photon excited photoluminescence.

Xs
Name Molecular DNA sequence and N 1PA | 1PEL FQY Sstl(ﬂ;:s
Formula (5'to 3") no. of CI- 0 (nm) | (nm) [%]
. (eV)
ligands
13%;: (DNA)[Agis]°* ACCAATGACC 2and0 1 o 550 | 652 11 0.35
Agi- 15+ 3and 0 73
DNA (DNA);[Aga1] CCCGGAGAAG 6 | 640 | 721 (Ref ') 0.22
Agie- 2 and 2 2%
DNA- (DNA)2[AgisCL2]¥* CACCTAGCGA 6 525 744 1 0.70
Ch (Ref*)
Agio- e 2and 0 480,
DNA (DNA)2[Ag9] GCGCAAGATG 8 | 15 | 730 16 0.31

From each group one representative was chosen with different molecular formula,

including total number of Ag atoms, effective valence electron count (Ny), DNA oligomers
sequence, the numbers of DNA oligomer ligands (x;) and presence of additional chlorido
ligands: (DNA)[Agis]°"; (DNA);[Ag21]""; (DNA)[AgisCL]¥; (DNA)[Agio]'!", which will
be called in short as: Agis-DNA, Ag>1-DNA, Agis-DNA-Cl; and Agi9-DNA, respectively.
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4.2 Results:
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Figure 16. Comparison between 1PE (one-photon excitation), 1PA (one-photon absorption), and 1PEL (one-photon
excited luminescence) spectra of (4) Ag15-DNA, (B) Ag21-DNA, (C) Agis-DNA-Cl>; (D) Agio-DNA. Figure reproduced
from [A. Hajda, R.  Guha, S. M. Copp and J. Olesiak-Banska, Chem. Sci, 2025, 16,
1737 DOI: 10.1039/D4SC05853D].

Agn-DNAs were synthesized by Rweetuparna Guha and Prof. Stacy Copp at the
University of California, Irvine, USA. They were purified on HPLC and their molecular
masses were confirmed by ESI-MS, which is presented in article’s SI on page 95 and 96.
Firstly, one-photon properties were evaluated like FQY, fluorescence, 1PA and 1PE. Some
studies, such as emission and absorption spectra measurements, confirmed previous
observations by Guha, et al’!. However, 1PE spectra of these nanoclusters were reported for
the first time in my work, as well as FQY for Agis-DNA (11%) and Agio-DNA (16%).
Comparison of 1PA, 1PE and one-photon excited luminescence (1PEL) spectra of measured
nanoclusters can be seen in Figure 16. After characterization of one-photon properties, I
measured 2PA of the Agn-DNA species by 2PEL technique for a wide wavelength range from
810 to 1400 nm. Two-photon nature of observed emission was confirmed based on the
quadratic dependence of photoluminescence intensity (PL intensity) on the incident laser
power. If the slop of the log(PL intensity), in a function of log(laser power) is near 2.0, it
indicates two-photon process. For Agx1-DNA the slops had lower values than 1.7 for
excitation <850nm, which indicates contributions from one-photon excitation process.
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Figure 17. Comparison between IPE and 2PA of (A) Agis-DNA, (B)Ag21-DNA, (C) Agis-DNA-Cl>. Figure
reproduced from [A. Hajda, R. Guha, S. M. Copp and J. Olesiak-Banska, Chem. Sci., 2025, 16,
1737 DOI: 10.1039/D4SC05853D].

Consequently, it should be stated that 2 values determined for 810 nm and 820 nm might be
overestimated. Agi9DNA had significant one-photon processes contribution at wavelengths
below 980 nm, for 810 nm excitation the slop value equaled ~1.2. Due to this fact, AgioDNA
was excluded from the main discussion of 2PA properties and data collected for this
nanocluster should be considered as qualitative. Agis-DNA and Agi6-DNA-Cl, were proven
to have pure two-photon excitation. All log-log plots of the PL intensity are presented in
article’s SI on page 99. In Figure 17, o2 values were compared to 1PE spectra, due to the fact
that for Agn-DNA 1PA differs from 1PE spectrum. Below 950 nm excitation, o2 had the
highest values for all Agn-DNA, on the order of several hundred GM. Two distinct types of
o2 trends are distinguished at lower-energy transitions (longer wavelengths). Agis-DNA and
Ag>1-DNA showed a pronounced decrease in 62 values > 1000 nm, which corresponds to the
dominant So — S; transition observed in this range. On the other hand, Agis-DNA-CI> have
two transitions at 800 nm and 1050 nm, with similar 62 values. In contrast to Ag>1-DNA and
Agis-DNA, Agie-DNA-CL has o2 values one order of magnitude higher at longer
wavelengths, which is discussed in details below.

In order to assess the relative strength of 2P versus 1P transitions, I compared the ratio of
their transition intensities. In the case of Agis-DNA, the intensity ratio of 1PE at 420 nm and
at 550 nm is approximately 1:20, whereas for o2 at 840 nm and at 1100 nm, the ratio is 17:1.
This indicates an inversion in transition intensities between 2P and 1P excitation. For Agyi-
DNA, I also observed that transition Sp=>S; is not the most prominent in 2P regime. The
highest values of 62 were determined for 820 nm and 940 nm excitation, which correspond
to low-intensity peaks in the 1PE spectrum. There were 3 transitions in 1P and 2P regime
with ratio ~3 : 1 : 67 for 410/460/635 nm and 50 : 35 : 1 for double the wavelengths -
820/920/1270 nm. However, it is important to note that the lack of crystal structure for
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AgioDNA, Ag1DNA and AgisDNA and consequently the lack of theoretical calculations,
energy diagrams significantly limits the interpretation of results.

Since Agis-DNA-Cl; had significantly higher 62 for So — S; transitions, I looked for the
explanation of this phenomenon. Agis-DNA-Cl; is known for complex emission properties,
since it has two components with nanosecond and microsecond lifetimes at liquid nitrogen
temperature and in D20 solvent.?!® To decode its excited state dynamics transient absorption
(TA) spectroscopy was used.?!* It reveled, that fraction of fluorescent state can transitions to
a microsecond-lived state, which is observed with a decay time of ca. 70 pus. TA spectra
showed a positive signal between 1000—1200 nm. As the crystal structure of Agis-DNA-Cl
is known, theoretical calculations can support experiments. TA spectra calculated by Malola,
et al’® presented a broad positive peak between 1100—1400 nm related to S; and T transitions,
which supported experimental TA data. This range overlaps with the 2PA bands of Agis-DNA-
CL. In 2PEL measurements was used fs laser with 80 MHz repetition rate - 12.5 ns window
between consecutive pulses. Taking this information into account, a possible contribution of
long-lived T1 state in 2PA in NIR-II ranges was considered. Thus, I evaluated o> by 2PEL
technique using fs laser with 1 kHz repetition rate, which gives 1 ms window between pulses.
Comparison of o2 values obtained by excitation by 1 kHz and 80 MHz laser showed no
meaningful differences, which can be seen on Figure S8 in article’s SI on page 98.

Table 2. Comparison of optical properties of Agn-DNAs (measured in 10 mM ammonium acetate solution,
pH 7) with commercially available and water-soluble fluorescent probes with Agy above 600 nm (measured in
H>0).

SRR () 5, ,IGM] AEM Exc.itation
[GM] ’ [nm] Window
mCherry?'3 25 5.5 610 NIR-II
tdTomato?'3 108 60 581 NIR-II
Alexa Fluor?'® 133 44 671 NIR-1I
647
Cy5216 143 40 670 NIR-II
Cy7?!6 200 60 779 NIR-II
Alexa Fluor?!¢ 203 73 704 NIR-II
680
ICG?Y 210 6.3 813 NIR-II
Cy5.5216 286 60 695 NIR-II
Agn-DNA 582 425 >700 NIR-I
17 12 NIR-II
Agi16-DNA-CL 211 54 >700 NIR-I
176 45 NIR-II
Agis-DNA 340 37 650 NIR-II
25 3 NIR-I
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Lastly, 02,8 for measured nanoclusters was calculated and compared with commercially
available NIR-emitting fluorescent probes used for 2PFM, which are water-soluble — see Table
2. Based on comparison of 62,8 Agn-DNAs have comparable 62,8 in the NIR-II excitation
window for the best commercially available probes, but they outperform commercial probes
in NIR-I window.

4.3 Summary:

I evaluated o2 and o2,58 of four distinct atomically precise Agn. DNAs. They present high
values of 62 in <900 nm wavelengths range, corresponding to transitions which have lower
intensity in 1P regime. In the longer wavelengths range, corresponding to the most prominent
1P transitions, 2PA is low for most of the studied nanoclusters. The most pronounced difference
is for Agis-DNA-Cl2, which have one order of magnitude higher 62 above 1000 nm, than the
other studied Agn- DNAs. Understanding of this difference needs further investigation, also in
the frame of theoretical calculations. Nevertheless, performed experiments confirmed the
hypothesis 3 “Atomically-precise nanoclusters Agn.DNA can have high 62 and 62,8, exceeding
50 GM, which will make them potential probes for bioimaging”. I met the goal 3 “Proposing
new NIR-emitting nanoparticles, which are water-soluble two-photon absorbers and confirm
their optical properties”.
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; 5 (~582 GM) was observed for (DNA}sIAg..***, which is stabilized by 3 DNA oligomers. (DNA).IAg;cCLI%*
ol presented distinct 2PA behavior from the Agy-DNAs without chlorido ligands, with a high 2PA of 176 GM
e Recehed Sefqusavoy at 1050 nm. Our findings support the potential of Agy-DNAs as NIR-to-NIR two-photon probes that are
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ol -§ both excited and emit in the NIR. Their high ¢, and fluorescence quantum yield values result in superior
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EE with high fluorescence quantum yields" {FQY, ¢) compared to
% DNA-stabilized silver nanoclusters {Ag,-DNAs) are an emerging  other NIR emitters, such as organic dyes. Water soluble NIR emit-
E class of biocompatible fluorescent nanomaterials with ting probes are highly desirable for optical imaging of biological
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& have unique and diverse photoluminescence properties that tissues are significantly reduced at NIR wavelengths compared to
3 span visible and near-infrared (NIR) wavelengths. The optical visible wavelengths."”** The remarkably high FQY and inherent
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properties of Agy-DNAs depend strongly on the size, shape, and
effective valence electron count of the nanocluster core, which
are governed by the nucleobase sequence of the DNA oligomer
template.*® Thus, DNA oligomer selection enables tunable
design of Ag,-DNA properties,”® making Agy-DNAs promising
and versatile emitters to meet the needs of bioimaging.

Recent tandem efforts to harness machine learning-guided
experiments and to prepare and investigate atomically precise
AgyDNA species have accelerated the discovery of Ag,-DNAs.**
Many recently discovered Agy-DNAs emit at NIR-I and NIR-II

water solubility of NIR Ag,-DNAs make these promising emitters
for overcoming the issue of low FQY of NIR-emitting organic fluo-
rophores, which limit in vivo fluorescence imaging.

In contrast to their one-photon {1P) properties, the nonlinear
optical {NLO) properties of Ag,-DNAs have been far less
explored. Two-photon absorption (2PA) is a third order NLO
phenomenon that occurs upon simultaneous absorption of two
photons, each with half the excitation energy of the chromo-
phore, thereby exciting an electron from the ground state to the
excited state. This excitation process requires high-intensity
pulsed laser irradiation and is induced at long wavelengths,
which are more favorable for deeper penetration into biological

.'"S'i:"t‘ "fol‘:_ 3 o biisy peide. U ";f S'“""“ and Technology,  samples. 2PA can be followed by two-photon excited fluores-

fv g a; E'"faf 'Smfmm' B ,' ",p o California, rvine, G cence {2PEF), which enables two-photon fluorescence micros-
0f Cience an U 0] forni ne,

92697, USA N i E copy (2PFM). 2PFM at NIR- or NIR-II wavelengths'® presents

Department of Chemistry, University of California, Irvine, CA 92697, USA multiple advantages compared to the standard 1P fluorescence

“Department of Physics and Astronomy, University of California, irvine, CA 92697, USA
" T

microscopy, such as deeper sample penetration, reduced

“Department of Chemical and Biomol g of Califormia, phototoxicity and photobleaching, 3D imaging within tissues,
Irvine, CA 92697, USA selective excitation of femtoliter-scale volumes, and visualiza-
t i ppl information  (ES} ilable. ~ See  DOL  tion over long time periods (longitudinal imaging).***
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Atomically precise silver or gold nanoclusters {Ag/Au NCs)
were reported as strong two-photon absorbers.”* 2PA cross-
section {o,, expressed in Goeppert-Mayer units, GM) for Ag/Au
NCs varies from ~10°> GM to ~10° GM and is dictated by
nanocluster properties, such as the number of metal atoms,
protecting ligands, and doping with other metal atoms.?*?®
However, Ag/Au NCs generally display low ¢ and low two-photon
brightness {defined as o5, = ¢ X 03), limiting their relevance in
2PFM. Early studies of 2PA of Ag\-DNAs suggested the promise
of these emitters for 2PFM, but these studies preceded the
robust development of purification strategies to produce Agy-
DNA emitters with defined chemical compositions.*** While
the 2PA of atomically precise Agy-DNAs has not been explored
in detail, application of this effect is now emerging.*

To advance in vivo fluorescence imaging, it is a major goal to
develop water-soluble, 2PEF probes that both excite and emit at
NIR wavelengths with high FQY and high two-photon bright-
ness (o5, above 50 GM).*** In this study, we investigate 2PA of
four different atomically precise Ag,-DNAs with far-red to NIR
emission, which were recently investigated by Guha, et al.> We
find that 2PA spectra of the four Ag,-DNAs, measured from
810 nm to 1400 nm, show significant differences between 1P
and two-photon (2P) response. We then present a detailed
analysis of NLO properties {specifically two-photon absorption)
of the NIR-emissive Agy-DNA with chlorido ligands and known
X-ray crystal structure, (DNA),[Ag,CL]*". Finally, we compare
the 2P brightness of Agy-DNAs to organic fluorophores and
commercially used NIR markers, demonstrating their utility for
applications in NIR-to-NIR 2P bioimaging.

Results and discussion

To investigate the NLO properties of far red and NIR emitting
Ag\-DNAs, we selected four Ag,-DNAs with different molecular
compositions, including total number of Ag atoms, effective
valence electron count (Np), and the numbers of DNA oligomer
ligands (ns) and chlorido ligands (Table 1). Emitters were
selected from a recent study by Guha, et al., which reported the
molecular compositions and one-photon absorbance {1PA) and
emission spectra of four distinct structural/compositional
groups of HPLC-purified far-red to NIR emitting Agy-DNAs.®
One emitter from each group was selected to study the breadth
of possible 2PE properties of far red and NIR emitting Agy-
DNAs. To ensure agreement with past studies,” molecular

compositions were confirmed by negative-ion mode
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electrospray ionization mass spectrometry {see Experimental
methods and ESIt), and 1P optical properties of the Agy-DNAs
{absorption and emission) were measured to ensure consis-
tency with prior reports. For the first time, we present one-
photon excitation {1PE) spectra of these clusters (Fig. 1). 1PA
and 1PEL maxima, FQY, and Stokes shifts are reported in Table
1, and Fig. 1 presents 1P properties of the four Agy-DNAs.

Fig. 1 shows that the most prominent Ag,-DNA excitation
peaks are Gaussian-shaped bands located at the longest wave-
length transition in 1PA, indicating that these emitters follow
Kasha's rule. We observe no difference in shape or intensity of
peaks in 1PA and one-photon excitation (1PE) spectra for Ag,,-
DNA (Fig. 1b) and Ag;¢-DNA-Cl, (Fig. 1c). For Ag;s-DNA, the
peak bands in 1PA and 1PE occur at the same wavelength, but
the ratio of the longest-wavelength band and the band located
between 400 and 450 nm is significantly higher in 1PE than in
1PA (Fig. 1a). The most significant deviations between 1PA and
1PE are observed for Ag;o-DNA (Fig. 1d). This emitter's 1PE
spectrum contains four distinct peaks (347 nm, 401 nm,
450 nm, and 620 nm), while far more peaks are observed in the
1PA spectrum, as previously reported.® This suggests that
absorption at certain wavelengths does not result in radiative
recombination and fluorescence emission for Ag;s-DNA. Ags
DNA, Ag»;-DNA, Ag;5-DNA exhibit Stokes shifts between 0.2 and
0.3 eV whereas, Ag;s-DNA-Cl, displays a Stokes shift of 0.7 eV
(Table 1).** Comparison with FQY shows that energy gap law
does not hold for these nanoclusters. Ag,;-DNA displays a high
73% FQY at room temperature in agueous solution,'® which is
unprecedented for NIR emitters, however it displays the lowest
Stokes shift.

Ag;6-DNA-Cl, has molecular composition (DNA),[Ag;¢Cl,]%;
i.e. the species is stabilized by two copies of the ssDNA template
and two additional chlorido ligands, which significantly
contribute to nanocluster stability and optical properties.® Age-
DNA-Cl, is the only Ag,-DNA in this study with a reported high-
resolution X-ray crystal structure {and one of only two Agy-DNA
species with high-resolution structural information about both
nanocluster core and ligand shell reported to date).*® This
emitter has 26% FQY and a high Stokes shift of 0.7 eV, impli-
cating a large energy difference between the Franck-Condon
excited state and the S-S, transition (fluorescence). The emitter
has been well-studied by the Vosch group.’*-* Theoretical
analysis of its 1PA properties identified silver — silver, silver —
base and base — silver electronic transitions.*

Table 1 Composition and optical properties of Agy-DNAs, selected from a previous study.® ng: number of ssDNA template stabilizing the Agp-
DNA, Ng: effective valence electrons of Ag,-DNAs, 1PA: one-photon absorption, FQY: fluorescence quantum yield, 1PEL: one-photon excited

luminescence

DNA sequence ng and no. of CI™
Name Molecular formula (5 to 3') ligands N, 1PA(nm) 1PEL(am) FQY, ¢ [%]  Stokes shift (eV)
Agy;-DNA (DNA),[Ag: ] ACCAATGACC  2and 0 6 550 652 11 0.35
Ag, DNA (DNA),[Agy, | CCCGGAGAAG 3 and 0 6 640 721 73 (ref. 16)  0.22
AgicDNA-CL,  (DNA)[AgisCl,]* ~ CACCTAGCGA  2and 2 6 525 744 26 (ref. 15)  0.70
Agyo-DNA (DNA),[Ag; o] GCGCAAGATG 2 and 0 8 480,615 730 16 0.31
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Fig. 1 Comparison between 1PE (one-photon excitation), 1PA (one-photon absorption, black curve), and 1PEL (one-photon excited lumines-
cence) spectra of (A) Agis-DNA, (B) Ag21-DNA, (C) Agis-DNA-Cl,, and (D) Agig-DNA.

Finally, Ag;o-DNA has molecular composition
(DNA),[Ag,0]**” and contains 8 effective valence electrons (No =
8), unlike the N, = 6 of the rest of the Ag,-DNAs studied here.
Because N, — 8 is a magic number for spherical superatoms,*
and due to its distinctly different absorption and circular
dichroism spectra, Ag;o-DNA has been hypothesized to possess
spheroidal nanocluster geometry** rather than the rod-shaped
structures of Ny = 6 Agy-DNAs.*

After characterization of one-photon properties, we
measured the NLO properties of the Aga-DNA species. The 2PA
cross-sections, a,, of Aga-DNAs and reference samples (Styryl
9M or LDS-698) were evaluated by two-photon excited lumi-
nescence (2PEL) technique using femtosecond pulsed laser
excitation in a wide range of wavelengths (see Experimental
section).” As a luminescence-based technique, 2PEL provides
information about 2PA cross-section values only for wave-
lengths at which 2PE leads to luminescence.” In systems for
which absorption perfectly overlaps with excitation, 2PA spec-
trum determined with 2PEL can be directly compared with 1PA.
However, in systems for which absorption differs from excita-
tion, the measured 2PA spectrum should be compared with the
1PE spectrum. Because excitation and absorption spectra differ
for Agys-DNA and Ag;e-DNA (Fig. 1), we compare 2PA cross-
sections to 1PE spectrum. Wavelength ranges were selected
such that emission wavelengths do not interfere with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

excitation wavelength range. Moreover, the 2P nature of the
observed processes was determined based on the quadratic
dependence of photoluminescence intensity (PL intensity) on
the incident laser power, P, which indicates a two-photon
process in Agy-DNAs (the slope of log(PL intensity) vs. log(P)
plots equal ~2.0, Fig. $7t).* The values of ~1.9 support a 2P
process (small deviations from 2.0 were also seen for reference
organic dyes with known 2P behaviour). In case of lower values,
contributions from upconversion may be present, as is observed
for Ag»,-DNA for excitation <850 nm (Fig. S7bt). Therefore, it
should be noted that o, values for Ag,,;DNA at 810 and 820 nm
may have contributions from 1P processes. Ag;sDNA seems to
have significant one-photon process contribution at wave-
lengths below 980 nm (Fig. S7+), nevertheless transitions
involving higher energy states are the most prominent under fs
laser excitation. Due to this fact, we present results for Ag;oDNA
in the ESI,t and the measured 2PA spectra for Ag;oDNA pre-
sented in Fig. S8T need to be considered as qualitative. Taking
into account, that there is no other experimental or theoretical
data for this nanocluster, its response under fs laser illumina-
tion needs extended studies, out of the scope of this manu-
script. Agio-DNA will be excluded from further comparisons
with the other nanoclusters. We ensure lack of photobleaching
by using low laser power ~10 mW and a short 5 s exposure time,
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with samples exposed to laser irradiation only during signal
collection.

Fig. 2 compares the ¢, values of Ag,-DNAs to their 1PE
spectra. Ag,y-DNAs exhibit maximum ¢, values of several
hundred GM at <950 nm, which corresponds to one-photon
transitions at <475 nm. At longer wavelengths, two different
types of @, behavior are observed. Agy;-DNA and Ag,;-DNA
exhibit significantly lower o, above ca. 1000 nm, in the range of
the most prominent §; — S, transitions in the 1P regime. In
contrast, the 2PA spectrum of Ag;DNA-Cl, is distinctly
different, with similar ¢, values at 800 nm and 1050 nm
(Fig. 2¢).

1PE and 2PA spectra can be compared using the ratio of
intensity of higher energy to lower energy transitions in 1PE and
2PA spectra. For Ag;5-DNA, the ratio between 1PE transitions at
420/550 nm is ~1 : 20. In contrast, the 2PA ratio at 840/1100 nm
is 17 : 1. Thus, this emitter displays a reversal of the intensities
of 2P transitions compared to 1P transitions.

For Ag»,-DNA, 0, is largest for 820 nm and 9410 nm excitation,
which overlap with low-intensity peaks in the 1PE spectrum
{Fig. 2b). The 2PA is nearly zero between 1000 and 1150 nm,
similar to 1PE in the 500-550 nm range. However, as mentioned
before, the dominant 1PE peak at 640 nm is not the most
prominent in 2PA (Fig. 2b). A closer look at 1PE between 100-
500 nm (Fig. S21) shows that high a, bands correlate with very
weak 1P S, — S, transitions (where n > 1). The ratio of 1P
transition intensity at 410/460/635 nm is ~3:1:67, while for
2PA (at double wavelength) the ratio is 50:35:1.
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For Agi1s-DNA-Cl,, the locations of 2PA transitions are well-
aligned with 1PE transitions (Fig. 2¢). Surprisingly, however,
the 2PA band at longer wavelengths has one order of magnitude
higher g, value than the other three Ag,-DNA species. This Agye-
DNA-Cl, is discussed in more detail later.

A trend of opposite strength of 1PE and 2PA bands is
observed in Agy5-DNA, Ag»,-DNA and Ag;-DNA-CI,. Past studies
of unpurified Agy-DNAs by Patel, et al.** reported a similar
phenomenon where two-photon excitation (2PE) was more
prominent at shorter wavelengths. Thus, such opposite strength
of 1PA and 2PE bands could be a more general observation for
this type of nanostructures could be a more general observation
for this type of nanostructures. 1P and 2P transitions may follow
distinct selection rules and resonant enhancements of selected
transitions in 2PA, thus giving rise to the possibility of such
phenomena. Generally, in molecules with more complex energy
landscapes like porphyrins®” or fluorescent proteins,** reso-
nance effects with various electronic or vibrational states
contribute to the enhancement of certain 2P transitions. In
fluorescent proteins, 2PA corresponding to S, — S, transition is
often less prominent than for transitions at shorter wave-
lengths, which gain intensity due to the resonant enhancement
effect related to the proximity of virtual state energy (at 1/2
transition energy) and real S, state.” Such a phenomenon
may exist in Agy-DNAs.

Ag16-DNA-CI, has one order of magnitude higher o, at longer
wavelengths than the other Agy-DNAs. Agy6-DNA-C, is distinct
for containing chlorido ligands. As one of the most
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Fig. 2 Comparison between one photon excitation (LPE, filled bands) and two photon absorption (2PA, points and lines) of (A) Ag;s-DNA, (B)

Agz1-DNA, (C) Agys-DNA-Cly.
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electronegative atoms, chlorine influences electron density,
electric transition dipole moment and increases the inter- and
intra-molecular charge-transfer effects. Indeed, computational
modelling" shows that chloridos modulate electron density
and optical properties of Ag;s-DNA-Cl,, stabilizing the elec-
tronic structure by reducing the electron density in the metal
core and thereby leading to shifts in the nanocluster energy
levels, affecting both the HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital)
energies. Calculations also revealed that the experimentally
observed absorbance peak at 525 nm consists only of a HOMO-
to-LUMO molecular transition (S,-S, *) located at the silver core
of Ag;6-DNA-CL,,"" while higher energy transitions also contain
contributions from silver-base and base-silver transitions,
making these transitions more complex. Agyc-DNA-CI, presents
also complex emission, with nanosecond and microsecond
components. In previous reports, excited state dynamics was
probed by transient absorption (TA) spectroscopy for Ag;s-DNA-
Cl,, revealing that upon excitation, electrons are transferred to
the Franck-Condon state and then rapidly depopulate to
vibrationally hot levels of the fluorescent state within 100 fs.'
Hot vibrational levels thermalize on a timescale of 6.2 ps.
Radiative relaxation (emission) to the ground state occurs with
a lifetime of 4.7 ns. In a fraction of cases, the transition to
a microsecond-lived state is observed with a decay time of ca. 70
us. TA spectra showed a positive signal between 1000-1200 nm,
which blue-shifts over several ns.** Recently, the simulated TA
spectra by Malola, et al. presented a broad peak between 1100~
1400 nm related to S; and T, transitions with absorption
maxima at 1244 nm and 1181 nm, respectively.”® Because this
range of wavelengths overlaps with the 2PA band of Ag;s-DNA-
Cl,, a possible contribution of transitions in a long-lived T, state
in measurements at NIR wavelengths were considered. There-
fore, we investigated the optical properties of Ag;s-DNA-CI, in
more detail. Standard 2PEL measurements involve the use of fs
lasers with 80 MHz repetition rate, corresponding to a 12.5 ns
window between consecutive pulses. Because the long-lived
state in Agy6-DNA-CI, has 70 ps lifetime, we also performed

© 2025 The Author(s). Published by the Royal Society of Chemistry

2PEL measurements using a laser system with a 1 kHz repeti-
tion rate (1 ms window between pulses) Fig. S61 compares 2PA
spectra obtained at 1 kHz and 80 MHz laser repetition rates,
which show no significant changes in ¢, value or maximum
wavelength. We do observe a slight alteration in the shape of the
2PA band at 1000-1150 nm, with higher values of o, at 980~
1060 nm.

Finally, 2P brightness (0,5, — ¢ x 0,) of each Agy-DNA
species was calculated and compared with commerecially avail-
able probes to evaluate the potential of Agax-DNAs for 2PFM.*51
Fig. 3a and b present g, and a,; of the Ag\-DNA species,
respectively, over a range of 810-1400 nm, which spans the NIR-
1 and NIR-I biological tissue transparency windows. Most
notably, Ag»,-DNA has both high ¢, and exceptionally high FQY
compared to commonly used NIR-emitting fluorophores,
resulting in the highest value of 2P brightness in the NIR-
window (ca. 582 GM at 930 nm, Fig. 3b). Ag,,-DNA-CI,

Table 2 Comparison of optical properties of Agy-DNAs (measured in
10 mM ammonium acetate solution, pH 7) with commercially available
and water-soluble fluorescent probes with emission wavelength
above 600 nm (measured in H,O). [o,: 2PA cross-section, a5y, two-
photon brightness]

Emission  Excitation

Probe 7, [GM] a5y, [GM]  [nm] window
mCherry™ 25 5.5 610 NIR-IT
tdTomato™ 108 60 581 NIR-TI
Alexa Fluor (ref. 21) 647 133 44 671 NIR-II
Cy (ref. 21) 143 a0 670 NIR-TI
Cy7 (ref. 21) 200 60 779 NIR-II
Alexa Fluor (ref. 21) 680 203 73 704 NIR-TT
1€G™ 210 6.3 813 NIR-IT
Cy5.5 (ref. 21) 286 60 695 NIR-TI
Ag>1-DNA 582 425 >700 NIR-1

17 12 NIR-TI
Ag15-DNA-Cl, 211 54 >700 NIR-I

176 45 NIR-TI
Agq5-DNA 340 37 650 NIR-IT

25 3 NIR-T
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exhibits high o5 in the NIRII window. Moreover, the
combined use of Ag;s-DNA with other emitters could enable
two-color, 2P imaging,**® as the emission of this species is blue-
shifted by 50 to 100 nm from the other three Ag,-DNAs, which
would enable simultaneous 2PE of two distinct probes using
a single laser line.

There is a major need for water-soluble NIR-emitting probes
with 2PE > 1000 nm, which currently are scarce because most
available probes are insoluble in water due to the presence of
highly hydrophobic units. Table 2 compares the NLO properties
of the four Ag,-DNA species with commercially available water-
soluble dyes and fluorescent proteins used in 2PFM. o, and 2P
brightness values of Ag,-DNAs are comparable or significantly
greater than the commercial fluorescent probes. The ability of
Ag-DNAs to combine water solubility with NIR-I emission, high
2P brightness, low toxicity, and functionalization via click-
chemistry for applications such as targeted staining of certain
cell lines*” positions Ag,-DNA as promising emitters to address
the shortage of probes that are suitable for 2PFM.

Conclusions

We investigated the 2P properties of four atomically precise Agy-
DNAs with far-red to NIR-I emission. These four species present
distinct ligand compositions and valence electron counts,
enabling us to probe the diversity of optical properties that may
vary with nanocluster composition and structure. Agy-DNA
species were measured with the same optical setup and the use
of HPLC purification and ESI-MS allowed us to accurately esti-
mate nanocluster concentration, an essential property for
accurate o, calculation. Thus, our results provide quantitative
information to advance understanding of structure-optical
properties relationship of these nanoclusters. For Ag; s-DNA and
Ag16-DNA-CL,, the same transitions take part in 1PA and radia-
tive relaxation (1PA and 1PE spectra overlap). In contrast, some
excited states are not involved in radiative relaxation for Agns-
DNA and Ag;5-DNA, which results in differences in 1PA and 1PE
spectra, particularly in case of Agys-DNA. All nanocluster species
present high 2PA cross-sections. For Ag,,-DNA and Ag,,-DNA,
maximum o, values are obtained at the low-wavelength transi-
tions, contrary to 1PA. In case of Ag;¢DNA-Cl,, strong 2PA is
also present at NIR-II wavelengths. For Ag;,-DNA, one-photon
process contributes to excitation under fs laser illumination,
and further studies on this cluster are needed to fully under-
stand its nonlinear optical properties. At present, the relation-
ship between nanocluster structure and two-photon properties
still remains poorly understood, and additional Ag,-DNA crystal
structures are needed to enable theoretical studies that inves-
tigate how chemical composition and structure relate to
observed 2P properties. However, our findings confirm that Agy-
DNAs are a new class of promising markers for NIR imaging and
2PFM, presenting high values of two-photon brightness
together with other properties beneficial for bioimaging, such
as NIR emission, large Stokes shifts, and water solubility. Our
findings further identify the optimal excitation wavelengths to
achieve a strong 2P fluorescence signal from these emitters. A
deeper understanding of their photophysics and NLO

1742 | Chem. Sci, 2025, 16, 1737-1745
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properties could enable rational design of these unique emit-
ters for advanced two-photon deep tissue bioimaging
applications.

Methods

Synthesis and purification of Ag,-DNAs

An aqueous solution of single stranded DNA oligomer and
AgNO; in 10 mM ammonium acetate (pH 7) was prepared and
incubated at room temperature for 15 minutes, followed by
reduction by a freshly prepared aqueous solution of sodium
borohydride {more details in ESI and Table S1t). The solution
was stored in the dark at 4 °C for several days to allow the
fluorescent Agy-DNA to form. Each Ag,-DNA was then purified
by high-performance liquid chromatography (HPLC) to obtain
atomically precise Agy-DNAs. The molecular compositions of
HPLC-purified Ag,-DNAs were determined using negative-ion
mode electrospray ionization mass spectrometry (ESI-MS). The
ESI-MS methods and the mass spectra of the Ag,-DNAs studied
are shown in Fig. S1-S4.1 The concentrations of HPLC-purified
Agy-DNAs were estimated using the sample’'s absorption at
260 nm, the known molar extinction coefficient of the ssDNA
oligomer template, and the number of DNA oligomers per
nanocluster (Table 1). Detailed synthesis procedures {(including
concentrations of DNA oligomer and AgNO;, and storage
conditions), HPLC chromatograms, and mass spectra of Agy
DNAs are reported in ref. 5.

One-photon measurements

All measurements were carried out in 10 mM ammonium
acetate solution {pH 7). Absorption spectra were recorded using
a Jasco V-670 spectrophotometer. Excitation and fluorescence
spectra using an FS5 Spectrofluorometer (Edinburgh Instru-
ments) equipped with a Xenon lamp.

FQY measurements

First, the FQY of the LDS-698 in CHCI; was determined using an
integrating sphere (FS5 Spectrofluorometer) and by the
comparative method. The standard in the comparative method
was DCM (4-(dicyanomethylene)-2-methyl-6-{(4-dimethylami-
nostyryl)-4H-pyran) in EtOH with FQY = 43.5%.% Finally, the
FQY (¢) was determined using the following formula:

gy e o4

Sillex) kf Fr(dem) m*

s = ¢

FOe) =1 — 1046

where, s and r stand for the sample and reference, respectively,
¢ is the quantum yield, and 7 is the refractive index of the
solvent, [ F(em) corresponds to the fluorescence integral of the

em

sample or reference, and fi{de) refers to the corresponding
absorption factor at the excitation wavelength. The results
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obtained using the comparative method and the integrating
sphere were almost identical, within the standard deviation
margin for the integrating sphere (2%). FQY of LDS-698 in
CHCl; was 14% for the absolute method and 15.5% for the
comparative method. Hence, LDS-698 was used as a standard to
determine the quantum yield for Ag;s-DNA and Ag;o-DNA. For
Ag>;-DNA and Ag;6-DNA-Cl,, FQY values were taken from
previous reports.'®*®

NLO measurements

Two-photon excited photoluminescence (2PEL) was measured
using a custom-built multiphoton setup. The excitation source
was femtosecond mode-locked Ti:Sapphire laser {~100 fs, 80
MHz, Chameleon, Coherent Inc. with a wavelength range 680 to
1080 nm), combined with an optical parametric oscillator
Chameleon OPO (Coherent Inc., applied in 1100-1600 nm
range). The signal was collected, and emission spectra were
measured with a spectrograph - Shamrock 3031 {Andor) with an
iDUS camera {Andor). Depending on excitation wavelength
ranges, optical filters were also used: FELH0950 - @ 25.0 mm
Longpass Filter (Thorlabs), FELH0800 - @ 25.0 mm Longpass
Filter (Thorlabs). The power of the laser irradiating the sample
was measured and calibrated for each wavelength. Laser power
was kept at ~10 mW for most measured wavelengths, to ensure
quality signal of detectors and no photobleaching. Samples
were irradiated only at the time of signal collection to avoid
photobleaching. The sample and reference dye were always
measured at the same excitation power. 2PA cross-sections were
calculated with the following equation.**

B Goon”

Oogr— 2,
e e

where, r and s denote reference and sample, respectively. ¢, and
¢ is the fluorescence quantum yield. F, and F,, is the inte-
grated two-photon fluorescence intensity at a particular excita-
tion wavelength, n is the refractive index of the solvent. C; and
C, is the concentration of the sample and reference, respec-
tively. Styryl 9M and LDS-698 in CHCI, were used as a reference.
FQY of Styryl was taken from literature.”” FQY of LDS-698 in
CHClI; was measured for this work and is described in the FQY
measurements section. 2PA cross-sections of Styryl 9M and LDS-
698 were obtained from previously reported literature.** Laser
system employed in additional measurements of Ag;6-DNA-Cl,
was a Coherent Ti: Sapphire Astrella regenerative amplifier
combined with an OPA TOPAS Prime {Coherent) optical para-
metric amplifier providing tunable ~60 fs pulses at 1 kHz.

Two-photon brightness {o,5) was calculated using the
equation:

Trp =02 X @

Power dependence of luminescence intensity

To confirm the two-photon nature of the observed fluorescence
excited by laser pulses, we measured fluorescence intensity vs.
incident laser excitation power and determined the power

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exponent, zn. 2PEL was collected by photon-counting avalanche
photodiode (IDQ id100) or spectrograph - Shamrock 303i
{Andor) with an iDUS camera {Andor). To avoid photobleaching,
we recorded three separate spectra at each power or recorded
for 30 s on an avalanche photodiode to detect any change in
intensity. The power exponent was calculated using the
equation:

_ log(PL intensity)
log(P)

where PL intensity is a 2P excited photoluminescence intensity
and P is the average incident laser power.
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1. Synthesis and purification of DNA-stabilized silver nanoclusters (Agn-DNAs).
A stoichiometric amount of AgNO;s (Sigma Aldrich) was added to the ssDNA oligomer

(Integrated DN A Technologies, standard desalting) in 10 mM ammonium acetate (pH 7.0) to form
the Ag'—DNA complex. After 15 minutes, a freshly prepared aqueous solution of NaBH4 ([BH4™
V/[Ag'] = 0.5) was added to the Ag"'-DNA complex. Samples were stored at 4 °C in the dark for 3
to 5 days, allowing sufficient time for the Agn-DNA formation, followed by purification using ion-
paired reverse-phase high-performance liquid chromatography (RP-HPLC). The stoichiometry for
Ag":DNA was optimized for each Agn-DNA to achieve maximum chemical yield (Table S1). No
additional chloride source was added to synthesize chlorido-protected Agis-DNA-Cl.! The HPLC

chromatograms of the four Agn-DNA species are previously reported in Ref. 2.2

Table $1. The experimental conditions used for synthesis of Agy-DNAs.

Name [DNAY pM [AgNO3)/ UM
Agis-DNA 25 125
Ag21-DNA 20 100

Ag1s-DNA-CI 25 187.5
Ag19-DNA 25 187.5

2. Mass spectrometry
HPLC-purified Agn-DNAs were solvent exchanged to 10 mM ammonium acetate (pH 7)

and were directly injected at 100 pl./min in negative ion mode with a 2 kV capillary voltage, 30 V
cone voltage, and no collision energy. Spectra were collected from 1000 to 4000 m/z and integrated
for 1s. Unless otherwise stated, the source and desolvation temperatures were 80 and 150 °C
respectively. Gas flows were 45 L/h for the cone and 450 L/h for the desolvation. Samples were

injected with 50 mM NH4OAc — MeOH (80:20) solution at pH 7.
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2.1 Molecular composition determination of Agn-DNAs using mass spectrometry.

HPLC-purified Agn-DNAs were directly injected to obtain mass spectra using negative-ion
mode electrospray ionization mass spectrometry (ESI-MS). The molecular composition of Agn-
DNA such as the number of ssDNA oligomers (#s) and the presence of additional chlorido ligands,
total number of silver atoms (N) were first determined. Then the number of effective valence
electrons (NVp) of each Agn-DNA species was determined by fitting the calculated isotopic
distribution of the Agn-DNA to the experimental spectra. Detailed explanation formulae used for
the calculation of N and Ny have been reported previously.!” The molecular formula of Agn-DNA
is denoted as (DNA)s (AgnClx)®, where Q¢ is the nanocluster charge that matches the isotope
pattern. In the absence of Cl™ ligands, N+ equals O., whereas, in the presence of CI” ligands,
Qc =N+ — x. The nanocluster size and charge were determined by fitting the calculated isotopic
distribution of the Agn-DNA to the experimental spectra. Calculated isotopic distributions were
obtained from MassLynx using the chemical formula and corrected for the nanocluster's overall
positive charge (oxidation state) cluster. The Agn-DNA composition and charge were determined
by fitting the calculated isotopic distribution of the Agn-DNA to the experimental spectra. To
confirm the overall charge of the nanocluster (Oc), we compared the best fit with the two observed
charge states peaks, z = 4— (dark blue curve) and z = 5— (light blue curve) as shown in the insets

of Fig. S1to S4.
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2.2 Mass spectra of Agn-DNAs.
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Fig. 81 Mass spectra of Ag1s-DNA. Experimental isotopic distributions (black curves) for all peaks of Ag1s-
DNA mass spectra. Insets show isotopic distributions aligned with experimental peaks for (DNA)2[Ag1s]®* at
z =5-(light blue) and z = 4- (dark blue). Isotopic distributions were calculated using the chemical formula
C192H244N780110P18Ag15.
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Fig. 82 Mass spectra of Agz1-DNA. Experimental isotopic distributions (black curves) for all peaks of Agai-
DNA mass spectra. Insets show isotopic distributions aligned with experimental peaks for (DNA)a[Ag21]'5+
at z = 6- (light blue) and z = 5- (dark blue). Isotopic distributions were calculated using the chemical
formula C291H363N1320165P27Ag21.
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3. Two-photon spectra measurements of Agn-DNAs.
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Fig. 85 Zoomed-in comparison of one-photon excitation (1PE, filled blue band) and two-photon absorbance
(2PA, blue circles and lines) for Ag21.DNA.
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Chapter 5. NOVEL  O,N,O-COORDINATED ~ORGANOFLUOROBORON
PROBE FOR AMYLOID DETECTION: INSIGHT FROM EXPERIMENT AND
THEORY.
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Figure 18. Structures of studied dye 1 and dye 2 with DA- and DAD architecture, respectively. Blue circles
indicates electron donor groups, red circles indicates electron acceptor groups.

5.1 Research purpose:

To propose a new amyloid marker for 2PFM with improved optical properties, I proposed
novel O,N,O-coordinated organofluoroboron-based dye of D-A-D topology (dye 2) (IUPAC
name - (p-[(1E,3E)-4-[(2Z,7Z)-3-(1E,3E)-4-[p-(Dimethylamino)phenyl]-1,3-butadienyl-5-
fluoro-4A2-fluora-6-oxa2,8,13-triaza-5-borabicyclo[7.3.1]trideca-1(13),2,7,9,11-pentaen-7-
yl]-1,3-butadienyl](dimethylamino)benzene)). As it was mentioned in theoretical introduction,
2PFM is a technique, which can be used to monitor formation of amyloid. For this purpose
staining probe have to be used to obtain fluorescent signal from amyloid plaques. In terms of
potential in vivo imaging excitation and emission in biological windows provides collection of
a signal from deeper laying structure. Multiparameter optimization of optical properties of a
fluorophore, like shifting emission into NIR-I window, enhancing FQY and 62, simultaneously
with targeting amyloids is a challenging task. Research presents how extension of electronic
architecture already described for dye 1, with D-A topology, can be used in optical
multiparameter optimization for amyloid detection'”"?!. Additionally, I evaluated novel
compound 2 in comparison to two-photon standard in amyloid staining, called methoxy-X04
(MeO-X04), derivative of Congo red and Chrysamine-G, which was described in the chapter
“Fluorescent probes for Amyloids in 2PFM”, structure is presented in Figure 11. MeO-X04
optical properties are far from perfect for in vivo measurements. My goal was to focus on
proposing a dye with improved optical properties compared to MeO-X04 upon binding to
amyloids and present novel scaffold for potential application in 2PFM.
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5.2 Results:
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Figure 19. Normalized one-photon absorption (N.A) spectra and two-photon absorption spectra expressed in o2 (in
GM) of dyes 1 (A) and 2 (B). Reproduced from [A. Hajda, E. F. Petrusevich, R. Zalesny, B. Osmiatowski and J.
Olesiak-Banska, Chem. Commun., 2025, 61, 3990 DOI: 10.1039/D5CC00243E].

Organoboron complexes carrying BF/BF2 moieties were synthesized by Prof. Borys
Os$miatowski from University of Mikotaj Kopernik from Torun. Dyes had dipolar architecture
with a strong acceptor of electrons (BF/BF2 groups), combined with electron-donating
moieties (N,N-dimethylaniline group (PhNMe)), architecture appropriate for efficient 2PA
with excellent remaining photophysical properties like red-shift of fluorescence emission,
increasing FQY. Presented studies were inspired by previous findings by Chen et al.!**1%!,
which studied BF>-carrying donor—acceptor (D—A) dyes in amyloid-f and tau tangle staining.
One of the molecules was selected from his work (dye 1, in Figure 18) with dipolar non-
centrosymmetric architecture, which is a commonly used architecture for 2P absorbers. The
second dye: dye 2 was symmetric twin of dye 1, with two identical terminal groups. Both of
the dyes exhibited ICT upon electronic excitation, which provides sensitivity of fluorescence
to microenvironment. It is often used in fluorescent probes also for amyloid staining?'®21°,
Firstly, one-photon properties like 1PA, 1PEF, FQY, and fluorescence lifetime of both dyes
were studied in CHCIs. Extension of electronic architecture of dye 2 resulted in a red-shift of
Aem compared to dye 1 (620 nm versus 595nm). FQY also increased from 9.8% for dye 1 to
22.0% for dye 2. Later, 2PA in CHCI; was evaluated by 2PEL technique. Changed electronic
architecture also impacted 2PA of studied molecules. Dye 1 at 920 nm reached the highest o>
values = 700 GM, and the position of the 2PA maximum overlaps with 1PA maximum at
corresponding wavelengths — see Figure 19A. Dye 2 presented two absorption maxima in 1PA,
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Figure 20. (4) Increase in fluorescence intensity upon adding bovine insulin amyloids, (B) comparison of normalized
1PEF for all dyes with the same concentration of insulin amyloids. The same solutions were taken for 2PEL
measurements, (C) comparison of o2 for all dyes in the same concentration. Figure reproduced from [A. Hajda, E. F.
Petrusevich, R. Zalesny,  B. Osmiatowski  and J. Olesiak-Banska, Chem. Commun., 2025, 61,
3990 DOI: 10.1039/D5CC00243E]

in contrary to dye 1, which can be seen in Figure 19. These transitions are also visible in 2PA
spectrum at 880 nm and 1020 nm with the o> value 1101 GM and 400 GM, respectively.
Further, I tested dye—amyloid interactions. As previously reported, dye 1 has been tested as a
fluorescent probe for amyloid detection and exhibited distinct responses when interacting with
AP and tau fibrils'®. Since one- and two-photon properties of dye 2 measured in organic
solvent were improved — higher FQY, red-shifted emission, higher o> than for dye 1, evaluation
of dye 2 as a fluorescent probe for amyloid detection was performed. In addition, MeO-X04
was used as a reference, as it is a standard fluorescent probe for amyloid staining. I measured
photophysical parameters of dyes upon binding to bovine insulin amyloids (1PA, 1PEF, 1PE
and 62). I confirmed the formation of amyloids by AFM and TEM imaging, which is presented
in SI of the article on the page 120. Firstly, fluorescence changes of dyes within increasing
amyloid concentration were measured. In Figure 19A comparison of fluorescence intensity
enhancement is presented, which was the highest for dye 2. Fluorescence spectra of dye 1 (Aem
at 623 nm) and dye 2 (Aem at 627 nm) are significantly bathochromically shifted from the
spectrum of MeO-X04, which presents several Aem below 500 nm (427 nm; 454 nm; 484 nm)
— see Figure 19B. Fluorescence in these parts of the electromagnetic spectrum overlaps with
regions where tissue absorption, autofluorescence, and scattering are predominant, which was
shown to significantly affect performance during imaging procedure of amyloids.?**>?* Dye 2
presents the bathochromic shift of Aem in the solvents with increasing polarity (see Figure S12
in article’s SI on page 121). Position of emission peak in the amyloids suggests that the
fluorophore is located in a more hydrophobic microenvironment within the amyloid fibrils.
FQY of dye 2 in amyloids (~10%) is significantly higher than in DMSO (0.6%), which
supports this hypothesis. Enhancement of observed emission might come also from restricted
conformational freedom of -NMe, groups at the end of molecule upon binding to amyloids.
Additional experiments for dye 2 were conducted to evaluate its potential as a probe for
amyloid detection. I observed the lack of enhancement of fluorescence emission upon adding
insulin monomers, which proves interaction only with amyloid aggregates. Saturation binding
assay based on fluorescence was performed to obtain affinity of dye 2 (Kq) to insulin amyloids,
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which had value 229 + 12 nM. Lastly, selectivity measurements showed the highest
fluorescence intensity upon binding to insulin amyloids, as compared to solutions with other
bio-molecules — data presented in SI on the page 123. Furthermore, o> for all compounds upon
binding to amyloids was evaluated by 2PEL technique. This represents one of the innovative
aspects of my doctoral thesis: evaluating 62 of dyes in solvents as well as bound with amyloids.
Dye 2 had the highest 2PA among all dyes upon binding to amyloids (Figure 19C), which
corresponds to trends for dye 2 in CHCI3. On the other hand, MeO-X04 had the lowest values
of 62 (~200 GM) and above 860nm excitation of 2PL was not possible (Figure 19A). In
summary, MeO-X04 had the lowest values of 6> and the shortest window of 2PE. Dye 2 and 1
had long ranges of 2PE, exceeded even 1000 nm, which corresponds to NIR-II biological
window.

5.3 Summary:

Newly presented dye 2 has optical properties more optimized for amyloid detection than
MeO-X04 standard and dye 1: it has higher fluorescence enhancement upon binding with
amyloids, Agm above 600 nm and its tail above 700 nm, higher values of o2, and broader
excitation range, also possibility to be excited in NIR-II biological window. Presented results
also confirms hypothesis 2 “2PA of fluorophores bound to amyloids is different than the one
of free molecules and can be modulated based on their chemical and consequently electronic
structure®. These results fulfil two goal 1 of the thesis “Prove that new fluorophore scaffold
based on BF moiety interact with amyloids and have improved optical properties (red-shifted
absorption, emission and values of o2), as compared to commercially available standard
Methoxy-X04.”. Branched electronic architecture of dye 2 provides a scaffold for further
studies and modifications, in order to increase FQY even more, and shift the emission toward
NIR region, increase selectivity and biological compatibility for application in bioimaging,
like Brain-Blood-Barrier (BBB) entry. In the literature on amyloid probes, it is often the case
to present at first the scaffold of a molecule, which can be then optimized in terms of optical
and biological properties.?*!->?> Additionally, for the first time 62 of MeO-X04 upon binding to
amyloids was evaluated, which may be impactful for the optimization of excitation
wavelength, as the probe is broadly used in bioimaging.
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This work presents the results of photophysical studies for a newly
synthesized BF-based organoboron dye of D-A-D topology. The
one- and two-photon properties of the dye are compared with the
D-A parent compound and commercially available amyloid marker:
methoxy-X04. We demonstrate that the new dye exhibits better
optical properties upon binding to amyloids than methoxy-X04,
including emission above 600 nm, higher values of 2PA cross
section, broader excitation range and higher increment of emission
intensity upon binding to amyloids. All these data demonstrate that
the new probe is an interesting scaffold for application in two-
photon microscopy and amyloid staining.

Fluorescent probes exhibiting red and near infra-red (NIR)
excitation and emission are in high demand due to their
potential in bioimaging. The irradiation wavelengths corres-
ponding to biological windows {>700 nm) provide deeper
penetration into the sample, improve contrast and safeguard
lower phototoxicity."” A viable route to use irradiation wave-
lengths matching biological windows is two-photon microscopy
{2PM), as this technique relies on the simultaneous absorption
of two photons. In the case of degenerate two-photon absorp-
tion {2PA) process photon energies are equal so in 2PM the
excitation occurs at two times longer wavelengths in com-
parison to a one-photon absorption process.’ The design of
fluorophores, which might serve as potential novel two-photon
probes, is by far a nontrivial process as the tuning of the
photophysical properties {fluorescence quantum yield (FQY, @),
excitation/emission wavelength {Agx/Agy), and 2PA cross-
section (o)) needs to be addressed in a holistic way
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{multiparameter optimization). 2PM is a widely used technique
in the imaging of complex deep-laying structures, e.g., in the
detection of amyloid plaques in the brain.“® The mentioned
amyloids are aggregates of misfolded proteins and peptides.
Their presence can be associated with various diseases, espe-
cially neurodegenerative ones, such as Alzheimer’s disease,
but also type 2 diabetes. The palette of fluorescent probes
for amyloid detection used in 2PM is much more narrow,
compared to one-photon microscopy (1PM). Recently, several
imaging agents specifically designed for 2PM have been devel-
oped, featuring red/NIR emission, appropriate o, values, and
high affinity for amyloids.”® There is a piece of evidence®'?
that probes with improved properties (high FQY and a;, Agy >
600 nm) can provide additional information, compared to the
widely used two-photon standard in amyloid staining, such as
methoxy-X04 (MeO-X04), in which gy is shorter than 550 nm.">*3
However, progress in the development of two-photon probes
for amyloids remains limited compared to one-photon probes,
making each proposed 2PM agent a valuable research tool.

A promising platform for the design of two-photon-excited
fluorescent probes for 2PM is the one composed of organo-
boron complexes carrying BF/BF, moieties. Since the {bis)fluoro-
borate group is a strong acceptor of electrons, it can be
combined with electron-donating moieties, yielding dipolar
{non-centrosymmetric) or quadrupolar {centrosymmetric) dyes
suitable for efficient 2PA with excellent remaining photophysi-
cal properties.'* Dyes exhibiting intramolecular charge transfer
{(ICT) upon electronic excitation that are sensitive to environ-
ment or structural changes are natural candidates as fluores-
cent probes, e.g., for amyloid staining. In this work we rely on
the previous findings by Chen et al, demonstrating the useful-
ness of BF,-carrying donor-acceptor {D-A) dyes in f-amyloid
and tau tangle staining,’®'® and propose the D-A to D-A-D
topology extension {see Fig. 1). In doing so, we aim at the red-
shift of the emission wavelength and the enhancement of the
interaction with bio-molecules by two N,N-dimethylamino
{NMe,) groups, as the interaction via an amino moiety was
proven to be responsible for binding with amyloid fibrils.”

This journal is ® The Royal Society of Chemistry 2025
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Fig. 1 The structure of molecules studied in the present work.

Note that heterocyclic cores in 1 and 2 are substituted with
identical terminal moieties (“arms”). We will compare the
effectiveness of staining model amyloids obtained from bovine
insulin by these two dyes.

Synthesis, experimental and computational details are
described in the ESIt (see, e.g., Fig. $1-S5). One-photon proper-
ties (1P) like 1PA (Fig. 2), one-photon excited fluorescence
(1PEF), FQY, and fluorescence lifetimes (z) of both dyes in
CHCl; were acquired, which is summarized in Table 1 {for 1 in
agreement with previous data'®) and more detailed data are
presented in the ESLT Spectra of 1PEF in CHCl;, and addition-
ally in DMSO are presented in Fig. S6 in the ESL} The absorp-
tion and the emission spectra of 1 (see Fig. 2A and Fig. S6A,
ESIT) present mirror-like images, suggesting a relatively limited
geometrical relaxation of the Franck-Condon singlet excited
state. However, in the case of 2 {see Fig. 2B and Fig. S6B, ESIT)
the mirror-image rule does not hold {(similarly to the smaller
molecule carrying the same core'®) because two, close in energy
bands in the absorption spectra between 400-600 nm corre-
spond to two electronic states {see below for the analysis of
electronic-structure calculations). For 1PA and 1PEF, a bath-
ochromic shift of the broadened bands, caused by the flexibility
of n-conjugated arms, was observed for 2 as compared to 1. This
phenomenon is accompanied by an over double increase
in FQY (Table 1). Enhancement of FQY is highly beneficial for
fluorophores with red-shifted emission. According to the
energy-gap rule, the emission efficiency drops down as the
energy between the ground and excited state decreases, which
means that the far-red emitting dyes are usually much less
efficient in comparison with their counterparts showing emission in
the blue part of the spectrum. The radiative {k,) rate constant for 2
(265 x 10°s ") is higher than that for 1 (1.53 x 10°s *); conversely,
the non-radiative {k,,) rate constant for 1 (1.41 x 10°s ') is larger

View Article Online
ChemComm
Table 1 Experimental spectroscopic data for dyes in CHClz — extinction

coefficient (e), absorption (4aps) and emission (Agwm) wavelength, fluores-
cence quantum yield (FQY), fluorescence lifetime (z) and its amplitude (x)

Dye e[M“em "] daps[nm]  Amq [nm]  FQY [%] 7 [ns]
1 48 000 460.5 595 9.8 0.641°
2 47 800 436, 494 620 22.0 0.829

® favet T1 = 0.055 ns, & = 12.91; 7, = 0.728 ns, o = §7.09.

than that for 2 (9.41 x 10° s '), which can be linked with
the topologies of BF/BF,-camrying cores {compare ref. 18).
We measured the 2PA spectra using the two-photon excited
fluorescence (2PEF) method, and we further supported these
measurements by electronic-structure calculations. The palette of
simulated properties (vide infra) encompasses excitation energies,
oscillator strengths, Ciofini’s charge transfer diagnostics, electro-
nic density difference plots and two-photon transition strengths
{see the ESLT Fig. S20-S24 and Tables S2, S3). The non-linear
nature of the observed processes was determined based on the
quadratic dependence of photoluminescence intensity on the
incident laser power confirming two-photon absorption (Fig. S7C
and D, ESIf). For dye 1, the 2PA band matches the 1PA band
(Fig. 2A). The peak values of a, for 1 at 920 nm reach 700 GM and
the band maxima are red-shifted compared to the results of the
simulations (Table 2), which comes as no surprise given the
predictive power of the employed coupled-cluster model. The
results of electronic-structure calculations demonstrate higher
values of a, for Sy — S,, than for S, — S,, which comes from
the larger difference in dipole moment between the excited and
the ground state. It should be noted that the calculated 2PA cross
section for the S, — S, transition satisfactorily matches the value
measured experimentally (Fig. 2A). Note that the estimation of 2PA
experimentally in the regime of higher energy transition (S, — S,)
was unsuccessful, due to the emission wavelength overlapping
with the excitation wavelength. Molecule 2 presents two absorption
maxima in 1PA, which is also visible in the 2PA spectrum (Fig. 2B).
However, the g, value at 880 nm with 1101 GM is much more
prominent than the value of ¢, equal to 400 GM at 1020 nm. The
results of calculations demonstrate that the a, value for S; — S, is
roughly 20 times larger than that calculated for S, — S;. Note
that due to close proximity of the absorption bands, the
experiment-theory comparison of a, for S, — S, is difficult as
both transitions contribute to the 2PA cross section value at
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Fig. 2 Normalized one-photon absorption spectra and two-photon absorption spectra (in GM) of molecules 1 (A) and 2 (B)
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Table 2 Spectroscopic properties (one-photon excitation energy (A£)
and wavelength (1), dipole moment (u), two-photon transition strength
(82™) and two-photon absorption cross section (a,) calculated at the

RI-CC2/def2-TZVP/EE level of theory for 1 and 2 in CHClz

AE A Ap o u(S,) 0y
Transiton [eV] [nm] f [D] [D] & [au] [GM]
1 S—- 8 3.00 414 1.85 141 23.6 188 x 10° 494
So = Sy 4.04 307 0.04 4.8 143 37 x 10° 176
2 So— 8 2.84 437 3.04 3.8 8.8 32 x 10° 75
So = Sy 3.17 392 0.40 4.2 9.2 492 x 10° 1442

1020 nm (¢ Fig. 2B and Table 2). Comparing both dyes, one finds
that maximal two-photon absorption action cross-section o
{05 x @) is higher for 2, which implies greater potential in imaging
applications. A closer look at two-photon excitation above 1000 nm
shows o, > 50 GM, which is still an effective value for applica-
tion of 2 as a fluorescent probe in the NIR-II window."?

In order to further understand the two-photon activity of 1 and
2 we performed the analysis based on the generalized few-state
model for theories with a non-Hermitian structure.”® The sum-
mary of these calculations is shown in Fig. 3, which presents the
two-photon transition strengths (6°") computed by response
theory as well as based on two- and three-state models. Note that
5%P4 is a purely molecular parameter and it is proportional to a,
(see eqn (S3) in the ESIt). In more detail, we aimed at explaining
the differences in two-photon absorption activity between 1
(So — Si) and 2 (Sy — S,). In the case of 1, the two-state model
yields the values of two-photon S, — S, transition strengths similar
to that from response theory calculations and the extension to the
three-state model {by including S, state as the intermediate) leads

2PA <2PA c2PA
7x10°t  Sosw e Sy R

6x10° 85255 Se— S,
T sx10°
< axaot
5 4
U 3x10
2x10°
1x10°
0

1 2

Fig. 3 Two-photon transition strengths predicted by response theory
(RSP), and the two- (25M) and three-state model (3SM) for 1 and 2.
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Fig. 4
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to insignificant improvement. In other words, the parameters of
the ground and final state {energy difference, transition strength
and dipole moment difference) determine the two-photon S, — S,
activity of molecule 1. On the other hand, the same is not true for
two-photon S, — S, transition for 2, ie, the two-state model
{including ground and the final state S,) fails to reproduce the
two-photon S, — S, transition strength. It is necessary to go beyond
the two-state model to reproduce the response theory value. The
three-state model that yields satisfactory agreement with response
theoty includes the ground, final (S;) and intermediate state (S,).
One may thus conclude that the differences in two-photon absorp-
tion activity between 1 (S, — ;) and 2 (S, — S,) are due to very
different physical mechanisms and the latter property depends on
the coupling between S, and S, states.

Dye 1 was previously evaluated as a fluorescent probe for
amyloid staining and showed various responses upon binding
to AB and tau amyloids.'® Therefore, studying interaction with
amyloids for dye 2 seems well justified, especially since it has Ay
shifted towards the red part of the spectrum and high ;¢ in the
NIR-I (700-950 nm) and NIRI {>1000 nm) biological windows.
Here, we compared the optical properties of dye 1, dye 2 and MeO-
X04 - a fluorescent standard commonly used for amyloid staining
in 2PM**?*?* _ upon binding to bovine insulin amyloids. Insulin
serves as a good model system since it forms uniform fibrils,
which was confirmed by atomic force microscopy {(AFM) and
transmission electron microscopy (TEM) analysis (see Fig. S9
and $10, ESIT). Photophysical parameters of MeO-X04 upon bind-
ing to amyloids like 1PA, 1PEF, 1PE {(one-photon excitation) and o,
are rarely discussed in the literature.’> Our experiments can also
shed light on the 1P and 2P properties of this probe. For all
considered molecules {dye 1, dye 2 and MeO-X04), fluorescence
was measured as a function of increasing amyloid concentration
(Fig. S11 in ESIf). The highest fluorescence enhancement was
observed for dye 2, while the lowest one for MeO-X04, which is
presented in Fig. 4A. Agy with amyloids of dye 1 (623 nm) and
dye 2 (627 nm) are significantly bathochromically shifted from the
spectra of MeO-X04, which presents several maxima due to the
vibrational fine structure (427 nm; 454 nm; 484 nm) of Fig. 4B.
The emission between 400-500 nm falls into ranges where auto-
fluorescence, absorption and scattering of tissues dominates,
which can significantly influence its performance, which was
proven during in vivo imaging analysis."'** It is worth pointing

c)
Dye 1 =—Dye 1
.o Dye2 800/——Dye 2 .
£ MeO-X! —— MeO-X04

s

400
=

0

600 700 800 700 800 900 1000 1100
3 (nm) A (nm)

(A) Increase in fluorescence maximum upon adding bovine insulin amyloids; all dyes had 0.5 uM, and the solvent was 5% DMSO. Point “zero” was

the dye in 5% DMSO without amyloids; (B) comparison of normalized 1PEF for all dyes (1 uM) with 50 uM of bovine insulin amyloids. The same solutions
were taken for 2PEF measurements; (C) comparison of @, with 50 uM of amyloids
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out that dye 2 has even more prominent emission above 700 nm
than dye 1, which can be seen in Fig. 4B. The bathochromic shift
in Ay of the dye 2 observed in solvents with increasing polarity
{see Fig. §12 in ESIt) suggests that the molecule is located in the
more hydrophobic regions of the amyloid fibrils. Itis also supported
by the value of FQY in amyloids (10%), which is much higher than in
polar DMSO (0.6%) - see Table S1 in the ESL Additionally, dye 2 is
substituted by NMe, groups at both arms and it contains single C-C
bonds that can easily rotate or kink leading to non-radiative energy
dissipation. Upon binding to amyloids, NMe, groups can have
restricted conformational freedom, which is observed as fluores-
cence enhancement. We can observe a significant difference in 1PE
upon increasing the amyloid concentration for dye 2 (see Fig. $13 in
the ESIt). 1PE changes the shape of the spectrum; the band around
450 nm starts to vanish, and a new band around 550 nm starts to
appear. No changes in 1PE were observed for dye 1. In addition, we
measured 1PE for MeO-X04, which is presented in Fig. $13C in the
ESLT Additional experiments for dye 2 were conducted due to its
novelty. Lack of observed changes in emission between the solution
of 2 and upon mixing with insulin monomers, proves interaction
with fibrils and not with the native peptide {Fig. S14, ESIt). The
affinity of dye 2 (Ky) to insulin amyloids was measured by saturation
binding assay. The K4 value was determined to be 229 + 12 nM
(Fig. 15, ESIt). Furthermore, selectivity measurements of dye 2
show the highest fluorescence intensity upon binding to insulin
amyloids (Fig. S16, ESIT) compared to other bio-molecules.

The evaluation of the 1P properties was followed by studies
of &, upon binding to amyloids. We confirmed the two-photon
nature of the observed process {see Fig. $17C and D, ESIt). No
alteration in Agy was observed upon two-photon excitation
{(2PE) compared to 1PE for dye 1 and dye 2 (Fig. S18, ESIT)
indicating relaxation from the same energy state. Evaluation of
a, revealed that dye 2 upon binding has the highest 2PA among
all dyes (Fig. 4C), which is in line with the trend in CHCI;. The
lowest values of 2PA are found for MeO-X04, and these were
measured within the 720-860 nm range {Fig. 4C). At longer
wavelengths of 2PE, no emission was detected in the used
experimental conditions. On the other hand, 2PE for dye 1
and dye 2 have a much broader range overlapping with both the
NIR-I and NIR-II biological window, which is beneficial from an
application point of view. The detailed comparison of 1PA and
2PA upon binding is presented in the ESIT {Fig. 519).

To sum up, newly synthesized dye 2 has better optical
properties upon binding to amyloids than MeO-X04, including
emission spectra above 600 nm, higher values of 2PA cross
section, and broader excitation range in both the NIR-I and
NIR-II biological window. We also proved that the branched
architecture {(D-A-D) has higher o, upon binding to amyloids,
compared to their unsymmetrical parent compound {D-A). The
newly synthesized compound 2 also exhibits a higher increment of
emission intensity upon binding to amyloids. All these data demon-
strate that the new probe is an interesting scaffold for further
development for applications in 2PM and amyloid detection.
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The ester, namely ethyl (2E,4E)-5-(4-(dimethylamino)phenyl)penta-2,4-dienoate, introducing two double bonds and
1,4-phenylene as a conjugated spacer between donor and acceptor was obtained as described elsewhere. ' The synthe-
sis of amide and dye 2 was guided as described in previous publication by some of authors of the current manuscript.”
The NMR spectra were recorded in DMSO-dg for amide used in the synthesis of 2 or CDCla, for 2, as solvents. The
dye 1 was previously described elsewhere.

Amide (N-(6-(1E,3E)-4-[p-(Dimethylamino)phenyl]-1,3-butadienylcarbonylamino-2-pyridyl)-(2E,4E)-5-p-(dime-
thylamino)phenyl]-2,4-pentadienamide):

'H (400 MHz, DMSO-dg, TMS), 10.15 (s, 2H), 7.88 (d, 2H, J=7.98 Hz), 7.75 (m, 1H), 7.43 (d, 4H, J=8.9 Hz),
7.38 (dd, 211, overlapped), 6.95 (d, 211, J=15.4 11z), 6.83 (dd, 211, J=15.4, 10.9 Hz), 6.71 (d, 411, J=8.9 11z), 6.45
(d, 2H, J=14.9 Hz), 2.96 (s, 12H). *C (100 MHz, DMSO-ds, TMS) 165.2, 151.2, 143.2, 141.1, 140.2, 130.9, 129.0,
124.3, 122.2, 122.1, 112.5, 112.4, 109.6, 40.25 (overlapped with solvent). HHRMS 506.2558, cal. (C3;H32N50,)

506.2556.

Dye 2 (p-[(1E,3E)-4-[(27,77)-3-(1E,3E)-4-[p-(Dimethylamino)phenyl]-1,3-butadienyl-5-fluoro-4A 2-fluora-6-oxa-
2,8,13-triaza-5-borabicyclo[7.3.1 Jtrideca-1(13),2,7,9,1 1-pentacn-7-yl|-1,3-butadienyl |(dimethylamino)benzene):

\’il N

111 (400 MI1z, CDCls, TMS), 7.92 (, 111, 1=8.2 T1z), 7.80 (dd, 211, J= 14.9, 11.1 T1z), 7.44 (d, 411, 1 = 8.9 I1z), 7.09
(d, 211, J=8.0 11z), 6.98 (d, 211, J=15.2 Ilz), 6.86 (dd, 211, J=15.2, 11.1 Hz), 6.75 (broadened d, 411, J=8.5 11z), 6.26
(d, 2H, J=14.9 Hz), 3.06 (s, 12H). ''B 0.53 (d, J=33 Hz). 13C (150 MHz, CDCls, TMS), 166.1, 151.1, 150.4, 146.1,
1443, 142.0,129.0, 124.3,122.5, 122.0, 115.8, 112.1, 40.2. HRMS 536.2646, cal. (C31113BN502F) 536.2633.
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One-photon measurements

Absorption spectra were recorded using a Jasco V-670 spectrophotometer, while excitation and fluorescence spectra
using an FS5 Spectrofluorometer (Edinburgh Instruments) equipped with a Xenon lamp. Fluorescence lifetimes were
measured using time-correlated single-photon counting technique using the same FS5 spectrometer. Samples were
excited at 510 nm using a laser diode, while fluorescence decays were fitter using FAST software (Edinburgh Instru-
ments). Chloroform for one-photon measurements was spectral grade.

Two-photon measurements

Two-photon excited photoluminescence (2PEL) was measured using a custom-built multiphoton setup. The excitation
source was femtosecond mode-locked Ti:Sapphire laser (100 fs, §0 MHz, Chameleon, Coherent Inc.) with a wave-
length range 680 to 1080 nm. The emission spectra were measured with a spectrograph - Shamrock 3031 (Andor) with
an iDUS camera (Andor). Optical filters were also used: FELH0800 - ¢ 25.0 mm Longpass Filter (Thorlabs). Stabil-
ity of laser power was checked for all experimental time by power-meter (Thorlabs). The sample and reference dye
were always measured at the same excitation power. 2PA cross-sections were calculated with the following equation:

o FQ,SCr(Prnz

= 02, )]
F2,rcs ¢sﬂ§ 3

O
where r and 5 denote reference and sample, respectively. ¢, and ¢s is the fluorescence quantum yield. F>5 and > ,
is the integrated two-photon fluorescence intensity at a particular excitation wavelength, # is the refractive index of
the solvent. Cs and G, is the concentration of the sample and reference, respectively. LDS-698 in CHCl; was used as
a reference. 2PA cross-sections of LDS-698 was obtained from previous reports.” FQY of LDS-698 in CHCl; was
taken from Ref. 5.

Power dependence of photolumiescence intensity

To confirm the two-photon nature of the observed photoluminescence excited by laser pulses, we measured photolu-
minescence intensity vs incident laser excitation power and determined the power exponent, n. 2PEL was collected.
For each power two spectra were collected to observed if photobleaching does not occur upon increasing laser power.
The power exponent was calculated using the equation:

__ log(PL intensity)
- log(P)

where PL intensity is a 2PE photoluminescence intensity and P is the average incident laser power.

2

Incubation of bovine insulin amyloids

Bovine insulin was purchased from Sigma-Aldrich (I5500) and dissolved in HCI solution (pH ~1.5), yielding the
final concentration of 2 mg/mL. The samples were incubated in an Eppendorf ThermoMixer C for 48h at 45 °C, with
agitation set to 500 rpm.

Characterization of amyloids on Atomic Force Microscope (AFM)

The full procedure is described elsewhere.” In brief, samples were 100x diluted from stock solution (2 mg/ml). The
droplets of the samples were deposited on a mica layer, rinsed with Milli-Q water after 5 min, and dried. Measure-
ments were conducted using a Veeco Dimension V AFM in tapping mode with the SuperSharpSilicon probe mounted
(Manufacturer: NANOSENSORS). Analysis of height was done in Nanoscope software for over 50 fibrils. Histogram
with distibution was plotted in program OriginPro 9.0.
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Characterization of amyloids on Transmission Electron Microscopy (TEM)

The solution from same sample was used as for AFM imaging to provide reliable results. 2 uL solution was placed
on clean standard TEM carbon on plasma cleaned copper grids (Agar Scientific) fo 30 seconds and stained with 2
uL of uranyl acetate for additional 30 seconds. The samples were studied using Talos F200i transmission electron
microscope (Thermofisher Scientific) at 200 kV accelerating voltage. Analysis of sizes was done in image] program
fo over 50 fibrils. Histogram with distibution was plotted in program OriginPro 9.0.

Preparation of dye and amyloid samples for optical measurements (one- and two-photon)

One-photon absorption spectra were measured with a Jasco V-670 spectrophotometer in quartz cuvettes within the
range of 280-700 nm. Stock solutions of dyes were prepared by dissolution in DMSO (500 M for dye 1 and 2; 200
uM for MeOX-4), and all solutions were prepared before use. Then, the appropriate volume of the stock solution
was withdrawn and diluted so the volume of DMSO was 5% in final volume. Then appropriate amount of amyloids
solution were added.

Fluorescence quantum yield of dyes

The FQY was measured by using the SC-30 Integrating Sphere Module for an FS5 spectrofluorometer from Edinburgh
Instruments. For dyes with amyloids: The concentration of dyes was set to obtain a high signal on a two-photon
microscope, as the FQY is used to calculate the 2PA cross section. The final concentration of dyes was 1 M, and
amyloid 50 uM in 5% of DMSO. Reference solution for integrating sphere was 50 uM of amyloids in 5% DMSO, to
provide the same scattering.

Selectivity studies

Measurements of fluorescence changes of dye 2 (1 gM) upon binding to bioanalytes (100 uM) were measured on a
clarioSTAR Plus plate reader in a 96-well black plate. Fluorescence spectra were measured 30 min after the incuba-
tion of dyes with biomolecules at 37° C. To compare changes before and after binding, the fluorescence intensity (F.I)
at maximum wavelength before and after binding in the same solvent were divided by each other (FI after binding /
FI dye alone).

Saturation binding assay

To a solution of dye 2 the solution of insulin amyloids was added and incubated for 30 min at 37 °C. The binding so-
lutions were measured in quartz cuvette on FS5 Spectrofluorometer (Edinburgh Instruments). For each concentration
was tested in triplicate. Mean value with standard deviation was calculated and Michaelis-Menten curve was fitted in
OrginPro 9.0.

Table S1: FQY of dye 2 in solvents and bovine amyloid solution (50 uM).

solvent FQY [%]

CHCI3 22

DMSO 0.6

Amyloids 10
9
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Figure S10: A) and B) TEM images of bovine insulin amyloids on two different places on grid, scale 500nm for both
images; C) Histogram with normal distribution of width with mean and standard deviation.
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Figure S11: Spectrum of one-photon exciled emission in increasing bovine insulin amyloid concentration. All solu-
tions were 5% DMSO in water, dycs concentration was 0.5uM. (A) dyc 1; (B) dyc 2 (C) McO-X04
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Figurc S§12: Emission spectrum of dye 2 in solvent with various polarity and static clectric permittivity.
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Figure S13: Spectrum of one-photon excitation in increasing bovine insulin amyloid concentration. All solutions were
5% DMSO in water, dyes concentration was (.5uM. (A) dye 1; (B) dye 2 (C) MeO-X04
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Figure S14: Emission spectrum of dye 2 only in 5% DMSQO in water, upon addition of insulin monomers and insulin
amyloids. Concetartion of monomers and amyloids were equal.
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Figure S15: Saturation binding curves for ligand (dye 2) to insulin amyloids (10 pM).
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Figurc S16: Sclectivity studics of dye 2 (1 uM) toward potential competitive biomolecules (100 uM of Gluthation-
GSH , L-cystein-Cys, Ascorbic Acid, Glycine-Gly and three different solvents: PBS pH=7.4, 10mM Ammonium
Acctatc pH=7.0, aqueous solution of 30mM HCI pH=1.5), different buffers and insulin aggregates (100 uM).N.EI
stands or normalized fluorescence intensity at maxima.
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Figure S17: Two-photon excited luminescence with 50 uM of amyloids of (A) dye 1 (B) dye 2. Plots C i D shows
photolumincscence intensity (PL int.) dependence on laser power for (C) dye 1 (D) dyc 2
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Figure S18: Normalized photoluminescence intensity (N. PL.Int.). Comparison of one-photon excited fluorescence
(1PEF) vs two-photon excited fluorescence (2PEF) (A) dye 1 (B) dye 2 with 50uM of amyloids.
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Figure S19: Experimental 2PA cross-sections compared to 1PA and 1PE of the same solution of amyloids (50 uM)
with dyes (1 uM) (A) dye 1; (B) dye 2; (C) MeOX-04.
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Two-photon absorption of dyes bound to amyloids

In our previous work we proved that 2PA can change upon interaction with protein aggregates® and measurements
only in solvents may not give full perspective on 2PA characteristics of dyes bound to amyloid fibrils. To accurately
compare two-photon and one-photon effects in dyes upon binding to amyloids, we plotted one-photon absorption
(1PA), one-photon excitation (1PE) and two-photon absorption, which is represented by measured experimentally &
for the same solutions (Figure S14). Normalized 1PA spectra have higher background due to scattering of amyloid
solution. For dye 1 1PA and 1PE are in line and maximum of o is around double wavelength of 1PA and 1PE. More
complex story is shown in graph S14 B, which represents data for dye 2. In 1PA peak at 515 nm dominates, however
around 450 nm there is still visible peak, which is also presented in 1PA of dye 2 in CHCl3 (Figure 4). In increasing
amyloid concentration this peak starts to slowly vanish in 1PA. However, in the same concentration of amyloids
in 1PE this peak starts to disappear more prominently, which indicates dramatic changes in one-photon radiative
pathways. On the other hand 2PA has maximum around 900 nm, which corresponds to peak in one-photon regime,
which decreases upon amyloid binding. It shows that 2PA of dyes maintain its shape upon binding to amyloids, as
compared to measurements in CHCl3, in contrast to the trend observed in 1PA and 1PE. This may be due to different
selection rules for one-photon and two-photon absorption. In Figure S14 C is MeOX-4, two maxima (390, 413 nm)
are present in 1PA and 1PE, which are in line with 2PA results.
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Computational details

The ground state gecometry optimization was performed for the studied dyes at the MN15/def2-TZVP level of the-
ory.”™ Solvent environment was taken into account using the polarizable continuum model in the integral equation
formalism (IEF-PCM). ' Additionally, we confirmed that the obtained geometry corresponds to a minimum on the po-
tential energy surface by evaluation of Hessian. In order to get insights into the electronic structure of the studied dyes,
we calculated Ciofini’s charge transfer diagnostic ' and electronic density difference plots (Ap(r) = p% (r) — p%(r))
for the Sy — S1. So — Sz. and Sy — Sj3 transitions. The MN15/def2-TZVP/IEF-PCM level of theory was used for
these analyses using Gaussian 16 program. >

For the further analyses of two-photon absorption we included the discrete representation of solvent environment.
Studied systems were represented by the ground state geometry placed inside of the chloroform box (50 x 50 x 50 A,
930 chloroform molecules). Molecular dynamics (MD) simulations of studied systems were performed using peri-
odic boundary conditions. In these simulations the geometry of dye was kept rigid, while solvent molecules remained
flexible. NAMD program was used to that end.'? Subscquently, we extracted 100 “solute-solvent” snapshots per dye
from the resulting MD trajectories. Approximate coupled cluster singles and doubles model using the resolution-of-
identity approximation (RI-CC2) * and the def2-SVPP basis set'™'® were used to simulate 2PA properties of studied
systems. In these calculations electrostatic embedding model was used to include the influence of the discrete solvent
environment. The described RI-CC2/def2-SVPP/EE electronic structure calculations were performed using TURBO-
MOLE 7.3 program. '’

The results of RI-CC2/def2-SVPP/EE calculations for the full set of snapshots were used to determine the single snap-
shot (for each dye molecule) with So —+S; excitation energy closest to the average over 100 solute—solvent snapshots.
These two snapshots, for 1 and 2, were subsequently used in more refined calculations at the RI-CC2/def2-TZVP/EE
level of theory. In more details, we determined excitation energies, excited state dipole moments, two-photon transi-
tion strengths and all parameters required for generalized few-state model calculations. ' These results, corresponding
to RI-CC2/del2-TZVP/EE level of theory, are reported in Table 2 in the accompanying manuscript.

Two-photon absorption cross section was compulted assuming Lorentzian broadening (with T'y equal o 0.25 eV)
according to the following formula:
1 Smraaye? ,
o0 =-0;)=——0"§% 3
2 ) j) Ty 3)

where 7@ is photon energy, ¢ is speed of light, ag is Bohr radius and o is fine structure constant.

if \0"“? Y T - o .3
SARN eSS > o= 2 S = ¥

Figure S20: Ground stale geometries of studied dyes determined at MN15/de2-TZVP/IEF-PCM level of theory (in
chloroform). Geometry of 2 belongs to Cy symmetry point group.
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Table S2: Electronic-structurc parameters simulated at MN15/def2-TZVP/TEF-PCM level of theory (in chloroformy):
excilation energy AE, excilalion wavelength A, oscillator strength £, and Ciofini’s charge (ransfer diagnostic DT,

ransition  AE [eV] A [om] f DT [A] dominant orbital transitions

So —S1 27321  453.81 1.9088 4.391 HOMO—LUMO(0.67)
So—S2  3.8919 31857 0.0138 4.429 HOMO-1—=LUMO(0.46)

1 Sp—S3  4.1362  299.75 0.1368 5.456 HOMO-1-LUMO(0.47)
HOMO—LUMO+1(0.45)

So—S1 26114 47477 3.1577 1.085 HOMO—LUMO(0.57)
2 So—+S2  2.8411 43640 03811 1.451 HOMO-1—=LUMO(0.49)

HOMO—LUMO+1(0.48)
So—S3 34160 36295 02733 1.122  HOMO-1—LUMO+1(0.47)

Figurc S21: Graphical rcpresentation of Ciofini’s charge transfer diagnostic DT determined at MN15/dcf2-
TZVP/IEF-PCM level of theory (in chloroform)
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Figure S22: Electronic density difference plots corresponding to the Sg — Sy, Sp — S2, and Sp — S3 transitions
(Ap(r) = p5:(r) — pS(r)) determined at the MN15/def2-TZVP/IEF-PCM level of theory (in chloroform). Density
contour value 0.001 was used.
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Table S3: 1PA and 2PA properties calculated at the RI-CC2/def2-SVPP/EE level of theory (in chloroform): one-photon
excitation energy AE, one-photon excitation wavelength A, oscillator strength £, 2PA transition strength §>"). In the
case of each dye, the reported values correspond to a single snapshot with Sp —S; excitation energy closest to the

average over 100 solutc—solvent snapshots.

transition AE [eV] A [nm] f 524 [a.u)
So =S 3.11 399 1.85 182x10°
1 S—=S 417 297 0.05 44x10°
So—S; 443 280 0.03 21x10°
So—=S1 294 421 299 32x10°
2 S-S, 329 377 040 487 x 10°
Sop—S3;  3.68 337 035 37x10°
Sy~ S Sp—S, - - Sy — 83
3 1
25
<
o
5
>
5
©
3 2
o0
o
ll
3.6 3.8 4 4.2 4.4 4.6

Energy [eV]

Figurc S23: 1PA propertics (cxcitation cnergics AE and oscillator strengths f) simulated for 100 snapshots at the
RI-CC2/def2-SVPP/EE level of theory (in chloroform).
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Figure $24: 2PA propertics (cxcitation energics AE and 2PA transition strengths §21) simulated for 100 snapshots at
the RI-CC2/def2-SVPP/EE level of theory (in chloroform).
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IV. SUMMARY AND PERSPECTIVES

In the 1% article, detailed information regarding modulation of optical properties of BF»-
functionalized benzothiazoles with structural core inspired by ThT was presented. 62 of the
studied probes was not sufficient for bioimaging application, but incorporation of a stronger
electron donor group in the structure would be beneficial in increasing charge-transfer
character and o2 of the dyes. Indeed, it was already presented in our other work.??* Presence of
amines as donor groups resulted in 62 values between 200-700 GM. Next, more general aspect
is modulation of 2PA in amyloids. As it was presented in the first article, 2PA changes as the
dye binds to amyloids. Exploring this topic could be a starting point to thoughtfully design 2PA
modulation upon binding. Selective enhancement or decrease of 2PA upon binding to certain
amyloids could be a new approach in the detection of certain analytes.

In the 2™ article, Agn- DNAs was confirmed as interesting probes for 2PFM. In my opinion,
evaluation of a bigger set of Agn-DNA nanoclusters is needed for understanding the
connections between structure and 2PA, since there are many variables like DNA sequence,
number of DNA oligomers per nanocluster, number of silver atoms, values of Ny. In order to
asses dependencies, large scale investigation have to be done, as in the case of one-photon
properties for Agn-DNAs®. However, due to the time consuming experiments on 2PA
evaluation, similar investigation in two-photon regime would be extremely difficult and
extended in time.

Another aspect is deeper understanding of 2PA of Agis-DNA-Cl, since it has more
pronounced o2 above 1000 nm. This nanocluster, as the only one evaluated, has chloride atoms,
which have an impact on electron distribution in the structure. Interesting approach would be
to replace chlorine atoms for other representatives of halogen atoms like e.g bromine. In the
work of Anna Gonzalez-Rosell ef al.*®, it was demonstrated that an exchange of chlorine for
bromine atoms is possible. This sophisticated change in the structure could show how 2PA is
impacted by the change in electronegativity of the additional atoms. If the change would be
visible, then it introduces additional ligands — Cl atoms — as an important factor in the
modulation of 62, Theoretical simulations of energy diagrams are also required, since without
them the explanation of the observed processes is highly limited.

3 article is a foundation for further studies regarding O,N,O-coordinated
organofluoroboron-based dye of D-A-D structure. It can serve as a scaffold for further
development as amyloid-binding probe for 2PFM. The crucial aspect for potential
investigation is the evaluation of this dye in vivo. It would show if the dye needs to be modified
to meet biological criteria of amyloid staining in transgenic mice or in postmortem tissues.
Based on this, its derivatives can be obtained to e.g improve water solubility or increase FQY.
Studies show, that there is still a room for improvement of probes for amyloid detection.
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I want to address more general perspectives, which came to my mind after years of research,
during preparation of this thesis and literature review. Measurements of 2PA are time
consuming, sometimes they have to be repeated several times. They cannot be performed
routinely on a large set of compounds. Building the experimental setup, which could be
partially robotized and operated more by programmable software than by humans, may be the
answer to this limitation. Use of ML approaches and Artificial Intelligence (Al) in science is
more and more visible with each year??*??%, and it helps to uncover problems, which were not
possible before. This was also reflected in the Nobel Prize in Chemistry awarded in 2024,
which went to David Baker for computational protein design, and to Demis Hassabis and
John Jumper for protein structure prediction. However, ML or Al need large number of data
to be useful, which is often not possible to be produced only by hands in the labolatory.??’ Idea
of robotized 2PA measurements combined with ML could give information about designing of
efficient two-photon absorbers, e.g. in case of Agn-DNAs. Construction of such a setup would
require the involvement of scientists from various fields. In my opinion, fully automatic 2PEL
measurements, operated by programs and robots is not yet possible at university laboratories,
but minimalizing human participation would make high-throughput screening of set of
chromophores possible. Staying in the topic of large scale investigation and ML, article
presented in Nature Chemistry in 2025'%, which shows high-throughput screening in the
evaluation of fluorophores for the detection of certain polymorphs of Tau might be an answer
to problems in the detection of polymorphs of amyloids. Polymorphism impact on diseases is
undeniable, which was presented in the chapter “introduction”. Proposing large number of
selective dyes for certain polymorphs could be one of the solutions in explanation of amyloids
role in various pathologies. My studies also show, that there is a need for more research
regarding evaluation of the structure - optical properties - amyloid binding relationships. If
these three aspects are not addressed simultaneously, it is difficult to talk about “intelligent”
design of fluorophores for a given application.
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