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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 (σ2) and two-photon brightness (σ2,B) 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 σ2), 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 (Kd), photostability of systems, and interactions of organic dyes with 

amyloids. Nonlinear optical measurements, i.e., two-photon excited luminescence, were used 

to determine σ2 and σ2,B. 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 



13 
 

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):  

Tematyką rozprawy są fluorofory do potencjalnego zastosowania w mikroskopii, z akcentem 

na fluorofory, które mogą być efektywnie wzbudzane dwufotonowo.  

Niniejsza rozprawa doktorska jest podzielona na dwie główne sekcje: część literaturową oraz 

część eksperymentalną. Część literaturowa składa się z 4 głównych rozdziałów: 1) Absorpcja 

dwufotonowa (2PA), w tym podrozdział o mikroskopii dwufotonowej; 2) Fluorofory do 

zastosowań w mikroskopii dwufotonowej; 3) Amyloidy, w tym podrozdział o znacznikach 

fluorescencyjnych wzbudzanych dwufotonowo do znakowania amyloidów. Ma ona na celu 

przybliżyć motywacje oraz lukę naukową na którą odpowiada rozprawa doktorska i zawarte w 

niej badania. Przegląd literatury ma na celu przybliżenie znaczenia badań nad konkretnymi 

znacznikami fluorescencyjnymi, jak i również zaprezentować szerszy kontekst naukowy oraz 

społeczny: 1) Znaczenie mikroskopii fluorescencyjnej z naciskiem na mikroskopię 

dwufotonową w naukach medycznych, biologicznych; 2) Jak na ograniczenia fluoroforów 

organicznych w bioobrazowaniu odpowiadają nanoklastry srebra stabilizowane DNA ; 3) 

Znaczenie mikroskopii dwufotonowej w badaniach nad amyloidami; 4)  Aktualny stan wiedzy 

na temat zasad konstrukcji znaczników fluorescencyjnych dla amyloidów z akcentem na sondy 

dwufotonowe; 5) Znaczenie badań nad amyloidami, co wiążę się z ich związkiem z chorobami 

cywilizacyjnymi. Istotne dla autorki rozprawy było pokazanie jak badania podstawowe nad 

optymalizacją absorberów dwufotonowych, oraz głębszym zrozumieniem ich właściwości 

optycznych po związaniu z amyloidami, mogą realnie przełożyć się na badania przedkliniczne, 

które są motorem napędowym badań klinicznych oraz konstrukcji efektywnych terapii 

medycznych. Do hipotez rozprawy doktorskiej należą:  Hipoteza 1: Benzotiazole 

funkcjonalizowane grupą BF2 mogą służyć jako fluorescencyjne znaczniki dla amyloidów. 

Modyfikacja rozmieszczenia grup funkcyjnych w cząsteczkach wpływa na właściwości 

optyczne badanych fluoroforów związanych z włóknami amyloidowymi; Hipoteza 2: 

Absorpcja dwufotonowa (2PA) fluoroforów związanych z amyloidami, różni się od 2PA 

niezwiązanych fluoroforów i może być modulowana w zależności od struktury chemicznej, a 
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w konsekwencji także struktury elektronowej ; Hipoteza 3: Atomowo precyzyjne nanoklastry 

AgN-DNA mogą charakteryzować się wysokim przekrojami czynnymi na absorpcje 

dwufotonową (σ2) i przekrojami efektywnymi na absorbcje dwufotonową (σ2,B) 

przekraczającym 50GM, co uczyni je atrakcyjnymi znacznikami do zastosowania w 

bioobrazowaniu dwufotonowym. Oprócz hipotez sformułowano również cele rozprawy 

doktorski: Cel 1: Zaproponowanie cząsteczki z nowym rdzeniem opartym na grupie funkcyjnej 

BF oddziałowującej z amyloidami oraz charakteryzuje się lepszymi właściwościami 

optycznymi (przesunięta ku dłuższym falą absorpcja i emisja oraz wyższe wartości σ2) w 

porównaniu ze standardowym, komercyjnie dostępnym znacznikiem fluorescenycjnym dla 

amyloidów: Methoxy-XO4; Cel 2: Określić związek pomiędzy modulacją 2PA badanych 

fluoroforów związanych z amyloidem a strukturą fluoroforów. Cel 3: Zaproponowanie 

nowych nanocząstek emitujących fotoluminescencje w zakresie bliskiej podczerwieni (NIR), 

które są rozpuszczalnymi w wodzie absorberami dwufotonowymi i określenie ich właściwsi 

optycznych.  

Druga część rozprawy, czyli część eksperymentalna odnosi się do konkretnych celów i hipotez 

rozprawy, z końcowym akapitem na temat podsumowania i dalszych perspektyw, 

wynikających z badań przeprowadzonych w ramach tej rozprawy. Skupia się ona na 3 

artykułach, z czego dwa dotyczą organicznych znaczników dla amyloidów, a jeden skupia się 

na nanoklastrach srebra jako nowych potencjalnych znacznikach dwufotonowych. Każdy 

artykuł to osobny podrozdział, w którym przedstawiono opis celu badań, dyskusję kluczowych 

wyników oraz podsumowanie. W każdym podsumowaniu zawarto na jakie hipotezy i cele 

rozprawy doktorskiej odpowiada dany artykuł naukowy. Szczegółowy opis wszystkich 

wyników, dyskusji oraz części eksperymentalnej jest zawarty w dołączonych artykułach i 

materiałach uzupełniających.  

Odpowiedź na zadane hipotezy i realizacja celów tej rozprawy wymagało użycia szeregu 

metod spektroskopowych takich jak: pomiary absorpcji jednofotonowej, widm fluorescencji i 

wzbudzania fluorescencji, wydajności kwantowej fluorescencji, czasów życia fluorescencji. 

Techniki fluorescencyjne służyły również do wyznaczenia konkretnych parametrów takich jak: 

stała dysocjacji (Kd), fotostabilności układów, odziaływań barwników organicznych z 

bioanalitami. Wykorzystano pomiary z zakresu optyki nieliniowej czyli technikę dwufotonowo 

wzbudzanej luminescencji, aby wyznaczyć przekroje czynne na absorpcję dwufotonową (σ2) 

oraz przekroje efektywne dwufotonowe (σ2,B). W celu potwierdzenia otrzymania amyloidów z 

natywnych białek użyto obrazowania na mikroskopie sił atomowych (AFM ang. Atomic Force 

Microscope) oraz transmisyjnym mikroskopie elektronowym (TEM, z ang. transmission 

electron microscope).  

Artykuł 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 własnych wyników” opisuje wpływ położenia grupy donorowej (-metoksy) w 

rdzeniu złożonym z BF2-sfunkcjonalizowanym benzotiazolem na właściwości jedno- oraz 
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dwufotonowe po związaniu z amyloidami. Badania odpowiadają na ograniczone zrozumienie 

wpływu struktury chemicznej fluoroforu na modulacje właściwości optycznych po związaniu 

z amyloidami. W szczególności w zakresie modulacji absorpcji dwufotonowej, brak 

systematycznych prac, które poruszałyby ten wątek. Innowacyjnym aspektem pracy jest 

wyznaczenie σ2 przed i po związaniu z amyloidami, ponieważ w literaturze prezentowane są 

pomiary σ2 tylko w rozpuszczalnikach.  Praca odpowiada na hipotezę nr. 1 oraz 2, cel nr. 2.  

Artykuł 2 o tytule „Two-photon brightness of NIR-emitting,atomically precise DNA-stabilized 

silver nanoclusters” przedstawiony w sekcji III „ Opublikowane prace – opis własnych 

wyników”, koncentruje się na absorpcji dwufotonowej czterech przedstawicieli nanoklastrów 

srebra stabilizowanych oligonukleotydami DNA (AgN-DNA). Po raz pierwszy w literaturze, 

zaprezentowano przekroje czynne na absorpcję dwufotonową atomowo precyzyjnych AgN-

DNA. Badania odpowiadają na ograniczenia organicznych absorberów dwufotonowych, takie 

jak emisja w NIR (>700nm) charakteryzująca się wysokimi wydajnościami kwantowymi 

fluorescencji oraz rozpuszczalność w wodzie. Praca odpowiada na hipotezę nr. 3 oraz cel nr. 

3, że AgN-DNA mogą mieć σ2,B powyżej 50 GM, co stanowi podstawę do wykorzystania ich 

w biobrazowaniu.  

Artykuł 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 własnych wyników” skupia się na zaprezentowaniu nowej struktury, która 

oddziaływuje z amyloidami i ma lepsze właściwości optyczne od komercyjnie dostępnego 

standardu dla dwufotonowej mikroskopii dla amyloidów – Methoxy-X04, tzn. fluorescencję 

przesuniętą ku dłuższym długościom fali, wyższe przekroje czynne na absorpcję 

dwufotonową, szerszy zakres wzbudzenia dwufotonowego, nawet w zakresie powyżej 1000 

nm. Praca prezentuje, również rozwiązanie na modyfikacje struktury opartej na 

organofluoroboranie skoordynowanym przez O,N,O w celu zwiększenia wydajności 

kwantowej fluorescencji i przekrojów czynnych na absorpcje dwufotonową. Badania 

odpowiadają na hipotezę nr. 2 oraz cel nr. 1 opracowania nowego znacznika dla amyloidów, 

który byłby konkurencyjny dla komercyjnie dostępnego standardu.  

Na końcu rozprawy przedstawiono możliwą perspektywę na dalszy rozwój badań zawartych 

w tej rozprawie doktorskiej, jak i ogólne 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 (σ2), 

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 σ2 and simultaneously detect 

amyloid fibrils. The 1st 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 2nd group 

of fluorophores are organic dyes based on BF/BF2 moiety: BF2-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 σ2, 

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 BF2-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.  

 

 

Main hypotheses are: 

• 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 (σ2) and two-photon brightness (σ2,B) exceeding 50 

GM, which will make them competitive potential probes for bioimaging 

Figure 1. Summary of research gaps, main hypotheses and goals for studied fluorophores. 
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Main Goals are: 

• 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 σ2), 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. 

 

 

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 

(~I2), 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:Eu2+) shortly 

after the invention of pulsed lasers.1 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 = 𝜀0𝜒(1)𝐸𝑗 + 𝜀0𝜒(2)𝐸𝑗𝐸𝑘 + 𝜀0𝜒(3)𝐸𝑗𝐸𝑘𝐸𝑙…. 

Where 𝜀0 is electric permittivity of free space and 𝜒(𝑛) 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) 𝑷𝑁𝐿 = 𝜀0𝜒(2)𝐸𝑗𝐸𝑘 + 𝜀0𝜒(3)𝐸𝑗𝐸𝑘𝐸𝑙 + ⋯. 

As described by equation (2), non-linear polarization do not depend linearly on the electric 

field.   
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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 σmax is described 

as the molecular 2PA cross-section, which is expressed in Gӧppert-Mayer units (1GM =10-50 

cm4 s photons-1 molecule-1). For plane-polarized light, the value of σmax 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)2:  

(3)  𝜎𝑚𝑎𝑥 =
2𝜋ℎ𝜈2𝐿4

𝜀𝑜
2𝑛2𝑐2 (

1

Γ
) 𝑆𝑓𝑔 

(4) 𝑆𝑓𝑔 = [∑
⟨𝜇𝑔𝑖𝜇𝑖𝑓⟩

(𝐸𝑔𝑖−ℎ𝜈)
]2

𝑖  

Where, hν is the photon energy, ε0  is electric permittivity of vacuum; Γ is the half-width at half 

maximum of the 2PA band and Egi is the energy gap between the ground state and an 

intermediate state i; n is refractive index; factor L= (n2+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: 

(5)  𝑆𝑓𝑔 =
1

5
[(

Δ𝜇𝑔𝑓𝜇𝑔𝑓

ℎ𝜈
)

2

+ ∑ (
𝜇𝑔𝑖

2 𝜇𝑖𝑓
2

𝐸𝑔𝑖−ℎ𝜈
)𝑖≠𝑓,𝑔 ] 

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

state; 𝜇𝑔𝑖 dipole moment between ground and intermediate state;𝜇𝑖𝑓 is a dipole moment 

between intermediate and final state. The equation (5) can be divided into two terms: dipolar 

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].  
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term (D), which stands for (
Δ𝜇𝑔𝑓𝜇𝑔𝑓

ℎ𝜈
)

2

 and two-photon (T) term, which stands for 

∑ (
𝜇𝑔𝑖

2 𝜇𝑖𝑓
2

(𝐸𝑔𝑖−ℎ𝜈)
2)𝑖≠𝑓,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 D2h symmetry (quadrupoles) and non-centrosymmetric with C2 

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 ν 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 Δ = 𝐸𝑔𝑖 − ℎ𝜈. Virtual state exist for 

extremely short period of time (around 5 fs), while chromophores faces the electric field of 

first photon3. 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 |i⟩ with ungerade symmetry, which in this superposition enables a second photon at 

frequency ν 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 𝑆𝑓𝑔 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 𝑆𝑓𝑔 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 (σ2) and two-photon brightness (σ2,B).  
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Mentioned quantity σ2 is a concentration independent quantity, which can be expressed by (6): 

(6) σ2 =
ℏ𝜔𝛼2

𝑁
 

where N stands for the number density of the absorbing molecules and ℏω for the energy of 

absorbed photons, and 𝛼2 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 σ2,B is used to  express how effective is emission upon two-photon 

excitation, which is described by equation (7): 

(7) σ2,B = σ2 ∗ 𝐹𝑄𝑌 

Where FQY stands for fluorescence quantum yield.  

For fluorophores, one of the most popular experimental techniques to measure σ2 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 σ2 which is measured in the same experimental conditions as sample 

with unknow σ2.
4 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 σ2, should be 

to 1PE, not 1PA. Luminescence of both samples is collected and then σ2, is calculated based on 

the formula (8): 

(8) σ2,s =
𝐹𝑠𝐶𝑟𝐹𝑄𝑌𝑟𝑛𝑟

2

𝐹𝑟𝐶𝑠𝐹𝑄𝑌𝑠𝑛𝑠
2 σ2,r 

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:  

 

Figure 3. a) Simplified Jablonski diagram with comparison one- and two-photon excitation, with the ground state (S0), 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 1PE 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.5 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 applications6-7. It is worth mentioning that 

the development of fluorophores, is still an important branch of chemistry and materials 

science8-9, 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.10-11 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).12-13 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 emissions14. 2PFM was 

introduced in 1990 by Winfried Denk and his coworker James H. Strickler in the Webb lab.15 

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 applications16, compared to 1PFM. It is widely used 

in visualization of deep laying structures e.g brain (deeper penetration of excitation 

wavelength)17, dynamic processes over long period of time e.g amyloid plaques formation in 

the brain18 or blood flow in the vessels19. 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.20-21 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 time22. 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.23-25 

Innovative 2PFM allows monitoring individual cells and their activity in the brain of awake 

rodents, providing a powerful tool for neuroscience research26-27. Recently, some papers 

focused on the impact of amyloid-β deposits on activity of individual neurons.28-29 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 brain30 - 

Positron emission tomography (PET) has detection resolution on milimeters scale, which gives 

more global information regarding the whole organ e.g brain31. 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.32 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 rodents33-35, 

Drosophila larvae36, 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 capillaries37 and record 3D blood flow speeds up to ~3 mm/s37. 2PFM 

also helps to monitor in real-time movement of red blood cells through cortical vessels38. 2PFM 

supported by computational simulation helped to revel that red blood cells contribute to 

stabilization of blood flow in brain vascular system39, 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 σ2. High values of μgi, μif, μgf  and Δ μgf  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-π-D, D-π-A-π-D, DAD, 

quadrupoles meet those requirements.40-41 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 (-NMe2); N,N-diphenylamine (-DPA); and other substituted 

amines with scheme -NR2 or -NHR (R-substituted group); hydroxy group (-OH); aloxy group 

-OR (e.g., –OCH₃). Strong electron acceptor groups are: cyano group (-CN); nitro group (-

NO2); 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 chromophore2. Theoretical predications of 

σ2 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 al42. Systematic change in 

the core, addition of different donor and acceptor groups, in the π-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 σ2 is important, but also FQY, since detection is based 

on intensity of fluorescence signal. In the literature values of σ2,B which are recommended for 

appropriate signal-to-noise ratio during imaging procedure43
 should exceed 50 GM. Selection 

rules for 2PA and 1PA are different44. 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 σ2
45-47, up to few thousands GM48-49. 4,4-difluoro-4-

borata-3a-azonia-4a-aza-s-indacene (BODIPy) was introduced in 1968 by Treibs and 

Kreuzer.50  Now, BODIPy family is one of the main classes of the fluorescent probes, which is 

described in many reviews.51-54 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 BF2 is coordinated by two nitrogens, however there 

are also N,O-coordinated or O,O-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 BF2 moiety can have extremely high FQY – 

90%55;98%56. These are interesting fluorescent dyes to study in the context of two-photon 

probes due to the mentioned values of FQY and σ2, 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.50-52  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 years57. 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.57-59 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-DNAs nanoclusters was presented 

in 200460, 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.61-64 Shortly, after introduction of AgN-DNAs their 2PEL was evaluated65, 

exhibiting large σ2 reaching 50 000 GM. In time of reporting, these nanoclusters had σ2 

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 σ2, 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-DNA66-67 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.68-70 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 region57, 

71 or even at the border NIR-I/NIR-II 72-73, have high FQY (up to 73%)74, presents dark states75 
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and Optically Activated Delayed Fluorescence (OADF)76-77. Recently, the first examples of 

application of AgN-DNAs in the cell staining through copper-free click chemistry method were 

presented78 and in vivo 2PFM for measuring cerebral blood flow79. However, till today only 3 

nanoclusters have known crystal structure72, 80-82, 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: 

 

Figure 4. a) Crystal structure of (DNA)2[Ag16Cl2]8+; b) 2|Fo| – |Fc| map around an Ag-mediated C8–C8 base pair contoured 

at the 1.5 σ level. (Silver: Ag atoms; green: Cl– ions.) PDB number: 6M2P. Reproduced from [J. Am. Chem. Soc. 2023, 145, 

19, 10721–10729]; c) Crystal structure of DNA2(Ag28Cl2)14+. 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.59 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 Ntot and DNA strands xs .Ntot can be 

divided into a number of neutral (N0) and cationic (N+) 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: N0=Ntot – 

N+. Most of characterized nanoclusters by ESI-MS have Ntot 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 nuclei83. In this prediction AgN-DNA with N0 = 

2 or 8, which is considered a magic number should have spherical shape. However, in 

experimental data, AgN-DNA with N0 =4 and 6 are dominant84, 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 DNA2Ag16 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 complexation81. 4 years after revealing crystal structure of 

DNA2Ag16 Gonzàlez-Rosell et al. discovered that initially proposed structure is not fully 

correct85, 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]8+, which was also proved by ESI-MS and 

calculations – see correct structure in Figure 4a,4b 85. Characteristic feature is, that silver core 

is shielded by the DNA from the solvent, only the area near the two chloride ions remains 

exposed.85 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(Ag28Cl2)14+ 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 Optical properties: 

 

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 N0. Reproduced from [Acc. Chem. Res. 2024, 57, 2117−2129]; c) 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-DNAs 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.86 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 N0 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.87 Photophysics of 

these nanomaterials based on experimental data is more complicated than organic 

fluorophores, and have to be described out of simple Jabloński 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-

DNAs 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.76-77, 88 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.77 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 - DNA2[Ag16Cl2]
8+.82, 

89-90 For DNA2[Ag16Cl2]
8+ there are a few theoretical works, which revealed the electronic 

ground state of nanocluster in a solvent91, orbitals involved in electronic transitions forming 

absorption spectra91, theoretical circular dichroism91. Another work explained mechanism of 

dual emission90, where nanosecond emission with λEM ~ 690 nm comes from spin-allowed S₁ 

→ S₀ transition, while delayed microsecond emission originates from spin-forbidden T₁ → S₀ 

transition. Additional changes in structure after excitation were presented, where bond between 

the Ag–guanines is weaken and the length of the silver core expands90.  

 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).92-95 An advantage of AgN-DNAs 
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over other atomically precise thiol stabilized gold and silver nanoclusters with high σ2 can be 

water-solubility, which is important in terms of bioimaging application. 

2.3. Amyloids 

2.3.1 Definition of amyloids:    

 

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.96-97 He 

concluded, that this deposits are composed 

of cellulose. Later, in 1859 Friedreich and 

Kekule discovered, that extracellular 

deposits lack carbohydrate, and have a 

presence of proteins. Although new insights 

into these structures were gained, the term 

amyloid—derived from the Greek word 

amylon, meaning starch – stayed. From 19th  

century till around 1950 structure of 

amyloids was elusive98. From that time, 

amyloids were extensively studied and the 

most important information regarding their 

characteristic will be presented. Amyloids 

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

ordered cross-β architecture – schematic representation in Figure 6. Inside fibrils, β-strands 

align perpendicularly to the fibril axis, forming extended β-sheets that stack parallel to the axis 

and are stabilized by a continuous hydrogen-bonding network99 - 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 Å and an equatorial reflection at ~6–11 Å100-101, 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”102. 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 

Figure 6. Schematic representation of amyloid fibrils.  Cross-β 

structure was done based on 3D Structure of Alzheimer's 

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

Bioreder® with Publication and Licensing Rights.  
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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 amyloids103 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 polymorphs104. 

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.  

 

When discussing amyloids, their 

growth mechanism is a key 

feature. Amyloids are formed in a 

polymeric type growth.105-106 

There are two type of pathways of 

amyloid growth107-108: 1) primary 

pathway, when new aggregates are 

formed from monomeric peptides 

and 2) secondary pathways, when 

new fibrils might be created from 

fragmentation of already existing 

fibrils or through the process 

called secondary nucleation109, 

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 β-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.110 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.111-112 Oligomers of amyloids represents diverse group of soluble or insoluble 

aggregates formed by few to thousands of monomeric peptide subunits. They spark attention 

Figure 7. Schematic representation of primary pathway of amyloids growth 

from monomers of peptides. Figure was made using Biorender® with 

Publication and Licensing Rights. 
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due to their biological activity and neurotoxicity113-114. The last phase – plateau is state, where 

concentration of monomer form of peptide is in an equilibrium.110 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”. 

 

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 



34 
 

relatively low price compared to disease related proteins e.g bovine insulin115, hen egg white 

lysozyme116 and β-lactoglobulin117. 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 

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 studies117-118, it can be also 

harvested to give more detailed information, like polymorphism studies119. 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 level120-

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-1) characteristic for β-sheets are an indicator of amyloid formation123.   
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2.3.2 Amyloids links with diseases:  

 

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.124 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 diseases108, which the most popular are 

neurodegeneration diseases, but also other like Type 2 Diabetes (T2D), Injection-localized 

amyloidosis or Senile systemic amyloidosis.125 There are also “functional amyloids”, which 

have physiological activities in bacteria or humans.126-128 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 

β-cells, contributing to glucose homeostasis, formation of amyloids by IAPP is a factor in 

development of Type 2 Diabetes (T2D)129. 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 Tauopathies130, including Alzheimer’s disease (AD); 

α-synuclein is mainly responsible for regulating synaptic vesicles and neurotransmitter 

release, its abnormal aggregation is related with Parkinson disease and dementia with Lewy 

bodies131; Huntingtin (HTT) 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 Huntington disease132. However, the most famous representative of disease-

related amyloid is Amyloid-β (Aβ) protein, 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 AD development117. The amyloid-

cascade-hypothesis is one of the possible explanation of the pathogenesis of AD - as cause of 

accumulation of Aβ 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) 

mechanisms133. 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 Aβ plaques in the brain, hyperphosphorylated tau protein as neurofibrillary 

tangles (NFTs) are also present 134-135; there is also more evidence of cooperation between Aβ 

plaques and IAPP aggregates in the individuals who suffer from T2D and AD136-137. 

Additionally, polymorphism138-139 and various conformers of amyloids140 from the same native 

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 

disease120, 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 pathologies143. Similar scenario is for 

Amyloid-β, 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 filaments144. 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 

raised145-146, 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 hypothesis147 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)149-151. 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: 

 One of the most popular amyloids 

detection methods in vitro and in 

vivo rely on fluorescent probes, 

which selectively binds to 

amyloids fibrils. Fluorescent 

probes can be used to visualize 

amyloids in the imaging 

procedure, which was mentioned 

before. However, they can also be 

applied in spectroscopic 

techniques when it is necessary to 

determine whether amyloids are 

present in solution e.g study 

kinetics of amyloid formation, 

study the formation of amyloids in 

certain incubation conditions.  

 

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 1965152, the dye has 

been routinely used for the in vitro quantification of amyloid formation. ThT upon binding to 

amyloids have fluorescence emission maximum (λEM) 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)153. ThT belongs to the group of so-called molecular rotors154-155, 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 response156. 

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) state157. Comparison of 

Figure 10. a) Structure of ThT, arrow indicate rotating C-C bond; b) 

Structure conformation of ThT in the TICT and LE state. LE state is 

highlighted to point out its emissive nature; Taken from PubChem and 

modified using ChimeraX. c) Location of ThT inside the fibril, 3D Structure 

of Alzheimer's Abeta(1-42) fibrils using PDB: 2BEG. Modified using 

ChimeraX and Blender 4.3. 
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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 fibrils158, 

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 ThT106-107,110,159, but also revealed new pathways of growth like 

secondary nucleation109,160 or differences in growth of amyloids from Aβ40 and Aβ42 

peptides.161 ThT most often possess a few types of binding modes with various affinities to 

amyloids from different proteins e.g insulin162-163, Aβ42164-165, alfa-synuclein166. Also adding 

dye to mature fibrils or during incubation procedure might impact a type and number of binding 

modes.167  

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 process168. 

Ionic strength has impact on the performance of ThT169, 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 ThT170 and can give false results171. Furthermore, charged nature with low lipophilicity 

limits its use in in vivo studies, since it has poor blood-brain barrier penetration172. Another 

disadvantage is limited selectivity toward amyloids, ThT also binds to DNA173-174 and RNA175-

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 Aβ amyloids177. Analog DMASEBT has red-shifted emission by over 100 

nm178-179, which increases its attractiveness for in vivo studies. There are derivatives dedicated 

for detection of certain amyloids- Amylin180 ; α-synuclein181. 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 group182. 

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 detection183. 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 polarity184-185 or 

simultaneously polarity and viscosity modulate emission186-188. 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‑β and Prion Plaques in brain thanks to distinct fluorescence spectra upon 

binding to various amyloids, additionally static relative permittivity of binding pockets of Aβ 

and PrPSc were estimated.189 Another, group are probes based on N,O-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 

Aβ and tau fibrils detection.190-191 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 Aβ1-42 λEM= 632 nm, and for Tau 

λEM=654nm190.  
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2.3.4 Fluorescent probes for Amyloids in 2PFM: 

 

 

 

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 used 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 σ2 and σ2,B. 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-affinity binding, 

stability in blood and low-affinity binding with bovine serum albumin (BSA).192 

In 2002 William E. Klunk et al. proposed one of the fluorescent probes for amyloid detection 

in 2PFM called Methoxy-X04 (MeO-X04).193 MeO-X04 was IV generation of Congo Red 

(CR)193 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, σ2 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 λEM below 600 nm, which limits light penetration into the tissues; a 

maximum σ2,B = 75 GM194. Additionally, MeO-X04 have a not-specific staining of various 

forms of amyloids – Aβ plaques, NFTs and cerebrovascular amyloids. Since the introduction 

of MeO-X04, other two-photon probes with more optimized properties like higher σ2,B 194-195 

or red-shifted emission192, 196-198, broader excitation ranges, higher selectivity toward specific 

type of amyloids190,199 were proposed. Pittsburgh Compound-B (PIB) is based on 

hydroxybenzothiazole, which was designed for amyloid-imaging PET200. However, despite the 

lack of optimization in two-photon properties (maximal σ2,B ~ 50GM) and emission below 600 

nm, was used for multiphoton microscopy200. PIB can be used as reference dye for two-photon 

evaluation.194 

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 Aβ 

plaques in vivo194. Its performance was compared to other used probes like MeO-X04, PIB. 

SAD1 had red-shifted λEM (497 nm with FQY = 24%), compared to PIB (431 nm) and MeO-

X04 (452 nm) in phosphate buffered saline (PBS). SAD1 had significantly higher σ2,B within 

720-880 nm 2PE range in contrast to PIB or MeO-X04. Maximum of σ2,B 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 symptoms201) and allowed for high-resolution 3D imaging of 

single Aβ plaques in vivo, at depths greater than 380 μm, 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).195 Fluorescence emission was 

between 450-650 nm upon binding to Aβ amyloids and σ2,B  was improved, with value 420 

GM at 750 nm. QAD1 was also evaluated in vivo on the transgenic 5xFAD mice and 3D 

visualization of the individual plaques was obtained. σ2,B was significantly improved compared 

to SAD1, 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)192. It was one of the first dyes that 

had emission in NIR along with 70-fold fluorescence intensity increase upon binding to Aβ 

aggregates and suitable properties for studying amyloids in vivo as stability in serum, high 

affinity towards Aβ amyloids (Kd = 38.0 nM) and proper brain entry. The first generation of 

CRANADs 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 Aβ fragment 

and the pyridine nitrogen atoms198. CRANAD-3 showed λEM ~ 730 nm in PBS and various 

response like fluorescence enhancement and peak of emission toward soluble species 

(monomers, dimers, and oligomers) and insoluble (aggregates) Aβ species. 2PFM imaging of 

Aβ 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 (σ2, or σ2,B ), 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 

2PFM197. 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 Aβ 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 σ2 might be 

high due to the donor-acceptor-donor electronic architecture. Incorporated BF2- moiety is a 

strong acceptor, impacts σ2, 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.202 

Inspired by ThT, IRI-1 presented conformational restriction upon binding to amyloids202, 

which resulted in fluorescence intensity increase of ~167-fold in the presence of Aβ fibrils. 
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Low signal-to-noise ratio resulted from TICT state formation of excited non-bound dye. 

Optical properties were : λEM=566 nm in the presence of Aβ fibrils and σ2,B reached values up 

to 111 GM at an excitation 880 nm. To confirm visualization of Aβ 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.  

Dye called PyrPeg, fusion of a pyrazine derivative and poly(ethylene glycol),203 reached 

record high σ2,B 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 σ2,B  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 Aβ over tau or α-synuclein aggregates. Additionally, PyrPeg was used in Aβ 

staining in metabolic studies.204 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 

probes205 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 detection185. 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 σ2= 467.6 GM at 890 nm excitation upon 

binding to amyloids, it is first and only σ2 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 λEM =648 nm with insulin amyloids. Another BTD-based probe is the 

so-called BTD-Aβ.206 It is a molecular rotor with D-A-D architecture. BTD-Aβ presented 

σ2=240 GM, red emission with λEM=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 Aβ42 

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.190 The optical properties of the dyes made them suitable for 1P and 2P NIR 

imaging. Upon binding to Aβ 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 4PmNO-2, σ2 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 σ2, σ2,B and selectivity. It is worth noting, that some of the markers, despite 

their use in imaging, lacked the information about key optical parameters like σ2, FQY, λEM 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 σ2 or 

σ2,B upon binding to amyloids. Only in study on TZPI authors measured σ2 upon binding to 

insulin amyloids, other works present σ2  only in solvent (usually organic ones). Two-photon 

absorption cross-sections can be influenced by surrounding microenvironment, which was used 

in sensing K+ ions207, viscosity208, polarity209, localization inside DNA210. It is important due 

to the fact that higher σ2 correlates with obtaining higher signal upon 2PE. Potential changes 

between σ2 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, λEM, 

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 σ2 and 2PFM, which was the case for N,O-

coordinated organo-difluoroboron dyes190. 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. 

 

 

3.1 Research purpose: 

 

9 BF2-functionalized benzothiazoles with structural core inspired by ThT, were previously 

proposed by Rybczyński et al.56 The systematic change of functional groups in 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 Rybczyński et al 56, which had varying position of donor 

group in the R,R’ positions. Studied dyes with architecture: (1) donor-acceptor (DA-) ( IUPAC 

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.  
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name: ((Z)-[(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: 

(Z)-[(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 - BF2. 

From studies by Rybczyński et al 56 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 (τ), FQY, 2PA, λEM change 

upon binding to amyloid fibrils. One of the main goals of the research was to evaluate σ2 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. σ2 or σ2,B 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 response210-211.  Thus, determination of σ2 upon 

binding should predict more accurately performance of probe for 2PFM, than evaluation only 

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: 

 

 

 

Dyes were synthesized by Patryk Rybczyński and Prof. Borys Ośmiałowski at the 

University of Mikolaj Kopernik, Toruń. 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), τave, of fluorophores 

before and after insulin amyloid binding and compared to values in glycerol – which represents 

a viscous medium, and in CHCl3, which represents a hydrophobic medium. Restricted motion 

of a dye in glycerol relates to immobilization of a dye inside the amyloids, while CHCl3 

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 λEM. 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 

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.I) increase with increasing concentration of insulin amyloids. Figure 

reproduced from [Hajda A., Grelich-Mucha M., Rybczyński P., Ośmiałowski B., Zaleśny R., Olesiak-Bańska 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.] 
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chosen, which was later used in detailed studies for FQY, τave and 2PA. The value of FQY 

increased in the following order upon binding to amyloids: DA- (27.5%) < DAD (75.2%) < 

AD (94.4%). It also followed the trend observed in glycerol and CHCl3, 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 (Φrat) was for DAD 

fluorophore (Φrat =57.9), which has emission dependent on a few factors: hydrogen-bonding, 

polarity, viscosity. For DA- change in FQY upon binding to amyloids (Φrat =25) and for high 

viscosity medium (Φrat=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 (Φrat=7.4). 

 

 

 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 τ and FQY were used to calculate 

the radiative (kr) and nonradiative (knr) decay constants. Trends of kr and knr in various media 

like CHCl3, 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 kr and knr. kr is influenced by substitution of the donor on rotating 

phenyl ring, while kr, 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 λEM. and shape of the spectrum is almost the same. Interestingly, -AD dye 

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 CHCl3, amyloid solution, glycerol, DMSO/H2O. Figure reproduced from 

[Hajda A., Grelich-Mucha M., Rybczyński P., Ośmiałowski B., Zaleśny R., Olesiak-Bańska 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.]. 



49 
 

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.  

 

I measured 2PA of dyes in CHCl3, upon binding to amyloids and in the same solvent before 

amyloid binding (H2O/DMSO) by 2PEL technique. Comparison of measured σ2 for all probes 

is presented in Figure 15. In H2O/DMSO solution the highest σ2 was for the DAD dye (28 

GM), while the lowest for -AD (∼10 GM). For -AD and DAD σ2 decreased upon binding to 

amyloids, while for DA- it increased. Since there are various trends in changes of σ2, I wanted 

to understand possible explanation. Microenvironment inside binding pockets of amyloids is 

usually hydrophobic. In order to evaluate σ2 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 CHCl3 turned out to be a sufficient approximation. For σ2 the same 

trends were observed in CHCl3 as in amyloids. DA- had σ2 higher than in H2O/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 σ2 upon binding to amyloids. At the end, values of σ2,B 

were compared for all investigated dyes and σ2,B with amyloids increased in comparison to 

not-bounded dyes.  

Figure 15. Two-photon absorption cross section for dyes in various environments: H2O/DMSO mixture,CHCl3, 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., Rybczyński P., 

Ośmiałowski B., Zaleśny R., Olesiak-Bańska 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.] 
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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 

σ2 before and after amyloid binding. Evaluation of 2PA in the solvents may demonstrate a 

trends, however is not sufficient for the prediction of σ2 and σ2,B. The increase in σ2 upon 

binding was observed only for DA- dye, while values of σ2,B increased for all the dyes. In 

general, all dyes presented relatively low values of σ2, and σ2,B ~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 σ2.  

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 kr and knr for fluorophores intended for amyloid 

detection.  
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 3.4 Research contribution of PhD candidate: 
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3.5 Article and supporting information:  
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Chapter 4. TWO-PHOTON BRIGHTNESS OF NIR-EMITTING, 

ATOMICALLY PRECISE DNA-STABILIZED SILVER NANOCLUSTERS. 

  

 

4.1 Research purpose: 

In this work, my aim was to investigate σ2 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 σ2 ranging from 102 GM to 105 GM.92, 94-95, 212 However, 

Ag/Au NCs stabilized by thioles show low Photoluminescence Quantum Yield (PLQY), which 

results in low σ2,B 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 σ2. 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 al71., which reported four distinct 

structural/compositional groups of HPLC-purified AgN-DNA. Four AgN-DNAs 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-MS71. 
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Table 1. Composition and optical properties of AgN-DNAs, selected from a previous study.68 ns: number of ssDNA 

template stabilizing the AgN-DNA, N0: effective valence electrons of AgN-DNAs, 1PA: one-photon absorption, 

FQY: fluorescence quantum yield, 1PEL: one-photon excited photoluminescence. 

Name 
Molecular 

Formula 

DNA sequence  

(5′ to 3′) 

xs  

and  

no. of Cl– 

ligands 

N0 
1PA 

(nm) 

1PEL 

(nm) 

FQY 

[%] 

Stokes 

shift 

(eV) 

Ag15-

DNA 
(DNA)2[Ag15]9+ ACCAATGACC 

2 and 0 
6 550 652 11 0.35 

Ag21-

DNA 
(DNA)3[Ag21]15+ CCCGGAGAAG 

3 and 0 
6 640 721 

73  

(Ref 11) 
0.22 

Ag16-

DNA-

Cl2 

(DNA)2[Ag16Cl2]8+ CACCTAGCGA 

2 and 2 

6 525 744 
26 

(Ref31) 
0.70 

Ag19-

DNA 
(DNA)2[Ag19]11+ GCGCAAGATG 

2 and 0 
8 

480, 

615 
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 (N0), DNA oligomers 

sequence, the numbers of DNA oligomer ligands (xs) and presence of additional chlorido 

ligands: (DNA)2[Ag15]
9+; (DNA)3[Ag21]

15+; (DNA)2[Ag16Cl2]
8+; (DNA)2[Ag19]

11+, which will 

be called in short as: Ag15-DNA, Ag21-DNA, Ag16-DNA-Cl2 and Ag19-DNA, respectively.  
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4.2 Results: 

 

 

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 al71. However, 1PE spectra of these nanoclusters were reported for 

the first time in my work, as well as FQY for Ag15-DNA (11%) and Ag19-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 Ag21-DNA the slops had lower values than 1.7 for 

excitation <850nm, which indicates contributions from one-photon excitation process. 

Figure 16. Comparison between 1PE (one-photon excitation), 1PA (one-photon absorption), and 1PEL (one-photon 

excited luminescence) spectra of (A) Ag15-DNA, (B) Ag21-DNA, (C) Ag16-DNA-Cl2; (D) Ag19-DNA. Figure reproduced 

from [A. Hajda, R. Guha, S. M. Copp and J. Olesiak-Bańska, Chem. Sci., 2025, 16, 

1737 DOI: 10.1039/D4SC05853D]. 
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Consequently, it should be stated that σ2 values determined for 810 nm and 820 nm might be 

overestimated. Ag19DNA 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, Ag19DNA 

was excluded from the main discussion of 2PA properties and data collected for this 

nanocluster should be considered as qualitative. Ag15-DNA and Ag16-DNA-Cl2 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, σ2 values were compared to 1PE spectra, due to the fact 

that for AgN-DNA 1PA differs from 1PE spectrum. Below 950 nm excitation, σ2 had the 

highest values for all AgN-DNA, on the order of several hundred GM. Two distinct types of 

σ2 trends are distinguished at lower-energy transitions (longer wavelengths). Ag15-DNA and 

Ag21-DNA showed a pronounced decrease in σ₂ values > 1000 nm, which corresponds to the 

dominant S0 → S1 transition observed in this range. On the other hand, Ag16-DNA-Cl2 have 

two transitions at 800 nm and 1050 nm, with similar σ₂ values. In contrast to Ag21-DNA and 

Ag15-DNA, Ag16-DNA-Cl2 has σ₂ 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 Ag15-DNA, the intensity ratio of 1PE at 420 nm and 

at 550 nm is approximately 1:20, whereas for σ₂ 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 Ag21-

DNA, I also observed that transition S0→S1 is not the most prominent in 2P regime. The 

highest values of σ₂ 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 

Figure 17. Comparison between 1PE and 2PA of (A) Ag15-DNA, (B)Ag21-DNA, (C) Ag16-DNA-Cl2. Figure 

reproduced from [A. Hajda, R. Guha, S. M. Copp and J. Olesiak-Bańska, Chem. Sci., 2025, 16, 

1737 DOI: 10.1039/D4SC05853D]. 
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Ag19DNA, Ag21DNA and Ag15DNA and consequently the lack of theoretical calculations, 

energy diagrams significantly limits the interpretation of results.  

Since Ag16-DNA-Cl2 had significantly higher σ₂ for S0 → S1 transitions, I looked for the 

explanation of this phenomenon. Ag16-DNA-Cl2 is known for complex emission properties, 

since it has two components with nanosecond and microsecond lifetimes at liquid nitrogen 

temperature and in D2O solvent.213 To decode its excited state dynamics transient absorption 

(TA) spectroscopy was used.214 It reveled, that fraction of fluorescent state can transitions to 

a microsecond-lived state, which is observed with a decay time of ca. 70 µs. TA spectra 

showed a positive signal between 1000–1200 nm. As the crystal structure of Ag16-DNA-Cl2 

is known, theoretical calculations can support experiments. TA spectra calculated by Malola, 

et al90 presented a broad positive peak between 1100–1400 nm related to S1 and T1 transitions, 

which supported experimental TA data. This range overlaps with the 2PA bands of Ag16-DNA-

Cl2. 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 σ₂ by 2PEL 

technique using fs laser with 1 kHz repetition rate, which gives 1 ms window between pulses. 

Comparison of  σ₂ 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 λEM above 600 nm (measured in 

H2O).  

Probe 
σ2 

[GM] 
σ

2,B
[GM] 

λEM 

[nm] 

Excitation 

Window 

mCherry215 25 5.5 610 NIR-II 

tdTomato215 108 60 581 NIR-II 

Alexa Fluor216 

647 

133 44 671 NIR-II 

Cy5216 143 40 670 NIR-II 

Cy7216 200 60 779 NIR-II 

Alexa Fluor216 

680 

203 73 704 NIR-II 

ICG217 210 6.3 813 NIR-II 

Cy5.5216 286 60 695 NIR-II 

Ag21-DNA 582 

17 

425 

12 

>700 NIR-I 

NIR-II 

Ag16-DNA-Cl2 211 

176 

54 

45 

>700 NIR-I 

NIR-II 

Ag15-DNA 340 

25 

37 

3 

650 NIR-II 

NIR-I 
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Lastly, σ₂,B 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 σ₂,B AgN-DNAs have comparable σ₂,B 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 σ₂ and σ₂,B of four distinct atomically precise AgN- DNAs. They present high 

values of σ₂ 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 Ag16-DNA-Cl2, which have one order of magnitude higher σ₂ 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 σ2 and σ2,B, 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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4.4  Research contribution of PhD candidate: 
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Chapter 5. NOVEL O,N,O-COORDINATED ORGANOFLUOROBORON 

PROBE FOR AMYLOID DETECTION: INSIGHT FROM EXPERIMENT AND 

THEORY. 

 

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-4λ2-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 σ2, 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 detection190-191. 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. 

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.  
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5.2 Results: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Organoboron complexes carrying BF/BF2 moieties were synthesized by Prof. Borys 

Ośmiałowski from University of Mikołaj Kopernik from Toruń. Dyes had dipolar architecture 

with a strong acceptor of electrons (BF/BF2 groups), combined with electron-donating 

moieties (N,N-dimethylaniline  group (PhNMe2)), 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.190-191, 

which studied BF2-carrying donor–acceptor (D–A) dyes in amyloid-β 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 staining218-219. 

Firstly, one-photon properties like 1PA, 1PEF, FQY, and fluorescence lifetime of both dyes 

were studied in CHCl3. Extension of electronic architecture of dye 2 resulted in a red-shift of 

λEM 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 CHCl3 was evaluated by 2PEL technique. Changed electronic 

architecture also impacted 2PA of studied molecules. Dye 1 at 920 nm reached the highest σ2 

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, 

Figure 19. Normalized one-photon absorption  (N.A) spectra and two-photon absorption spectra expressed in σ2 (in 

GM) of dyes 1 (A) and 2 (B). Reproduced from [A. Hajda, E. F. Petrusevich, R. Zaleśny, B. Ośmiałowski and J. 

Olesiak-Bańska, Chem. Commun., 2025, 61, 3990 DOI: 10.1039/D5CC00243E].  
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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 σ2 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 

Aβ and tau fibrils190. Since one- and two-photon properties of dye 2 measured in organic 

solvent were improved – higher FQY, red-shifted emission, higher σ2 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 σ2). 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 (λEM 

at 623 nm) and dye 2 (λEM at 627 nm) are significantly bathochromically shifted from the 

spectrum of MeO-X04, which presents several λEM 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.202, 220 Dye 2 

presents the bathochromic shift of λEM 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 -NMe2 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 (Kd) to insulin amyloids, 

Figure 20. (A) 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 σ2 for all dyes in the same concentration. Figure reproduced from [A. Hajda, E. F. 

Petrusevich, R. Zaleśny, B. Ośmiałowski and J. Olesiak-Bańska, Chem. Commun., 2025, 61, 

3990 DOI: 10.1039/D5CC00243E] 

 



104 
 

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, σ2 for all compounds upon 

binding to amyloids was evaluated by 2PEL technique. This represents one of the innovative 

aspects of my doctoral thesis: evaluating σ2 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 CHCl3. On the other hand, MeO-X04 had the lowest values 

of σ2 (~200 GM) and above 860nm excitation of 2PL was not possible (Figure 19A). In 

summary, MeO-X04 had the lowest values of σ2 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, λEM above 600 nm and its tail above 700 nm, higher values of σ2, 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 σ2), 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.221-222 Additionally, for the first time σ2 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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 5.4 Research contribution of PhD candidate: 
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IV. SUMMARY AND PERSPECTIVES  
 

In the 1st article, detailed information regarding modulation of optical properties of BF2-

functionalized benzothiazoles with structural core inspired by ThT was presented. σ2 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 σ2 of the dyes. Indeed, it was already presented in our other work.223 Presence of 

amines as donor groups resulted in σ2 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 2nd 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 N0. In order to 

asses dependencies, large scale investigation have to be done, as in the case of one-photon 

properties for AgN-DNAs68. 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 Ag16-DNA-Cl2, since it has more 

pronounced σ2 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 Gonzàlez-Rosell et al.85, 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 σ2. Theoretical simulations of energy diagrams are also required, since without 

them the explanation of the observed processes is highly limited. 

3rd 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 (AI) in science is 

more and more visible with each year224-226, 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 AI need large number of data 

to be useful, which is often not possible to be produced only by hands in the labolatory.227 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 2025104, 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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