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Abstract

Hybridization reactions, which involve the specific pairing of comple-
mentary nucleic acid strands, are fundamental to various biological processes
and biomedical applications. In an aqueous environment, these reactions
are particularly significant due to the intrinsic solubility and stability of
nucleic acids in water-based solutions.[1] The selective hybridization of
nucleic acid sequences underlies a wide array of techniques, including DNA
microarray technology, fluorescence in situ hybridization (FISH), biosensors,
and therapeutic oligonucleotides.[2-5] For instance, DNA microarrays utilize
the hybridization of fluorescently labeled cDNA to immobilize probes, en-
abling high-throughput gene expression analysis.[6] FISH enables the spatial
visualization and quantitation of specific DNA and mRNA sequences within
cells, facilitating studies of chromosomal abnormalities such as aneuploidy
and the spatial organization of centromeres.[7] In therapeutics, antisense
oligonucleotides and small interfering RNAs (siRNAs) employ hybridization
to silence target genes, offering promising strategies for treating genetic
disorders and viral infections.[8]

Despite their broad utility, hybridization reactions are sensitive to envi-
ronmental conditions, particularly in aqueous solutions. Factors such as pH,
temperature, ionic strength, and molecular crowding influence the kinetics
and thermodynamics of hybridization. High ionic strength stabilizes duplex
formation by shielding electrostatic repulsion between negatively charged
phosphate backbones, whereas extreme pH can disrupt hydrogen bonding
and base pairing.[9, 10] Moreover, macromolecular crowding modulates hy-
bridization equilibria by introducing steric hindrance, thereby altering asso-
ciation, dissociation, and equilibrium constants.[11, 12] At low crowder con-
centrations (<15 wt.%), the equilibrium constant K of DNA-DNA complex
formation increases by an order of magnitude,[13] whereas at higher concen-
trations, K decreases even up to three orders of magnitude.[14] These unintu-
itive changes are controlled by two counteracting effects: depletion forces and

crowding-induced destabilization, whereas electrostatics adds another layer
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of complexity to the system. Despite extensive studies, to this date, no physi-
cal model fully explains the interplay of these phenomena.

The first and second sections of this thesis investigate the influence of ions
and oppositely charged molecules on nucleic acid association rates, as well
as the impact of molecular crowding and ions on DNA-DNA interactions at
equilibrium. The results combine experimental data with theoretical mod-
els. The first model predicts association rates of like-charged reactants in the
presence of oppositely charged catalyst molecules in aqueous solutions. The
second model elucidates the role of molecular crowding in modulating DNA-
DNA hybridization and the interplay between electrostatics, depletion inter-
actions, and crowding-induced destabilization.

To study DNA-DNA interactions at equilibrium, Forster Resonance
Energy Transfer (FRET) and Molecular Brightness Analysis (MBA) are
employed. These techniques allow the monitoring of equilibrium shifts in
response to variations in pH, ionic strength, molecular crowding, and ion
concentration.[14-20] When integrated with Fluorescence Correlation Spec-
troscopy (FCS), they provide single-molecule resolution within femtoliter
volumes. FRET offers superior accuracy due to its high signal-to-noise ratio,
but it requires dual fluorescent labeling and precise positioning of dyes
within 1-10 nm of interacting molecules. In contrast, MBA, with a lower
signal-to-noise ratio, simplifies experimental design by eliminating the need
for site-specific fluorescent labeling. However, both methods are laborious
and have inherent limitations in throughput.

Determining K for a simple A + B = AB reaction requires extensive dilu-
tion series, typically involving 20-30 different concentration ratios.[21] Given
the sample preparation and measurement requirements, such experiments
are time-consuming, often taking several hours. Large-scale studies, such as
those examining pH or ionic strength dependencies, further amplify the ex-
perimental burden, as the number of required samples increases by an order
of magnitude. Reducing the number of data points per K determination is
undesirable, as it increases measurement error from approximately 15% (with
30 samples) to ~60% (with 10 samples). Additionally, the standard protocol
typically relies on disposable well plates, which accommodate 200 pL of so-
lution per well, leading to substantial material consumption and high costs.
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Even after sample preparation, manual plate exchange is required, depending
on the number of wells in the plate, further impeding efficiency.

To address these limitations, the third section of this thesis presents
a microfluidic-based platform that automates both sample handling and
measurement. This system streamlines experimental workflows, significantly
reducing manual labor by requiring only an initial setup and microscope
calibration. Once initiated, the platform operates with minimal user in-
tervention, decreasing the total time required for K determination from
approximately 180 minutes to 35 minutes. Moreover, it enhances the accuracy
of MBA while reducing reagent consumption by three orders of magnitude,
from ~200 pL per sample in conventional protocols to ~100 nL per droplet
in the microfluidic system. These improvements enhance both the efficiency
and cost-effectiveness of DNA hybridization studies, facilitating large-scale

investigations of nucleic acid interactions under various conditions.



Streszczenie

Reakcje hybrydyzacji, polegajace na specyficznym laczeniu komplemen-
tarnych nici kwaséw nukleinowych, odgrywaja kluczowa role zaréwno w
procesach biologicznych, jak i w licznych zastosowaniach biotechnolog-
icznych. W srodowisku wodnym ich znaczenie dodatkowo wzrasta — kwasy
nukleinowe cechuja sie wysoka rozpuszczalno$cia i stabilno$cia w rozt-
worach wodnych.[1] Selektywnos¢ tych oddziatywar stanowi fundament
wielu nowoczesnych metod, takich jak mikromacierze DNA, fluorescen-
cyjna hybrydyzacja in situ (FISH), biosensory czy terapie z zastosowaniem
oligonukleotydéw.[2-5] Przykladowo, mikromacierze wykorzystuja fluo-
rescencyjnie znakowane czasteczki cDNA, ktére hybrydyzuja z sondami
osadzonymi na powierzchni, umozliwiajac jednoczesna analize ekspresji
tysiecy genéw.[6] Z kolei metoda FISH pozwala na lokalizacje konkretnych
sekwencji DNA lub mRNA w komoérkach, co znajduje zastosowanie m.in.
w diagnostyce aberracji chromosomowych, takich jak aneuploidie, oraz w
badaniach organizacji przestrzennej centromeréw.[7] Dodatkowo, w terapii
genowej wykorzystuje sie oligonukleotydy antysensowne oraz interferu-
jace RNA (siRNA), ktére poprzez hybrydyzacje wyciszaja okre$lone geny,
oferujac nowe mozliwoéci leczenia choréb genetycznych i zakaZnych.[8]
Pomimo szerokiego zastosowania, skutecznos¢ reakcji hybrydyzagji jest
silnie uzalezniona od warunkéw Srodowiskowych, zwtaszcza w roztworach
wodnych. Parametry takie jak pH, temperatura, sita jonowa i zattoczenie
molekularne wplywaja na szybko$¢ i wydajnos¢ tworzenia dupleksow.
Wysoka sifa jonowa sprzyja hybrydyzacji, poniewaz jony dodatnie neu-
tralizuja odpychanie elektrostatyczne pomiedzy ujemnie naladowanymi
ni¢émi DNA. Z kolei skrajne wartosci pH moga zakiécaé¢ tworzenie wiazar
wodorowych i prawidlowe parowanie zasad.[9, 10] Zatloczenie molekularne
dodatkowo zmienia przebieg reakcji — ogranicza dostepno$¢ przestrzeni, co
prowadzi do zmian w szybkosciach asocjacji i dysocjacji oraz wartoéci statych
rownowagi reakgcji.[11, 12] Przy niskich stezeniach czasteczek powodujacych
zatloczenie (ponizej 15 % wagowych), obserwuje sie wzrost statej rownowagi
hybrydyzacji kwaséw nukleinowych K nawet o rzad wielkosci,[13] natomiast
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przy wyzszych stezeniach, spadek K siegajacy trzech rzedéw wielkosci.[14]
Ten nietypowy efekt wynika z dziatania przeciwstawnych sil: satbilizujacych
sit wyczerpania (depletion) oraz szeroko pojetej destabilizacji struktury
dupleksu przez zatloczenie. Dodatkowym czynnikiem komplikujacym
zrozumienie wpltywu zatloczonego $rodowiska na reakcje kwaséw nuk-
leinowych sa oddziatywania elektrostatyczne.

Dotychczas nie zostal opracowany jednen spéjny model, ktéry w petni
wyijasniatby wspétdziatanie tych zjawisk. W dwoéch pierwszych cze$ciach tej
pracy przedstawiono wplyw jonéw i przeciwnie natadowanych czasteczek na
szybkos¢ asocjacji DNA-DNA, a takze efekt zatloczenia i sity jonowej na stan
rownowagi reakcji hybrydyzacji. Na podstawie wynikéw eksperymental-
nych opracowano modele teoretyczne. Pierwszy z nich opisuje przyspiesze-
nie reakcji pomiedzy jednoimiennie naladowanymi czasteczkami w obecnosci
przeciwnie naladowanych katalizatoréow w $rodowisku wodnym. Z kolei,
drugi model analizuje wptyw zattoczenia molekularnego na réwnowage hy-
brydyzacji DNA, uwzgledniajac wspoéldziatanie sit wyczerpania, oddziaty-
wan elektrostatycznych i destabilizacji wynikajacej z ograniczen przestrzen-
nych.

W badaniach hybrydyzacji DNA-DNA zastosowano techniki Transferu
Energii Rezonansu Forstera (FRET) oraz Analize Jasno$ci Molekularnej
(MBA). Obie te metody pozwalaja $ledzi¢ przesuniecia réwnowagi w
odpowiedzi na zmiany pH, sily jonowej, zatloczenia oraz stezenia jonéw.[14—
20] Natomiast, w polfaczeniu z Spektroskopia Korelacji Fluorescencji (FCS)
umozliwiaja pomiary z rozdzielczoscia pojedynczych czasteczek w ob-
jetodciach rzedu femtolitrow. Technika FRET charakteryzuje sie wysoka
dokladnodcia i korzystnym stosunkiem sygnatu do szumu, jednak wymaga
znakowania czasteczek dwoma barwnikami fluorescencyjnymi oraz ich
precyzyjnego rozmieszczenia w odlegtoséci 1-10 nm. MBA, mimo nizszego
stosunku sygnatu do szumu, upraszcza procedure — funkcjonuje przy uzyciu
jednego barwnika fluorescencyjnego. Obie metody maja jednak ograniczenia
pod wzgledem przepustowosci.

Wyznaczenie stalej réwnowagi K dla reakcji A + B = AB wymaga
wykonania serii rozciericzeri, obejmujacej zazwyczaj 20-30 réznych sto-

sunkéw stezent reagentow.[21] Przygotowanie probek oraz same pomiary sa
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czasochtonne i moga trwa¢ wiele godzin. W badaniach zaleznych od pH lub
sity jonowej, liczba wymaganych prébek moze wzrosna¢ nawet kilkadziesiat
razy. Ograniczenie liczby punktéw pomiarowych powoduje istotny wzrost
btedu — z okoto 15 % (dla 30 punktéw) do nawet 60 % (dla 10 punktéw).
Dodatkowo, standardowe procedury wykorzystuja jednorazowe plytki
wielodotkowe mieszczace najczesciej 200 pL roztworu w kazdym dotku,
co prowadzi do duzego zuzycia materialéw i wysokich kosztéw. Nawet
po przygotowaniu probek konieczna jest reczna wymiana plytki co kilka
pomiaréw w zaleznosci od liczby dotkéw w ptytce, co dodatkowo ogranicza
wydajnosé.

Aby sprosta¢ tym ograniczeniom, w trzeciej czesci pracy zaprezentowano
platforme mikroprzepltywowa, ktéra automatyzuje zaréwno przygotowanie
prébek, jak i pomiar. System ten znaczaco upraszcza przebieg eksperymen-
tow, ograniczajac udziat uzytkownika do konfiguracji poczatkowej i kalibracji
mikroskopu. Po uruchomieniu platforma dziala autonomicznie, skracajac
czas potrzebny na wyznaczenie K z okoto 180 minut do 35 minut. Uklad do-
datkowo poprawia dokladnoé¢ pomiaréw MBA i redukuje zuzycie odczyn-
nikéw o trzy rzedy wielkosci — z okoto 200 nL w standardowej procedurze
do okoto 100 nL na prébke w ukiadzie mikroprzeptywowym. Dzieki tym us-
prawnieniom badania hybrydyzacji DNA staja sie bardziej
wydajne, oszczedne i lepiej przystosowane do analiz wysokoprzepustowych

w réznych warunkach srodowiskowych.
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Chapter 1

Introduction

This section is divided into six paragraphs. The first one covers nucleic
acid applications, structure, and interactions, while the second one intro-
duces molecular crowding and its implications for biomolecule interactions.
Further, the thesis describes physical chemistry principles, allowing for the
determination of the strength of nucleic acid interactions at equilibrium and
their association rates. The phenomenon of fluorescence is then introduced
as a fundamental tool for monitoring DNA-DNA hybridization, with a focus
on fluorescence-based techniques employed in this study. Finally, the concept
of microfluidics is presented as a lab-on-a-chip approach aimed at enhancing
measurement throughput and minimizing reagent consumption.

1.1 Nucleic Acids

1.1.1 Nucleic Acids: Functions and Applications

Nucleic acids, classified as biopolymers, are fundamental to life. The two
main types, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are
composed of nucleotide monomers that form long chains called polynu-
cleotides. These molecules play a critical role in storing, transmitting, and
utilizing genetic information.

DNA serves as the genetic blueprint, encoding hereditary information in
the precise sequence of its nucleotides. This blueprint is replicated during cell
division to ensure that each daughter cell inherits an identical copy. Replica-
tion begins at specific regions called origins, where the double helix unwinds
to form replication forks. Here, DNA polymerase, the central enzyme in this
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process, synthesizes new strands by adding complementary nucleotides to
the parental template while proofreading to minimize errors.

The genome, comprising the complete set of an organism’s genetic mate-
rial, provides the instructions for cellular processes through gene expression.
This process is mediated by two interconnected mechanisms: transcription
and translation, with transcription and certain aspects of translation (e.g.,
codon-anticodon pairing) relying on nucleic acid hybridization. Transcrip-
tion uses DNA as a template to synthesize RNA in three stages: initiation,
where RNA polymerase binds to the promoter region; elongation, during
which the RNA strand is extended; and termination, marking the release of
the RNA molecule. While some RNA molecules function directly, most serve
as intermediates in protein synthesis.

Protein synthesis, the second step in gene expression, involves translation,
where the nucleotide sequence of RNA is converted into a chain of amino
acids to form proteins. Like transcription, translation occurs in three stages:
initiation, elongation, and termination. This flow of genetic information —
from DNA to RNA to proteins —is a basis of molecular biology and ensures the
proper functioning of cells. Figure 1.1 illustrates these coordinated processes.

Transcription Translation

Replication DA — —_— O—O—O
DNA mRNA protein

FIGURE 1.1: Diagram of intracellular processes utilizing hybridization reactions:
replication, transcription, and translation.

In addition to their genetic roles, nucleic acids are vital in research,
medicine, and biotechnology. Their ability to form specific complemen-
tary pairs, a process known as hybridization, is the foundation for many
applications. Key strategies include:

* CRISPR-Cas system. The CRISPR—Cas system represents a revolution-
ary tool in genetic engineering, renowned for its selectivity in targeting
and modifying genetic material. Derived from a natural defense mech-
anism found in bacteria and archaea, this system uses a guide RNA to
direct the Cas protein, typically Cas9, to specific DNA sequences. Upon
binding to the target sequence, the Cas protein induces double-strand



1.1. Nucleic Acids 3

breaks, which can be repaired through either non-homologous end join-
ing or homology-directed repair. These repair pathways allow precise
editing of genes, including inserting, deleting, or replacing DNA se-

quences.[22, 23]

* Antisense oligonucleotides (ASOs). ASOs are short, single-stranded
nucleic acids binding specifically to complementary DNA or RNA se-
quences. This binding inhibits processes such as replication, transcrip-
tion, or translation. They are used to identify and validate target pro-
teins and as therapeutic tools. Current research explores their potential
for treating cancer, autoimmune diseases, neurological disorders, viral

infections, and other conditions.[24, 25]

e Aptamers. Aptamers are single-stranded oligonucleotides that specifi-
cally bind to target molecules, including nucleotides, proteins, peptides,
and chemical compounds. Their high specificity and adaptability make
them valuable in diagnostics and therapeutics. Aptamers are widely
used in biosensors for detecting environmental contaminants, such as
heavy metals (e.g., Pb>*, Hg?") or toxic substances (e.g., pesticides, my-
cotoxins).[26] They also facilitate drug delivery by transporting thera-

peutic agents into cells.[27]

* Antigene strategies. Antigene approaches aim to repair genomic
mutations or regulate disease-associated genes. They utilize oligonu-
cleotides that interact with DNA or RNA to form triple helix structures
(triplexes), which can inhibit processes such as transcription or repli-
cation.[28] These strategies are also useful for studying nucleic acid
interactions with proteins and enzymes in defining the DNA and RNA

topology.[29]

* RNA interference (RNAi). RNA interference is a natural gene-silencing
process mediated by small noncoding RNA molecules, such as small in-
terfering RNAs (siRNAs) and microRNAs (miRNAs). RNAi degrades
complementary mRNA, preventing gene expression. This mechanism
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has significant potential for developing therapies, with promising ap-
plications in treating cancer, autoimmune diseases, and genetic disor-
ders.[30]

1.1.2 Nucleic Acids: Structure and Interactions

Nucleic acids are composed of nucleotides, which consist of a sugar residue,
a nitrogenous base, and a phosphate group. The type of sugar determines the
classification of nucleic acids. RNA contains D-ribose, which has a hydroxyl
group (-OH) at position 2, while DNA contains 2-deoxy-D-ribose, where the
hydroxyl group is replaced by a hydrogen atom (Figure 1.2). This distinction
influences the properties and functions of RNA and DNA.

a b C

OH OH
OH OH

OH OH OH H

ribose deoxyribose atoms notation

FIGURE 1.2: Sugar residues of (a) RNA, (b) DNA, and (c) their notation.

Nitrogenous bases, which are attached to the sugar residue, are aromatic
rings categorized as purines: adenine [A] and guanine [G] or pyrimidines:
cytosine [C], thymine [T], and uracil [U] (Figure 1.3). Thymine is unique
to DNA, while uracil is exclusive to RNA. Thymine differs from uracil by
adding a methyl group at position 5. RNA also contains modified nitroge-
nous bases, such as ribothymine, thiouracil, dihydrouracil, pseudouracil, and
inosine, which enhance its structural and functional diversity.

The nitrogenous base forms a nucleoside when it attaches to the sugar at
position 1" via an N-glycosidic bond. When a phosphate group is added to the
nucleoside at the 5’ carbon, a nucleotide is formed. Nucleotides such as ATP
(adenosine-5'-triphosphate), GDP (guanosine-5’-diphosphate), and dTMP
(deoxythymidine-5-monophosphate) serve not only as building blocks for
nucleic acids but also as energy carriers and components of coenzymes,
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including NAD (nicotinamide adenine dinucleotide), FAD (flavin adenine
dinucleotide), and coenzyme A.[31-33]

In nucleic acids, nucleotides are linked by 3’,5-phosphodiester bonds,
connecting the 3’ carbon of one sugar to the 5 carbon of another via a
phosphate group. This linkage forms the sugar-phosphate backbone, with
one end of the chain bearing a free phosphate group (the 5" end) and the other
end carrying a free hydroxyl group (the 3" end). The nucleotide sequence is
typically written from the 5" to the 3" end, as in 5'-ATA CGC-3’, or simply ATA
CGC. This sequence notation is critical because reversing the sequence (e.g.,
CGC ATA) represents a different oligonucleotide with distinct properties.

b N, c o
N\ @\ - \
» QB 1D

purine adenine A guanine G
d e " f o g o
CH,
N/ | HN! | HN |
o)\un o)\nu o)\un

pyrimidine cytosine C uracil U thymine T

FIGURE 1.3: Nitrogenous bases of DNA and RNA nucleotides divided into (a)
purines: (b) adenine and (c) guanine, and (d) pyrimidines: (e) cytosine, (f) uracil,
and (g) thymine. Thymine is specific to DNA, and uracil is specific to RNA.

DNA molecules adopt a double helix structure, comprising two antiparal-
lel polynucleotide strands coiled around a common axis. This structure is sta-
bilized by hydrogen bonds between complementary nitrogenous bases: ade-
nine pairs with thymine (A-T) via two hydrogen bonds, and cytosine pairs
with guanine (C-G) via three hydrogen bonds (Figure 1.4). The sequence of
one strand dictates the complementary sequence of the other, enabling precise
replication and information transfer. Additional stabilization arises from 7r-7

stacking interactions between the planar aromatic rings of nitrogenous bases
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and hydrophobic interactions, which expel water molecules from the helical
interior. These interactions contribute to the unique structural integrity of the
DNA double helix.

FIGURE 1.4: DNA backbone with specific bonds: (I) hydrogen bond, (II) N-
glycosidic bond, and (III) 3’,5"-phosphodiester bond. A, T, G, and C represent ade-
nine, thymine, guanine, and cytosine, respectively.

DNA demonstrates remarkable conformational variability. Under phys-
iological conditions, the B-DNA form, a right-handed helix with 10.5 base
pairs per turn, predominates. Other helical forms include A-DNA, observed
under dehydrating conditions, and Z-DNA, a left-handed helix favored by
high ionic strength.[34] Non-canonical structures, such as triplexes and G-
quadruplexes, can also form and be stabilized by non-Watson-Crick base pair-
ing or base stacking.[35]

Unlike DNA, RNA primarily exists as a single-stranded molecule. How-
ever, intramolecular base pairing allows it to form secondary structures such
as stem loops, bulges, and hairpins. These regions often adopt an A-form he-
lix and contribute to RNA’s functional versatility. RNA can further fold into
complex tertiary structures, enabling diverse biological roles.

The structure and function of nucleic acids are intricately governed by a
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delicate balance of interactions, including base pairing, stacking, and associa-
tions with proteins and small molecules. Central to these processes are elec-
trostatic interactions, driven by the polyanionic nature of the sugar-phosphate
backbone, which carries negatively charged phosphate groups. This intrinsic
charge facilitates interactions with water molecules, organic ions, and metal
cations, contributing significantly to the stability and folding of nucleic acid
structures. The surrounding ionic environment further modulates these inter-

actions through ionic screening, which is quantified by the Debye length (Ap).

eoeckpT \ /2
Ap = <2° B 2) , (1.1)
e Zinizi

It is defined as:

where ¢y is the vacuum permittivity, ¢ is the relative permittivity of the
medium, kp is the Boltzmann constant, T is the absolute temperature, e is
the elementary charge, n; is the number density of ionic species i, and z; is
the charge number of each ion. The Debye length determines the effective
range of electrostatic interactions, with higher ionic concentrations leading
to shorter Ap, thus enhancing charge screening and influencing nucleic acid
folding and stability.

In vivo, nucleic acids function within a highly crowded intracellular
milieu, where elevated concentrations of macromolecules such as proteins
and metabolites create a complex biophysical environment. This molecular
crowding not only restricts the available volume but also promotes the
formation of compact secondary and tertiary nucleic acid structures.[36, 37]
Additionally, crowding enhances interactions with ligands and proteins,
often leading to altered binding affinities and conformational dynamics.[38]

1.2 Biomolecule Interactions in Crowded Environments

A crowded environment, from the perspective of molecules, refers to a
system where macromolecules such as proteins, nucleic acids, metabolites,
and polysaccharides occupy 30-40% of the available volume.[39, 40] This
complex milieu profoundly influences biomolecular interactions and cellular
functions, challenging the interpretation of biochemical processes studied
in vitro.[41, 42] Crowded environments alter the physical properties of the
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intracellular space, including viscosity and diffusion, thereby affecting the
movement and interaction rates of biomolecules. Furthermore, extreme
crowding conditions may lead to protein aggregation or misfolding due
to restricted conformational freedom, while entropic forces can promote
complex formation of biomolecules.[43, 44]. These phenomena highlight a
delicate balance between stabilizing and destabilizing effects in such systems.

The consequences of molecular crowding are primarily governed by two
key mechanisms: depletion forces and crowding-induced destabilization. De-
pletion forces dominate at lower crowder concentrations (<15 wt.%) and arise
because crowding agents cannot access the narrow space between closely po-
sitioned biomolecules. This results in a net osmotic pressure difference that
drives macromolecules together to minimize excluded volume.[45] As a re-
sult, the excluded volumes surrounding the reactants overlap, increasing the
total volume accessible to crowders (Figure 1.5). Such effects can promote
biomolecular association and stabilize complex structures, i.e., folded proteins
and hybridized DNA strands.[46, 47] For instance, the presence of crowding
agents like polyethylene glycols (PEG) or polysaccharides has been shown to
enhance protein folding and functional stability by favoring compact confor-
mations with minimal excluded volume.[45, 48, 49]

a b

@ %volume

@ overlap volume

8%

FIGURE 1.5: As a result of depletion interactions, (a) the excluded volume around
reactants (b) overlaps (yellow area), thereby increasing the total volume available
for molecular crowders (grey coils).
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At higher crowder concentrations (>15 wt.%), crowding-induced destabi-
lization effects become a dominant factor.[50] These include increased viscos-
ity, steric hindrance, alteration of hydrophobic forces and solvent properties,
induction of conformational changes, liquid-liquid phase separation, and di-
rect crowder-reactant interactions. The increased viscosity in such environ-
ments slows the diffusion of reactants, shifting the reactions into a diffusion-
limited regime.[49] At the same time, spatial constraints imposed by crowders
hinder the proper alignment of reactants, lowering association rates and in-
troducing unfavorable interactions.[41] These restrictions reduce the effective
volume available for reactants to associate, introducing entropic penalties that
counteract the stabilizing effects of depletion forces.[51] Additionally, crowd-
ing perturbs the properties of the solvent by decreasing the water activity and
lowering the dielectric constant, which can alter the solubility of the reactants
and shift the reaction equilibria.[52]

Electrostatics introduces another layer of complexity to the dynamics of
molecular crowding. In crowded conditions, the close proximity of charged
macromolecules amplifies electrostatic forces, as the reduced dielectric con-
stant of the dense medium limits charge screening. This intensifies long-range
interactions, which can promote or inhibit specific associations depending on
the nature of the charges involved. For example, electrostatic attraction can
enhance the assembly of oppositely charged biomolecules, such as protein-
DNA complexes, while repulsion between similarly charged molecules may
inhibit their association.[53] Crowded environments also affect ion distribu-
tion, as confined regions can concentrate or exclude certain ionic species, al-
tering local ionic strength.[54] For instance, crowding agents like PEGs or
polysaccharides can bind cations, such as Na™, further modulating interaction
dynamics.[14] Electrostatic forces can also synergize with depletion forces to
stabilize compact macromolecular conformations, such as folded proteins or
nucleic acid structures. However, in extreme crowding conditions, the com-
bination of steric hindrance and strong electrostatic repulsion may promote
aggregation or misfolding, particularly in highly charged biomolecules.[42]

Understanding the dual nature of molecular crowding across the full
spectrum of concentrations is essential for accurately replicating intracellular

conditions in vitro and designing experiments that reflect the true behavior of
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biomolecules. Crowding has far-reaching implications in areas such as drug
discovery, diagnostics, and the development of artificial cells. For example,
incorporating crowding effects into diagnostic assays can improve their
physiological relevance and reliability by mimicking the binding dynamics
of biomolecules in vivo.[55] Similarly, therapeutic strategies that account
for crowding-induced stabilization or inhibition of targets can lead to more

effective drug design.[56]

1.3 Determining the Strength of Interactions and Reac-

tion Rate

1.3.1 Equilibrium Constant

Chemical reactions transform substrates into products. These reactions can be
classified as irreversible, progressing in one direction until the substrates are
consumed (A + B — C), or reversible, occurring in both directions (A + B =
AB). Under favorable conditions, reversible reactions reach a state where the
forward and reverse reaction rates are equal. This dynamic balance is known
as equilibrium.[57]

At equilibrium, the concentrations of reactants and products remain con-
stant, with no observable macroscopic changes. The temperature distribution
throughout the system is uniform, and the Gibbs free energy of the system
reaches a minimum at constant temperature and pressure. From an exter-
nal perspective, the system appears stationary, with no macroscopic changes.
However, on the molecular level, processes such as chemical reactions may
still occur in both directions at equal rates. In a closed system, thermal, me-
chanical, and chemical equilibrium are maintained, with no net transfer of
heat, work, or matter.[58]

The parameter characterizing these equilibrium processes is the equilib-
rium constant K, which is defined as the ratio of the products to reactants at
equilibrium. For the reaction 1A + bB = cAB, K is expressed as:

[AB¢
K= LB 12)
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where the square brackets denote molar concentrations, eg indicates equilib-
rium conditions, and a, b, and ¢ are the stoichiometric coefficients of the reac-
tion.

The equilibrium constant is not just a mathematical construct but has ther-
modynamic significance. It is linked to the standard Gibbs free energy change
AG®:

AG® = —RT1InK, (1.3)

where R is the universal gas constant, and T is the absolute temperature. A
negative AG® indicates a reaction favoring product formation, while a positive
AG° implies that reactants are favored.

The equilibrium constant depends on external factors such as temperature.
For endothermic reactions, higher temperatures increase K, favoring product
formation. Conversely, exothermic reactions exhibit a decrease in K with ris-
ing temperatures. Le Chatelier’s principle further explains how a system at
equilibrium responds to changes in concentration, pressure, or temperature
to minimize the disturbance.

The equilibrium constant has practical importance, allowing chemists to
optimize reaction conditions and estimate the stability of products. For nu-
cleic acids, K helps assess interaction strength and product stability.[59]

1.3.2 Reaction Kinetics

Thermodynamics determines whether a reaction is energetically favorable
and defines the equilibrium state, but it does not provide information about
how fast the reaction proceeds. Time is not a factor in thermodynamic descrip-
tions, and the duration required to reach equilibrium is governed by kinetic
parameters rather than whether a reaction is exothermic or endothermic. Fur-
thermore, stoichiometry alone does not reveal the reaction mechanism. Thus,
the kinetics of each reaction must be independently determined, often using
advanced techniques like fluorescence measurements to analyze molecular
interactions.[60]

In reversible reactions, the classification of species as reactants or prod-
ucts is arbitrary and depends on the direction from which the reaction is ap-
proached. Whether the system is initiated with ¢ moles of AB or with a moles
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of A and b moles of B, it will evolve toward an equilibrium state defined by
the equilibrium constant, as illustrated in Figure 1.6.

a b
c
5 C AB—->A+B A+B— AB
+ AB
O | T i
= -
§ equilibrium ,,/tA, CB equilibrium
[ el A T
8 — /
(, \7 (\,‘ /’1 “AB
time time

FIGURE 1.6: Change in reagent concentrations in relation to reaction time. (a) Dis-

sociation of molecule AB, (b) Formation of molecule AB. The direction of the re-

versible reaction is relative and depends on the initial concentrations of the reac-
tants. a, b, and c are the initial concentrations of A, B, and AB, respectively.

Reactions proceed at varying rates. Some may reach equilibrium within
milliseconds, while others take days.[61] The reaction rate v depends on the
nature and strength of bonds between reactants. Acid-base and ionic reactions
are typically rapid, whereas covalent bond formation, such as rusting, occurs
much more slowly.[62]

The physical state of reactants also influences v. In a single phase (e.g.,
liquids), molecules mix freely, allowing rapid contact. In contrast, reactions
involving different phases are limited to the interface area. Increasing the sur-
face area or using catalysts can enhance reaction rates. Other factors include
temperature, reactant concentrations, and the presence of inhibitors.[63]

Unlike the equilibrium constant, v depends on the concentrations of reac-
tants and products. The rate of a reaction is mathematically expressed as the

change in substrate S or product P concentration over time ¢:

AlS] _ A[P]
TTAL or U—W.

(1.4)

Since substrate concentrations decrease over time, rates based on them are
preceded by a negative sign.
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For nucleic acid hybridization illustrated in Figure 1.7, the reaction rate is
given by:
v = ki [A]*[B)f —k_[AB]", (1.5)

where k, and k_ are rate constants for the forward and reverse reactions,
respectively. The terms «, B, and -y represent the partial reaction orders for the
reactants and product, respectively, while the sum of these coefficients defines
the overall reaction order.

K+
A B

FIGURE 1.7: The association of complementary single-stranded DNA molecules, A

and B, into a double-stranded complex AB. The reaction proceeds with a forward

rate constant k representing hybridization and a backward rate constant k_ cor-
responding to strand dissociation.

AB

At equilibrium, the forward and reverse reaction rates are equal:
k+[A][B] = k_[AB], (16)

which for an elementary bimolecular reaction leads to:

[AB] ki
K== —. (1.7)
[A][B] k-
This relationship holds under the assumption that the reaction proceeds
through a single elementary step and that activities can be approximated by
concentrations.
Nucleic acid hybridization is frequently modeled as an elementary bi-

molecular association reaction, particularly under dilute conditions and in the
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absence of significant secondary structure formation. Under these assump-
tions, the association rate is given by:

v = k. [A][B]. (1.8)

When the initial concentrations of the two strands are equal, the rate simplifies
to:
v =k[A]% (1.9)

This expression is valid when the reverse reaction is negligible, e.g., at early
time points or under conditions where hybridization is strongly favored.
From Equation 1.4, the reaction rate can be determined by calculating the
change in substrate concentration as a function of time. This allows Equation
1.9 to be expressed in terms of a derivative:
d[A]

_ 2
_T_kJF[A] , (1.10)

and then calculated, knowing the initial concentration of A (Ap) and its con-

centration change A; over time:

—/[[ ’d[A]—iq/dt (1.11)

Ao[]Z

As a result, we obtain:
1 1

This equation can be visualized as a linear function (Figure 1.8), where the

(1.12)

slope corresponds to the rate constant k., and the intercept with the y-axis is
1/[Ao]. The characteristic timescale of this reaction can be described by the
half-time (t;;), defined as the time required for the reactant concentration to
decrease to half of its initial value. For a second-order reaction, the half-time

is given by:
1
t1/2 — m,

indicating an inverse relationship with the initial concentration, such that

(1.13)

higher initial reactant concentrations lead to shorter half-times.
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1/[Al

k, = slope
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FIGURE 1.8: Visualization of Equation 1.12, where k. represents the slope of the
line, and 1/[Ay] is the y-intercept.

1.4 Fluorescence Mechanisms and Spectra

Luminescence refers to the spontaneous emission of photons from electroni-
cally excited states, not driven by thermal energy. This phenomenon can re-
sult from chemical reactions, electromagnetic excitation, mechanical stress, or
structural changes in crystalline materials. Luminescence is further classified
into fluorescence and phosphorescence, based on the nature of the electronic
transitions and the spin states involved.

The electron transitions and energy dissipation pathways in fluorescence
and phosphorescence can be illustrated using the Jablonski diagram (Figure
1.9).[64] Upon absorption of a photon, an electron transitions from the ground
state Sp to an excited singlet state S; or S;. This absorption process occurs
on the femtosecond scale (107> seconds).[65] Depending on the energy ab-
sorbed, the electron may populate higher vibrational levels of S; or Sy, fol-
lowed by non-radiative relaxation processes such as internal conversion and
vibrational relaxation. These processes reduce the energy of the system, bring-
ing the electron to the lowest vibrational level of S;.

Fluorescence emission occurs when the electron returns from Sy to Sy, re-
leasing energy in the form of a photon. This radiative process is rapid, with
fluorescence lifetimes typically in the range of 1078 to 10~ seconds.[60] The
emitted photons are of lower energy (longer wavelength) than the absorbed
photons due to energy loss during non-radiative relaxation, a phenomenon
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known as the Stokes shift.[66] The resulting emission spectrum is broad, re-
flecting the thermal motion and vibrational coupling of the fluorophore.

T
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FIGURE 1.9: The Jablonski diagram illustrating the electronic processes occurring

in a molecule with fluorescent properties. Sy represents the ground state, S; and

S, are excited singlet states, and T; is the excited triplet state. Photon absorption

is marked with a green line, fluorescence with a yellow line, and phosphorescence
with a purple line.

Phosphorescence involves a more complex sequence of transitions. Fol-
lowing intersystem crossing, an electron in the S; state transitions to the triplet
state T1, where the spin orientation changes. Due to the “forbidden” nature of
the spin transition, the lifetime of the triplet state is significantly longer, rang-
ing from milliseconds to seconds or even longer. Phosphorescence emission,
therefore, occurs on a much slower timescale than fluorescence and is often
observable in the absence of external excitation.

The spectral properties of fluorescence and phosphorescence are influ-
enced by the chemical structure of the emitting molecule (fluorophore) and its
surrounding environment. Vibrational relaxation and thermal motion result
in a broadening of the emission spectrum, with the Stokes shift determining
the energy difference between absorption and emission peaks (Figure 1.10).
The proximity of vibrational levels within the ground state also contributes
to the spectral characteristics, influencing the efficiency and wavelength of

emitted photons.[67]
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Fluorescence spectra are further affected by the solvent environment, as
interactions between the fluorophore and solvent molecules can shift the en-
ergy levels of the excited states. For example, the absorption and emission
peaks may shift depending on the polarity or viscosity of the solvent, alter-
ing the spectral properties of the fluorophore.[68] These factors are critical for
optimizing fluorescence-based techniques in experimental settings.

Stokes shift
A
|
- absorption | 1
= 1
¢ A | emission
3 I I
= | |
2 ! !
= 1 1
[0 ! SO_;’SI
| :
SOTSZ !
|
I I
1 1 Z
wavelength

FIGURE 1.10: The diagram of photon absorption spectra to singlet states S; and
S, (green line) and photon emission from the singlet state S (purple line) with the
Stokes shift.

Fluorescence is a ubiquitous phenomenon, observed in both natural and
synthetic systems. In biological systems, it plays a vital role in the study of
cellular and molecular processes. Fluorescence spectroscopy and microscopy
have become indispensable tools in modern research, enabling the visualiza-
tion of intracellular structures, molecular interactions, and dynamic processes
in real time.[69] These techniques are particularly valuable for tracking the
movement of biomolecules, analyzing metabolic pathways, and investigating
structural changes in cells and tissues.[70, 71]
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1.5 Experimental Techniques

1.5.1 Confocal and Fluorescence Microscopies

Optical microscopes were the first instruments developed to magnify and vi-
sualize biological samples using light transmitted through an optical system.
These devices enable the observation of most plant, animal, and bacterial cells,
making them fundamental tools in biological research. They are widely em-
ployed for monitoring cellular processes, such as movement and physiologi-
cal changes, in living samples. The advantages of optical microscopes include
low cost, ease of use, and the ability to examine live specimens without exten-
sive preparation. However, their utility is limited by the requirement for thin
samples to ensure light penetration and, in some cases, the need for chemical
fixation techniques that may alter the native properties of the sample.

One of the most significant advancements in optical microscopy is fluores-
cence microscopy, which utilizes filters to selectively capture emitted and ex-
cited light from fluorescently labeled molecules. This technique has enhanced
the ability to study specific molecular components in biological systems. Re-
cent developments have focused on improving the standardization and repro-
ducibility of fluorescence microscopy, ensuring consistent and reliable results
across different laboratories.[72]

Building on this foundation, confocal microscopy provides further refine-
ment by enabling the acquisition of high-resolution images from specific opti-
cal planes within a three-dimensional sample. Unlike traditional microscopes,
which integrate signals from all focal planes, confocal microscopes selectively
focus on a single plane, thereby eliminating out-of-focus light and enhancing
image contrast and resolution. The core innovation of confocal microscopy
lies in using a pinhole aperture positioned in front of the detector. This aper-
ture blocks light from regions outside the focal plane, ensuring that only in-
focus light contributes to the final image. This design enables point-by-point
scanning of the sample, which is typically illuminated by a laser. The result-
ing data can be used to reconstruct high-resolution two-dimensional images

or three-dimensional representations of the sample.[73]
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Confocal microscopy is particularly valuable in fields such as cell biol-
ogy, neuroscience, and biophysics, where precise spatial and temporal res-
olution is required. It is commonly employed to study the localization of
specific proteins, interactions between molecules, and structural dynamics in
live cells. Furthermore, the ability to acquire optical sections in the z-axis al-
lows for the construction of detailed three-dimensional models of tissues or
organelles, providing insights that are not achievable with traditional optical
microscopes.

A confocal microscope operates by directing a laser beam of a specific
wavelength through an optical system, including a pinhole aperture. The
laser light is reflected by a dichroic mirror, which selectively transmits and
reflects light based on its wavelength. This beam is then focused onto the
sample, where it excites fluorophores, causing them to emit light at a longer
wavelength. The emitted light travels back through the optical system and is
refocused by lenses onto the optical axis. The pinhole aperture ensures that
only light from the focal plane reaches the detector, while out-of-focus light
is blocked. The fluorescent signal is then passed through emission filters to
isolate the desired wavelength before reaching the detector, typically a pho-
tomultiplier tube or a charge-coupled device (CCD). The detected signal is
digitized and processed to generate a final image, which is displayed on a
monitor. The construction diagram of the confocal microscope is shown in
Figure 1.11.

Despite its many advantages, confocal microscopy has several limitations.
The equipment is costly and requires specialized training for operation and
maintenance. Imaging times are longer compared to traditional optical mi-
croscopy due to the point-by-point scanning process. Additionally, while
confocal microscopes provide higher resolution than standard optical micro-
scopes, their resolution remains lower than that of electron microscopy. How-
ever, confocal microscopy compensates for this limitation by enabling the ob-
servation of live samples and real-time processes, which are not feasible with

electron microscopy.



20 Chapter 1. Introduction

focal plane

objective
itation liah
excitation light dichroic filter

laser

lens

scattered light

pinhole

fluorescence emission

detector

filter

FIGURE 1.11: Construction diagram of a confocal microscope.

1.5.2 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) is a quantitative technique
used to study the dynamics and interactions of biomolecules, including
DNA, RNA, and proteins. It enables the analysis of molecular diffusion,
binding, and conformational changes in solution at nanomolar concentra-
tions and with single-molecule sensitivity. A key advantage of FCS is that
it does not require molecular immobilization, which is often necessary in
other fluorescence-based techniques and can alter biomolecular behavior.
Immobilization, while preventing diffusion, often leads to photobleaching
due to prolonged exposure to high-intensity illumination, thereby limiting
observation times [74, 75]. FCS overcomes this limitation by combining con-
focal microscopy with temporal correlation analysis of fluorescence intensity
fluctuations. These fluctuations arise as fluorescent molecules stochastically

diffuse in and out of a small, optically defined observation volume.
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The detection volume in FCS is formed by the focused laser excitation and
the confocal pinhole, and is typically on the order of femtoliters (107> L).
It is three-dimensional and approximately ellipsoidal in shape, characterized
by a Gaussian intensity profile. The dimensions of this confocal volume are
described by the lateral radius w; (equal in the x- and y-directions) and the
axial radius w; along the z-axis (Figure 1.12). The anisotropy of the confocal
geometry is expressed by the structural parameter x:

w2
= —. 1.14
K= (114)

confocal
volume

illumination
cone

FIGURE 1.12: Confocal volume and illumination cone with radii descriptions.

Because fluorescence intensity gradually decreases toward the edges of
the detection volume, an effective volume V. is defined to represent the re-
gion from which most of the fluorescence signal originates:

3/2

Vet =10 w%wz. (1.15)

This effective volume depends on the optical setup, including the numerical
aperture of the objective, laser wavelength, and alignment of the excitation
and detection paths. Accurate knowledge of V¢ is essential for quantitative
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interpretation of FCS data, particularly for calculating molecular concentra-
tions.

To determine V¢ experimentally, FCS measurements are first performed
on a fluorescent reference dye with a well-characterized diffusion coefficient
in aqueous solution, such as Rhodamine B or Alexa Fluor 488. Fitting the
measured autocorrelation function to a standard diffusion model yields the
characteristic diffusion time 7p. The lateral radius w; is then calculated from

the known diffusion coefficient D,:

w1 = \/4DrefTD. (1.16)

The axial radius w, is subsequently obtained from the structural parameter «,

and the effective volume is recalculated as:

3/2

Vg =1 w’f'K. (1.17)

Once calibrated, the FCS setup can be used to analyze unknown samples.
Fluorescent molecules diffusing in and out of the confocal volume generate
temporal fluctuations in fluorescence intensity. These fluctuations occur be-
cause the number of molecules in the detection volume is small — typically
between 1 and 10. Molecules with different diffusion coefficients exhibit dis-
tinct fluctuation patterns: faster molecules (D) cause rapid, short-lived fluc-
tuations, while slower ones (D) lead to longer-lasting intensity changes (Fig-
ure 1.13).
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FIGURE 1.13: (a) Confocal volume with two types of molecules passing through
it, each having different diffusion coefficients. (b) Time trace showing changes in
the number of molecules detected within the focal volume over time. The yellow
signal corresponds to the faster molecule with a diffusion coefficient D1, while the
purple signal represents the slower molecule with a diffusion coefficient D5.

The fluorescence intensity I(f) is proportional to the number of molecules

n(t) in the observation volume:
n(t) = (n) + An(t), I(t) = (I) +0I(t), (1.18)

where (n) and (I) denote the average particle number and intensity, and
An(t) and S1(t) are fluctuations around these averages.
To extract quantitative information, these fluctuations are analyzed using

the autocorrelation function:

G(t) = W (1.19)

which describes the time-dependent correlation of intensity fluctuations at
delay time 7. For a single species undergoing free 3D diffusion, such as single-
stranded DNA, the autocorrelation function follows:

1 T\ ! T\ V2
——.(1+X) (1 1.2
G() = = <+TD> <+K2TD) , (1.20)

where N is the average number of molecules in the confocal volume and 1p is

the characteristic diffusion time. The diffusion coefficient D is then calculated
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as: »
w

D=1, 1.21

. (1.21)

In addition to diffusion, the initial amplitude of the autocorrelation func-

tion provides access to (i) molecular concentration:

B N
Ny Vegt”

C (1.22)

where N, is Avogadro’s number, and (ii) molecular brightness.

1.5.3 Molecular Brightness Analysis

Molecular brightness is a key parameter for quantifying the luminescent be-
havior of individual molecules in fluorescence-based techniques. In photo-
physics, the intrinsic brightness B of a fluorophore is defined as the product
of its molar absorption coefficient ¢(A) and quantum yield ¢(A):

B =¢(A)-p(A). (1.23)

This value characterizes how efficiently a molecule converts absorbed pho-
tons into emitted fluorescence but does not account for experimental variables
such as molecular concentration or detection volume.

In the context of fluorescence correlation spectroscopy (FCS) and related
techniques, the more practical quantity is the molecular brightness x, which is

defined as the average photon count rate per molecule:

x = 1)) (1.24)

where (I) is the average fluorescence intensity (in photons per second), and
N is the average number of fluorescent molecules in the confocal volume.
Molecular brightness reflects not only the intrinsic properties of the fluo-
rophore, but also the local environment, including quenching, complexation,
or changes in conformation.

Changes in molecular brightness can be used to study biomolecular inter-
actions, such as the formation of complexes. Consider the reversible binding
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reaction:
A+ B = AB,

where A is a fluorescent molecule and B is a non-fluorescent binding part-
ner. The molecular brightness of free A is denoted &, while the brightness of
the AB complex is 7. If the fluorescence of A is altered upon binding (due
to changes in quenching or quantum yield), the total fluorescence intensity
reflects the population-weighted contribution from both species.

The Hotyst group has developed a method known as Molecular Bright-
ness Analysis (MBA) that uses this principle to extract equilibrium binding
constants from brightness changes measured across a concentration se-
ries [21].

Initially, the fluorescence count rate x is measured in a solution containing
only A, and can be written as:

xX=Vo-a-Cap, (1.25)

where V) is the calibrated confocal volume, « is the molecular brightness of
free A, and C,4 is its concentration.

Upon titration with increasing concentrations of B, the complex AB forms,
altering the observed count rate. At equilibrium, the fluorescence signal in-
cludes contributions from both A and AB:

x=Vo(a-Cil+-CJl), (1.26)

where C5\! and Cj}; are the equilibrium concentrations of the free and com-
plexed fluorophore, respectively.

The molecular brightness values « and <y correspond to the free and bound
states of A, respectively. These values are obtained from FCS measurements
by analyzing fluorescence intensity fluctuations and the average number of
fluorescent molecules, using the relation y = (I)/N. This approach ensures
that observed changes in count rate reflect genuine photophysical or struc-
tural changes upon binding, rather than differences in concentration. In prac-
tice, the value of 7y can also be determined independently by measuring the
fluorescence signal in the presence of a large excess of B (typically 10-50-fold
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higher than A), where nearly all fluorophores are expected to be in the com-
plexed form.
The equilibrium constant for the 1:1 binding reaction is defined as:
Cap Cap

= = , (1.27)
Cixq ’ Cqu (C% - Czequ)(C% - CZqB)

where C% and C% are the total initial concentrations of A and B, respectively.
Substituting this relationship into Equation 1.26 yields the final expression
used in MBA:

x=Voa-(Ch—Cib)-[1+ 1 K- (Ch-cb)]. (1.28)

To experimentally determine K, a series of measurements are conducted
at varying C%/CY ratios. For each point, the total count rate x is measured
and the data are fit using Equation 1.28. This allows the extraction of both
K and the molecular brightness values a« and v when necessary. The method
is highly sensitive, enabling quantification of binding equilibria at nanomolar

or even picomolar concentrations.

a -

photon countrate
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@ @- @ @ o—

<

reactant concentration ratio (Cg/Cp)

FIGURE 1.14: Example plot showing the measured count rate during AB complex

formation, fitted using Equation 1.28 for the case where &« > . As the complex

forms, the count rate decreases. A greater decrease in count rate for a given Cp/Cy
ratio indicates a stronger binding affinity (higher equilibrium constant K).
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1.5.4 Forster Resonance Energy Transfer

While MBA allows the determination of equilibrium constants K with only
one fluorescently labeled reactant, additional insight can be gained by label-
ing the second reactant at a defined site with a spectrally compatible dye.
This enables the use of Forster Resonance Energy Transfer (FRET), a powerful
technique for probing molecular proximity at the nanometer scale.

FRET is based on a non-radiative energy transfer mechanism between two
fluorophores: a donor, which absorbs excitation light and transfers energy via
dipole-dipole interactions, and an acceptor, which receives this energy and
may re-emit it as fluorescence. The efficiency of energy transfer (E) depends
strongly on the distance r between the donor and acceptor, following the char-
acteristic relation:

[ (1.29)

G’
1+ (%)
where Ry is the Forster distance — the separation at which E = 50%.

In addition to distance, FRET efficiency is influenced by the relative orien-
tation of the donor and acceptor dipole moments, the local dielectric environ-
ment, and particularly by the degree of spectral overlap between the donor’s
emission and the acceptor’s absorption spectra. This overlap is quantified by
the spectral overlap integral ], defined as:

] = /Ooo Fp(A) -e4(A) - A%dA, (1.30)

where Fp(A) is the normalized donor emission spectrum, €4(A) is the mo-
lar extinction coefficient of the acceptor, and A is the wavelength. A larger
J value indicates a higher probability of energy transfer, making fluorophore
pair selection a critical consideration in FRET experimental design.

Due to its steep distance dependence (E o r~°), FRET functions as a highly
sensitive molecular ruler capable of detecting changes in donor—acceptor sep-
aration over the 1-10 nm range. It is widely applied in studies of protein-
protein interactions, nucleic acid hybridization, and conformational changes
in biomolecular complexes. However, a key limitation is the requirement for

dual fluorophore labeling, which demands careful design to ensure that both
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dyes remain within the Forster radius after binding.[76]

= = absorption
7S /\ == emission

acceptor

relative intensity

wavelength

FIGURE 1.15: Example absorption (dashed) and emission (solid) spectra for a

donor (purple) and acceptor (green) fluorophore. The yellow region indicates the

spectral overlap between the donor emission and acceptor absorption, which is es-
sential for efficient FRET.

1.6 Microfluidics

1.6.1 Introduction to Microfluidics

Microfluidics is a technology that enables the precise control and manipula-
tion of fluids within microscale channels, typically measuring tens to hun-
dreds of micrometers in width. At these length scales, fluid behavior is gov-
erned by laminar flow, surface tension, and capillary forces, enabling pre-
dictable transport, low reagent consumption, and integration of multiple ana-
lytical steps onto a single device [77, 78]. These characteristics have led to the
development of so-called lab-on-a-chip systems, which consolidate sample
preparation, reaction, and detection processes into compact platforms [79].

In the context of biomolecular analysis, microfluidic systems offer unique
advantages, including reduced sample volumes, increased throughput,
and enhanced compatibility with optical detection methods such as FCS
and MBA[80, 81]. Their ability to create stable, reproducible droplet-based
environments further enables reaction compartmentalization and real-time
monitoring under well-defined conditions.

In this thesis, microfluidic technology was leveraged to address critical

limitations in the manual determination of DNA hybridization equilibria —
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specifically, the time-intensive sample preparation, low throughput, and high
reagent consumption of standard FCS and MBA protocols.

1.6.2 Fundamental Principles of Microfluidics

At the microscale, fluid dynamics deviate significantly from macroscopic be-
havior. Due to the low Reynolds numbers (Re < 1), flows are typically lam-
inar and highly predictable, with viscous forces dominating over inertial ef-
fects [77]. In such regimes, mixing between fluid streams is governed pre-
dominantly by molecular diffusion, prompting the development of strategies
to enhance mixing, such as the use of serpentine geometries, chaotic advec-
tion, or external fields (e.g., magnetic or acoustic) [82].

The high surface-area-to-volume ratio characteristic of microfluidic chan-
nels leads to a dominant role of interfacial forces. Surface tension, capillary
action, and wetting behavior govern droplet formation and fluid motion, and
can even drive passive flow in pump-free systems — a property particularly
relevant for portable and resource-efficient designs [78].

Microfluidic transport processes include the transfer of mass, momentum,
and heat. The small characteristic lengths of microchannels reduce diffu-
sion distances and thermal equilibration times, enhancing the control of re-
action kinetics [83]. Additionally, electrokinetic phenomena such as electroos-
mosis and electrophoresis enable precise manipulation of ionic species and
biomolecules using electric fields, and are widely used in microchip-based
separations and bioanalytical assays [80].

The fabrication of microfluidic devices typically involves either subtrac-
tive methods, such as photolithography and etching on silicon or glass, or
soft lithography using elastomers like polydimethylsiloxane (PDMS), which
offers excellent optical transparency and biocompatibility. More recently, ad-
ditive manufacturing techniques (e.g., 3D printing) have enabled rapid pro-
totyping of complex channel geometries and integration of multifunctional
components [84, 85]. The choice of fabrication method depends on the desired
resolution, material compatibility, and application-specific requirements.
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1.6.3 Applications of Microfluidics

Microfluidic technologies have been applied extensively across the physical,
chemical, and life sciences. In biomedical diagnostics, they enable the detec-
tion of disease biomarkers with high sensitivity and minimal sample volume,
supporting point-of-care applications in both clinical and resource-limited set-
tings [86]. For example, paper-based microfluidic platforms using colorimet-
ric assays can be interpreted by smartphones for the rapid identification of
bacterial pathogens such as E. coli.

In molecular biology and biotechnology, microfluidics facilitates high-
throughput screening and single-cell analysis. Droplet-based platforms allow
the compartmentalization of individual cells or molecules for transcriptomic
profiling, revealing cellular heterogeneity in complex systems [87]. Organ-on-
a-chip systems that mimic the architecture and function of human tissues are
increasingly used in drug screening, offering more physiologically relevant
alternatives to traditional 2D cell culture [88, 89].

Microfluidic integration of nucleic acid amplification techniques — such
as polymerase chain reaction (PCR) and digital PCR - has significantly
improved the speed, efficiency, and quantitative resolution of genomic
assays [81]. Additionally, microfluidic reactors support continuous-flow
synthesis under well-controlled conditions, facilitating the generation of
monodisperse nanoparticles and enabling novel reaction schemes [79].

Despite these advances, key challenges remain in scaling up device fabri-
cation, achieving reproducible performance, and integrating fluidic, optical,
and electronic components into fully autonomous systems. Future develop-
ments are expected to leverage hybrid manufacturing strategies, new biocom-
patible materials, and nanofluidic innovations to expand the functionality of
microfluidic platforms [90]. In this thesis, microfluidics is not treated as an
end in itself but as a means of enabling the semi-automated, high-throughput

quantification of biomolecular interactions.
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Materials & Methods

This section describes the compounds, liquids, and other materials used, as
well as the methods and configurations of setups.

2.1 Materials

2.1.1 Oligonucleotides

Measurements were conducted on 13- (5" ATC GTG TAG GCA T 3/, 5" ATG
CCT ACA CGA T 3’ - Systems 1 and 3) and 20-base-pair-long (5" ATC GTT
GGA GCT TGA GGC AT 3, 5° ATG CCT CAA GCT CCA ACG AT 3" -
Systems 2 and 4) DNA strands (IBA GmbH, Germany), and used without
further purification (Figure 2.1). The hybridization was investigated using
FRET and MBA. Accordingly, distinct pairs of reactants were prepared. For
the FRET measurements, oligonucleotides were labeled with two fluorescent
dyes, Atto488 and Atto647, each conjugated to a different strand and posi-
tioned at the same terminus upon hybridization. For the MBA experiments,
one reactant was labeled with Atto488, while the complementary strand
remained nonfluorescent. The designed sequences prevent the formation
of secondary structures and are shown in Figure 2.1. Aliquots were stored
at a stock concentration of 100 uM in standard Tris-EDTA buffer at -20 °C.
Before measurements, aliquots were diluted in various aqueous solutions at
pH 7.4, containing 0.002% Tween 20, and stored at 4 °C for 48 hours to allow
the reactants to reach equilibrium. The surfactant was added to maintain
oligonucleotides in the solution and prevent their accumulation at the
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water—glass or water-air interfaces.[91] All measurements were conducted at
25 °C.
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h C-G G-C
A-T A-T
3'T-AS' A
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FIGURE 2.1: Oligonucleotide sequences of 13 and 20 base pairs in length were stud-
ied in this work. (a) Reactant system designed for MBA measurements, in which
fluorescence intensity increased upon hybridization (Systems 1 and 2). (b) Reac-
tant system designed for FRET measurements, where hybridization was followed
in energy transfer from the donor to the acceptor fluorophore (Systems 3 and 4).
Consequently, the fluorescence intensity of the Atto488-labeled DNA strand de-
creased, while the intensity of the Atto647-labeled strand increased. Arrows indi-
cate the excitation of the samples using a 485 nm laser.

2.1.2 Catalysts

The association rate of oligonucleotides was investigated in relation to the

charge type and distribution over co-solubilized molecules. The positively
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charged compounds included arginine with nine monomers - arginine-9
(Arg-9, Anaspec, Belgium), cetrimonium chloride (CTAC, TCI, Belgium),
cetylpyridinium chloride (CPC, Sigma-Aldrich, USA), and benzethonium
chloride (BTC, Sigma-Aldrich, USA). Sodium dodecyl sulfate (SDS, GmbH,
Germany) was used as a negatively charged catalyst, while Brij L23 (Sigma-
Aldrich, USA) served as a neutral one. The chemical structures of these
molecules are presented in Figure 2.2. All compounds were dissolved in
aqueous solution. The surfactants were stored at 5 °C, whereas arginine-9
was maintained at -20 °C and thawed before use.

CTAC CPC BTC
HaC <—\
H3C\\ CHs \ / HaC. CHJCHa SDS
HsQ Brij L23

g \/+
(o] O. OH
g 23
Arginine
OH
o]

7
HaC ?
HyC HsC HyC CHs NH,

FIGURE 2.2: The chemical structures of the catalyst molecules. The positive charge
is highlighted in blue, while the negative charge is indicated in orange.

2.1.3 Crowders

To mimic the cellular environment, the oligonucleotide hybridization was
studied in the presence of crowders such as ethylene glycol (EG) and
polyethylene glycols (PEGs) of varying molar masses, including PEG
200, PEG 400, PEG 600, PEG 1000, PEG 1500, PEG 3000, PEG 6000, PEG
12000, PEG 20000, and PEG 35000. All the chemicals were purchased from
Sigma-Aldrich, USA, and stored at room temperature.
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2.1.4 Solutions

To maintain pH stability or modify the ionic strength of aqueous systems,
the following solutions were used: phosphate-buffered saline (PBS), sodium
phosphate buffer (PB-Na), and potassium phosphate buffer (PB-K). A 0.5 M
PB-Na stock solution was prepared by dissolving 0.573 g of NaH,PO, and
7.2415 g of Na,HPO4-12H,0 in Mili-Q water to a final volume of 50 mL, fol-
lowed by pH adjustment to 7.4. Similarly, a 1 M PB-K stock solution was
prepared by mixing 32.08 mL of 1 M KH,PO,4 with 7.92 mL of 1 M K;HPOy,
after which the pH was measured and adjusted to 7.4.

To validate the microfluidic setup, aqueous droplets were infused with
food dyes, including Allura Red AC (E129), Brilliant Blue FCF (E133), and
Quinoline Yellow WS (E104). For droplet formation, Novec 7500 (3M, USA)
containing 2% fluorosurfactant (RAN Biotechnologies, USA) was used as the
oil phase. The surfactant was added to stabilize aqueous droplets and prevent
them from adhering to the channel walls.

2.2 Methods

2.2.1 Confocal Microscope Setup

Reactant properties and interactions were assessed using a Nikon C1 inverted
confocal microscope equipped with a PicoQuant LSM module, integrated
with the PicoHarp 300 Time-Correlated Single-Photon Counting (TCSPC)
system. Measurements were performed in glass-bottom plates (ibidi GmbH,
Germany) or directly in droplets trapped within the core of the detection
unit. The detection unit or plate was positioned above the objective, and the
focal volume parameters were defined using a Nikon PlanApo 60x water
immersion lens (NA = 1.2). The focal volume was set at a depth of 10 pm
from the glass bottom and remained fixed during measurements.

The focal volume size was estimated by system calibration using Rho-
damine 110 (Sigma-Aldrich, USA) and fluorescence correlation spectroscopy
(FCS) measurements. Sample excitation was achieved using a pulsed diode
laser (PicoQuant GmbH, Germany) operating at two wavelengths (485 nm

and 636 nm) with a pulse interval excitation scheme. The laser operated at a
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pulse frequency of 40 MHz, with an optimized power of 40 pW, measured at
the entry point of the objective using a power meter (PM 100, Thorlabs).

For the double-labeled system, fluorescence intensity fluctuations were
recorded in two detection channels using a dichroic mirror (T635). In the first
channel (CH1), the signal acquisition was synchronized with the 485 nm laser
pulse, while in the second channel (CH2), detection followed excitation by
the 636 nm laser. A climate-controlled chamber (temperature and humidity,
OkoLab, Italy) enclosed the setup to minimize background noise and main-
tain a constant temperature of 25 & 0.5 °C. The emitted fluorescence was de-
tected by a single-photon avalanche photodiode (PerkinElmer Optoelectron-
ics, Canada), with signal transmission through a 645 nm long-pass filter for
CH2 and a 525/50 nm bandpass filter for CH1. For single-labeled systems,
photon detection was restricted to a single channel using the 485 nm laser,
a 488 nm long-pass filter or 525/50 nm bandpass filter, and the same laser
power and pulse frequency settings. Data acquisition and analysis were per-
formed using a custom Python script. The microscope system was controlled
via the PicoQuant Sepia II laser controller and SymphoTime 64 software.

2.2.2 Microfluidic Setup

The fluid motion was controlled using low-pressure Nemesys 290 N syringe
pumps (Cetoni GmbH, Germany), which were integrated with an HSZ-645TR
stereoscope (Huvitz, South Korea) and a UI-3274LE-C-HQ CCD camera (IDS,
Germany). The oil phase (OP) and aqueous phases (APs) were introduced
into 1 mL glass syringes (Hamilton, USA) and connected to the droplet-
on-demand unit (DODU) via polytetrafluoroethylene (PTFE) tubing (Bola
GmbH, Germany) with an inner diameter of 0.8 mm and an outer diameter of
1.6 mm. Droplet formation was regulated by a custom-written Python script,
which processed real-time image feedback from a camera to control four
pumps — three for distinct APs and one for the OP. This automated procedure
minimized the unintended mixing of APs due to potential liquid leakage
at interconnections and ensured consistent spacing between consecutive
droplets.
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Droplet On-Demand Unit (DODU). The system was fabricated using a
CNC milling machine (Ergwind, Poland) equipped with a 0.4 mm end mill
(FR208, inGraph, Poland), and the geometries were engraved into a single 4
mm polycarbonate (PC) plate (Makrolon, Bayer AG, Germany). A second 4
mm PC plate, containing inlet and outlet holes, was bonded to seal the chan-
nels. To ensure proper alignment, steel pins with a diameter of 0.8 mm were
inserted into auxiliary holes, and the plates were fused using a hot press at
135 °C and 2 bars for 15 minutes. Subsequently, the channels were surface-
modified by introducing Novec 1720 (3M, USA) under a vacuum of 15 mil-
libars for 2 minutes, followed by thermal treatment in an oven at 90 °C for
15 minutes. To facilitate controlled droplet coalescence, an electromagnetic
tield was applied by embedding wire electrodes (UL3239 28 AWG with XLPE
insulation, rated for 6 kV-DC) into dedicated channels. The APs and the OP
were delivered through PTFE tubing (Bola GmbH, Germany), which was flat-
tened at the ends and sealed to the PC plate using 1.2 mm diameter screws
with nuts. The outlet Teflon tubing (0.4 mm inner diameter, 0.9 mm outer
diameter) was secured in the same manner.

Detection Unit (DU). The system consisted of a polydimethylsiloxane
(PDMS) component with pocket channels (P1) bonded to a 0.1 mm micro-
scope cover glass (ESCO, USA) (P2). The detection system was connected to
the DODU at the inlet and to the waste at the outlet via PTFE tubing with an
inner diameter of 0.4 mm and an outer diameter of 0.9 mm (Bola GmbH, Ger-
many). P1 was fabricated by casting a 10:1 mixture of PDMS base (Sylgard,
USA) and curing agent (Sylgard, USA) into a negative mold, followed by
curing at 75 °C for 3 hours, similarly to the protocol described by Friend and
Yeo.[92] After curing, P1 was removed from the negative mold and exposed
to P2 for 1 minute under oxygen plasma treatment in a plasma cleaner (Har-
rick Plasma, USA) to facilitate bonding. The negative mold was prepared by
pouring the same PDMS mixture used for P1 over a polycarbonate mask and
curing it under identical conditions. To prevent adhesion, the negative mold
was silanized with (3-Aminopropyl)triethoxysilane (Sigma-Aldrich, USA)
vapor in a vacuum chamber at 10 millibars for 1 hour before casting P1. The
mask itself was fabricated using a CNC milling machine equipped with a 0.4
mm end mill in a 4 mm polycarbonate plate. The geometries of DODU and
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DU cores are illustrated in Figure 2.3.
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FIGURE 2.3: (a, b) Precise geometries of Droplet on Demand Unit (DODU) and (c)
Detection Unit (DU) cores, and (d) image of the fabricated DODU core.
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Chapter 3

Results & Discussion

3.1 Association Rate of DNA Oligonucleotides

This section describes the association kinetics of DNA oligonucleotides in
aqueous, ionic, and catalyzed environments. A model describing the acceler-
ation of reactions between like-charged DNA strands by oppositely charged

molecules in solution is also presented.

3.1.1 Association Rate Constant

The association of complementary DNA strands is described by Equation
1.12. During hybridization, the fluorescent signal of the FRET acceptor in-
creases proportionally to the concentration of the forming duplex. Accord-
ingly, the time-dependent apparent rate constant k; can be expressed as a func-
tion of the fluorescence intensity I; at time ¢, and the fluorescence intensity at
equilibrium, L:

1 1
=k t+ —. 3.1
el R (3.1)

To estimate the overall rate constant k, the following rearranged expres-
sion was used to determine k; at each time point:
Iy
ki = ———<—. (3.2)
Lg (Ieg — I) £
The overall association rate constant k was then obtained as the weighted
mean of k; values, with the uncertainty determined from the weighted stan-

dard error.
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3.1.2 Hybridization Rate in Water and Ionic Solution

In pure water, the strong electrostatic repulsion between negatively charged
DNA strands prevents hybridization, as each nucleotide carries a single neg-
ative charge. To investigate this effect, 13-base-pair oligonucleotides were di-
luted in pure water containing 0.002% Tween 20 to prevent surface adhesion
of oligonucleotides. Both the donor and acceptor fluorophores were prepared
at a concentration of 10 nM, and a 4 mm electromagnetic rotor was used to
ensure continuous mixing after the acceptor was introduced into the donor
solution. The kinetics of DNA duplex formation were monitored using FRET
in a double-labeled reactant system in two channels (Section 2.2.1), with fluo-
rescence signals recorded over a 14-day period (Figure 3.1).
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FIGURE 3.1: (a) Fluorescence signal of DNAs recorded at the initiation of the mea-
surement and (b) after a 14-day incubation period. Channel 1 shows the FRET
donor signal, while channel 2 shows the FRET acceptor signal. (c) DNA-DNA
single-strand hybridization in pure water, presented as an average fluorescence
signal. No double-strand formation was observed over a span of 14 days.
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No significant changes in fluorescence intensity were observed through-
out the experiment, indicating that hybridization did not occur. This lack
of reaction progression is attributed to the absence of counterions, which
are essential for screening electrostatic repulsion and facilitating strand
hybridization. Previous studies have demonstrated that monovalent and
divalent cations enable DNA duplex formation by neutralizing the nega-
tive charges on the phosphate backbone, effectively reducing electrostatic
repulsion between complementary strands.[93] In contrast, in ion-depleted
conditions, DNA strands remain strongly repelled, preventing hybridization
even over extended timescales.[10] Molecular dynamics simulations have
further confirmed that in the absence of sufficient counterions, DNA duplex
formation is significantly hindered due to persistent electrostatic interac-
tions.[94] Therefore, in the next step, the association of DNA oligonucleotides
in the presence of ions was examined by substituting water with sodium
phosphate buffer (PB-Na) and studying reaction speeds at 1 mM and 100 mM
concentrations (Figure 3.2).

a b

DNA-DNA association in 1 mM PB-Na DNA-DNA association in 100 mM PB-Na

=
o

e
©
4
©

o
IS
fluorescence [a.u.]

fluorescence [a.u.]
o
o

o
N

. o Kk=270e+04 [M-1s71]
kerr = 0.23 %

oo

o Kk=1.06e+05 [M-1s71]
kerr = 0.84 %

o
=3

0 2000 4000 6000 8000 0 500 1000 1500 2000 2500 3000 3500
time [s] time [s]

FIGURE 3.2: DNA-DNA double strand formation in (a) 1 mM sodium phosphate
buffer and (b) 100 mM sodium phosphate buffer

The results revealed a significantly higher reaction rate in 100 mM PB-
Na (k = 1.06 x 10° [M~!s~!], Figure 3.2b) compared to 1 mM PB-Na (k =
2.70 x 10* [M~1s71], Figure 3.2a). The increased ionic strength in 100 mM
PB-Na effectively shields electrostatic repulsion, facilitating hybridization by
lowering the energetic barrier for duplex formation. In contrast, 1 mM PB-
Na provides less effective charge screening, resulting in slower reaction rates.
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These findings confirm the critical role of ionic strength in modulating nucleic
acid interactions and suggest that hybridization in ion-free environments is

unlikely without additional stabilizing factors.

3.1.3 Enhancing DNA-DNA Association Using Charged Molecules

The DNA-DNA association rate can be enhanced by complex molecules pos-
sessing a net charge, such as oligomers, enzymes, and binding sites of pro-
teins.[95, 96] These systems facilitate the formation of transient non-covalent
complexes, which partially neutralize the charges of the reactants and bring
them into close proximity, thereby increasing the frequency of reactant en-
counters. Consequently, molecules exhibiting a positive net charge, including
nona-arginine (Arg-9), cetyltrimethylammonium chloride (CTAC), benzetho-
nium chloride (BTC), and cetylpyridinium chloride (CPC), were introduced
into 1 mM PB-Na buffer with 0.002% Tween. The concentrations of DNA
strands were maintained at 10 nM, while the concentrations of catalysts var-
ied.

In the first series of experiments, the DNA-DNA association rate was stud-
ied in the presence of Arg-9 at a concentration adjusted to equalize the num-
ber of positive charges in solution with the number of negative charges on the
reactants. Specifically, arginine was used at 29 nM (26 charges on both DNA
strands divided by 9 charges on Arg-9 times 10 nM), followed by 2-, 10-, and
50-fold increments in concentration (58 nM, 0.29 uM, and 1.45 uM).

The presence of Arg-9 significantly enhanced the DNA-DNA association
rate compared to phosphate buffer alone, with the k increasing up to approx-
imately 160-fold relative to 1 mM PB and ~6-fold compared to 100 mM PB
(Figure 3.3). Interestingly, the reaction rate remained relatively stable across a
wide range of Arg-9 concentrations, with k values varying from 1.65 x 10° to
3.08 x 10 M~1s71, despite a 50-fold difference in concentration. This observa-
tion suggests that Arg-9 saturates DNAs at nanomolar levels, where it effec-
tively neutralizes the negative charge of DNA and promotes association. Such
behavior aligns with known mechanisms of cationic molecules facilitating nu-
cleic acid interactions, as reported for multivalent cations such as spermidine

and poly-L-arginine.[97] These results highlight the remarkable efficiency of
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Arg-9 in mediating DNA-DNA interactions, even at minimal concentrations,
suggesting its potential as a highly potent DNA-condensing agent.[98]
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FIGURE 3.3: DNA-DNA association rate in PB-Na buffer and in the presence of
Arg-9 introduced into 1 mM PB-Na buffer.

Having established the reaction acceleration by multicharged Arg-9, the
potential catalytic effect of positively charged surfactants, including CTAC,
CPC, and BTC, was investigated. Uncharged (Brij L23) and negatively
charged (sodium dodecyl sulfate, SDS) served as controls.

These molecules can catalyze the reaction either as free surfactant
molecules or as micelles, which form above the critical micelle concentra-
tion (CMC). Reaction rates were expected to vary depending on system
composition. Therefore, the influence of surfactant concentrations on the
hybridization rate was examined above and below the CMC under identical
experimental conditions (1 mM PB-Na, 10 nM DNA-DNA). The concen-
trations of surfactants were 0.01 mM, 0.1 mM, 0.5 mM, at CMC, and CMC
+1 mM. The CMC values of CTAC, CPC, and BTC were 1.06 mM, 0.9 mM,
and 2.8 mM, respectively, while the aggregation numbers were 81, 98, and
65.[99-101]

All CTAC, CPC, and BTC significantly enhance DNA-DNA association
rates compared to PB-Na alone (Figure 3.4). For instance, at 0.01 mM (be-
low CMCQ), k values for CTAC, CPC, and BTC were 1.81 x 107, 2.02 x 107,
and 8.92 x 10®° M~ 1s71 respectively, which are orders of magnitude higher
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than those for 1 mM PB (1.93 x 10* M~!s~!) and 100 mM PB (4.64 x 10°
M~1s71). Even at higher concentrations near or above their CMC (e.g., 0.5
mM), the association rates remained high, with CTAC reaching 1.94 x 107,
CPC at 1.16 x 107, and BTC at 4.30 x 10° M~ 1s~1.
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FIGURE 3.4: DNA-DNA association rate in PB-Na buffer and in the presence of
various positive-charged surfactants introduced into 1 mM PB-Na buffer.

The mechanism behind this enhancement lies in the strong electrostatic at-
traction between the positively charged surfactant head groups and the neg-
atively charged phosphate backbone of DNA, which reduces electrostatic re-
pulsion and promotes closer DNA-DNA interactions. Studies have shown
that cationic surfactants induce DNA condensation and aggregation by neu-
tralizing DNA charges, facilitating its association.[102] However, the minimal
variation in DNA association rates across different surfactant concentrations
suggests that this process reaches saturation. Once DNA'’s negative charges
are sufficiently neutralized, additional surfactant molecules do not further en-
hance the reaction. Additionally, a balance between hydrophobic and electro-
static interactions likely contributes to this saturation; excess surfactant may
aggregate around DNA or induce steric hindrance, further limiting associ-
ation rate increases. In contrast, nonionic surfactants such as Brij L23 and
anionic surfactants such as SDS do not promote DNA-DNA association due
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to their inability to neutralize DNA’s negative charge (Figure 3.5). This aligns
with findings that nonionic surfactants exhibit weak or negligible interactions
with DNA, as their lack of charge prevents effective binding.[103]
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FIGURE 3.5: Fluorescence signals of DNAs recorded in the presence of (a) SDS and

(b) Brij in water. Channel 1 shows the FRET donor signal, while channel 2 the

FRET acceptor signal. No double-strand formation was observed in both SDS and
Brij solutions.

3.1.4 Modeling DNA-DNA Association Rate in Relation to the Dis-
tribution of Charge on Catalyst

A theoretical model was developed to predict the acceleration of reactions be-
tween like-charged molecules in aqueous solutions facilitated by oppositely
charged catalysts. The model was motivated by observing a similar acceler-
ation in two experimental systems: DNA-DNA association (described in the
previous sections) and covalent binding of two Coenzyme A (CoA) molecules
(not considered in this thesis).[104]

The model predicts that catalytic enhancement arises primarily from in-
creased reactant transport rather than specific molecular interactions. When
the size of the catalyst is comparable to or larger than the Debye length (Ap),
its net charge becomes effectively screened in solution and is thus not sensed
by localized probe charges. Instead, the surface charge density x becomes the
dominant factor influencing the system. Employing the Debye-Hiickel ap-
proximation for a planar surface, the shift in electrostatic energy experienced
by a reactant with charge g, as it moves from the bulk to the catalyst surface
is expressed by:
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rXAD

K = ngoTBT (3.3)
where ¢( is the vacuum permittivity, € the relative permittivity of water, kp
the Boltzmann constant, and T the temperature. This dimensionless parame-
ter, scaled by the energy of thermal fluctuations, serves as a critical factor in
describing the electrostatic interactions between the reactant and the catalyst.

Further, to quantify the transport-limited reaction rate, Smoluchowski’s
equation is utilized, linking the diffusive flux of particles from the bulk to
the reactive catalyst surface. The resulting reaction rate constant k is directly

influenced by « leading to:

k= —kQK, (3.4)

where ky is an experimentally derived constant specific to the catalyst—
reactant system. The negative sign ensures that greater attraction (more nega-
tive x) corresponds to a higher reaction rate, such that k increases as x becomes
more negative. This linear dependency between k and « is validated through
experimental data, which show consistent proportionality when plotting k/ko
against x for both CoA and DNA systems (Figure 3.6).
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FIGURE 3.6: k/kg as a function of x for CoA (orange dots) and DNA (blue dots)
systems. The reaction rate increases with decreasing x. The values of ky were deter-
mined by fitting the experimental data for each reactant to Equation 3.4. The align-
ment of data points exhibiting linear behavior indicates high model predictability.
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3.2 DNA-DNA Interactions at Equilibrium

This section describes DNA-DNA interactions at equilibrium in the presence
of monovalent cations and molecular crowders. The influence of ion-crowder
interactions on nucleic acid hybridization is also addressed, followed by a

phenomenological model describing the effects of molecular crowding.

3.2.1 Impact of Cations Concentration on DNA-DNA Interactions

To elucidate the interactions of nucleic acids in ionic solutions, the equilib-
rium constant of DNA-DNA duplex formation K was systematically mea-
sured as a function of sodium (Na™) and potassium (K™) ion concentrations.
The cations were introduced in the form of phosphate buffer salts at pH 7.4
(PB-Na and PB-K), with concentrations ranging from 2 mM to 1 M. The ex-
perimental setup utilized 13-base pair oligonucleotides labeled with two flu-
orescent dyes (System 3, Section 2.1.1), maintaining a constant oligonucleotide
concentration of 10 nM. Figure 3.7 illustrates K as a function of Na* and K*

concentrations on a log-log scale.
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FIGURE 3.7: DNA-DNA equilibrium constant K in the presence of sodium (Na™)

and potassium (K*) cation concentrations. Na™ and K were introduced as phos-

phate buffer salts, PB-K and PB-Na, respectively, at pH 7.4. The initial increase in

K with rising concentrations of both Na* and K™ results from the screening of the

negative charges on DNA backbones by these cations, whereas the subsequent de-

crease in K is attributed to overscreening of the DNA backbone and ion crowding
effects.
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As the ionic concentration increased from 2 mM to approximately 150
mM, K exhibited a significant rise by three orders of magnitude for K™ and
four orders of magnitude for Na*. This enhancement in duplex stability is
attributed to the reduction in electrostatic repulsion between the negatively
charged DNA strands. At higher ionic strengths, the increased charge screen-
ing over short distances stabilizes the DNA duplex by effectively neutraliz-
ing the phosphate backbone charges. These observations are consistent with
the concept of the Debye length, which quantifies the effective range of elec-
trostatic interactions in solution. As ion concentration increases, the Debye
length decreases, leading to more efficient charge screening and stabilization
of the DNA duplex.

However, beyond specific ion concentrations, a decrease in K was ob-
served. For Na™, this decline initiated at concentrations above approximately
170 mM, whereas for K¥, it occurred beyond 130 mM. This reduction in du-
plex stability at high ionic strength is not attributed to an increase in screening
length, since the Debye length continues to decrease, but rather to ion crowd-
ing and overscreening effects. At these elevated concentrations, excess cations
can overneutralize the DNA phosphate backbone, disrupting the electrostatic
balance required for stable duplex formation.[105] In addition, the high local
ion density may perturb hydration shells and reduce DNA flexibility, further
contributing to destabilization.

Notably, Na* consistently stabilizes DNA duplex formation more effec-
tively than K* at equivalent concentrations. For instance, the maximum
K values observed were ~4-101 for Na™ and ~2:10° for K, representing
more than an order of magnitude difference. This trend persists for cation
concentrations >~50 mM, with Na™ achieving significantly higher K values
compared to K*. The higher stabilizing effect of Na* is attributed to its
smaller ionic radius, which facilitates more effective charge neutralization
and closer interaction with the DNA phosphate backbone. In contrast, KT,
with its larger ionic radius and weaker hydration shell, provides less effective
stabilization.[106]
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3.2.2 DNA-DNA Duplex Stability in Crowded Environment
Refractive Index Correction

The addition of molecular crowders alters the refractive index of the solution,
which in turn affects the confocal volume used in fluorescence-based mea-
surements. To account for this optical effect, the refractive indexes of crow-
der solutions at varying concentrations were first measured (Figure 3.8). The
confocal volumes corresponding to each solution were then corrected by mul-
tiplying by the factor RI./RIpp-Nas, Where RI, represents the refractive index
of the crowder-containing solution, and Rlpg.n, is the reference index of the
PB-Na buffer.
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FIGURE 3.8: Refractive indexes (RI) of PEG solutions at various crowder concen-
trations with linear fits (dashed lines).

Hybridization Kinetics in Crowded Environments

Molecular crowders also influence the kinetics of DNA strand association by
slowing hybridization rates. To assess this effect, hybridization kinetics were
measured in the presence of the lowest and highest molecular weight crow-
ders — ethylene glycol (EG) and polyethylene glycol (PEG) 35k — each at 40
wt.% (Figure 3.9). At this concentration, the half-time for duplex formation
was approximately 2 hours for EG and 4 hours for PEG 35k. Therefore, to
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ensure equilibrium was reached under all conditions, an incubation period of

48 hours was used in subsequent experiments.
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FIGURE 3.9: DNA-DNA association rates in (b) 40 wt.% ethylene glycol and (d)

40 wt.% PEG 35k. Panels (a) and (c) show raw and filtered data, respectively, pro-

cessed using the Savitzky—Golay filter with a window size of 37 and a cubic poly-
nomial.[107] Rate constants were determined as described in Section 3.1.

Thermodynamic Analysis of DNA Hybridization

The thermodynamic consequences of molecular crowding on DNA-DNA in-
teractions were systematically studied using EG and PEGs ranging from 200
to 35,000 Da. The equilibrium constant (K) and standard Gibbs free energy
change (AG) were quantified across varying concentrations of each crowder,
where AG represents the shift between K measured at specific crowder con-

centration vs K measured in buffer solution — K
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Hybridization experiments were performed using dual-labeled 13-base-
pair-long oligonucleotides at a constant DNA concentration of 10 nM in 20
mM PB-Na buffer supplemented with 0.002% Tween 20. DNA concentration,
buffer composition, and surfactant content were held constant while different
amounts of crowders were added, followed by thorough mixing and incuba-
tion.

Figure 3.10 summarizes how K and AG vary with crowder concentration.
Two distinct trends were observed: (i) For small crowders (e.g., EG, PEG 200),
K decreased monotonically by up to three orders of magnitude. (ii) For larger
crowders (PEGs > 600 Da), K initially increased — typically peaking between
5 wt.% and 20 wt.% — before declining significantly at higher concentrations.

In EG, K decreased from 2 -10° M~! (buffer) to 5-10° M~! (40 wt.%),
with AG increasing by approximately +14.9 kJ]/mol. This destabilization is
attributed to EG-DNA interactions that influence solvation and weaken base
pairing. Unlike larger crowders that exclude volume, EG freely diffuses into
the DNA’s hydration shell and interacts with phosphate groups through hy-
drogen bonding.[108] These interactions interfere with duplex formation by
disrupting solvation and base pairing.[109]

In contrast, PEG 6k induced a biphasic response. K increased from 2 - 10?
M~ linbuffer to 3100 M1 at 12.5 wt.%, then declined to 10° M1 at 40 wt.%.
AG decreased by -6.71 kJ/mol at 12.5 wt.%, then increased by +1.72 kJ/mol
at 40 wt.%. The initial stabilization is consistent with depletion interactions:
PEGs are sterically excluded from the space between DNA molecules, creat-
ing osmotic pressure that promotes hybridization. However, at higher con-
centrations crowding-induced destabilization reduces number of complexed
DNAs. Additionally, PEGs can bind Na* ions, altering the ionic environ-
ment.[14] This reduces screening of the negatively charged DNA backbones,
enhancing repulsion and further modulating hybridization efficiency.
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FIGURE 3.10: (a) Equilibrium constant (K) and (b) Gibbs free energy (AG) of DNA-
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Phenomenological Modeling of Crowding Effects

To describe the non-monotonic dependence of crowders on DNA-DNA hy-
bridization, a phenomenological equation (Molecular Crowding fit, MC fit)
was introduced in which the natural logarithm of K is expressed as a quadratic

function of crowder concentration Cqowder:
2
ln(K) = g + A1Ccrowder T A2Ccrowder (3.5)

This simple quadratic form effectively captures the biphasic behavior ob-
served experimentally: an initial increase in K at low crowder concentrations,
followed by a decrease at higher concentrations. The linear term (a;) reflects
stabilizing effects arising from depletion forces and excluded volume inter-
actions, which enhance hybridization. In contrast, the quadratic term (a3),
typically negative, accounts for destabilizing contributions such as elevated
viscosity, restricted molecular diffusion, altered electrostatic screening due
to ion redistribution, and disruption of the DNA hydration shell.[109] The
model thus offers a compact yet mechanistically interpretable framework for
describing the interplay between opposing crowding effects.

Figure 3.11 shows Molecular Crowding fits, while Figure 3.12 presents the
fitted coefficients ag, a1, and a5, illustrating the ability of the quadratic equa-
tion to reproduce both monotonic and non-monotonic trends. The intercept a
remained constant, consistent with Ky measured in the absence of crowders.
In contrast, both a; and a; exhibited systematic dependence on the crowder
molecular weight and monomer number. In agreement with theoretical and
simulation studies,[51] larger crowders tended to produce more positive a;
values — indicating stronger depletion-driven stabilization — while simultane-
ously exhibiting more negative a, values, reflecting enhanced destabilization
at high concentrations due to physical confinement and electrostatic effects.
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FIGURE 3.11: Molecular Crowding fits for all measured crowders. Dashed lines
represent model fits of K values obtained using Equation 3.5, with coefficients a0,
al, and a2 corresponding to the intercept, linear, and quadratic terms, respectively.
Shaded areas indicate the uncertainty bands associated with each fit.
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While the current model remains phenomenological, it highlights that
molecular crowding is not a singular effect but rather an emergent outcome
of multiple competing interactions, including steric exclusion, solvation dy-
namics, and electrostatics. The fitted parameters a; and a, serve as effective
proxies for these opposing contributions and enable a comparative analysis
across different crowding conditions. However, the model does not explicitly
resolve the mechanistic origin of these effects. Future extensions could incor-
porate specific interactions, such as sodium ion complexation by PEG, which
lowers ionic strength and modulates electrostatic repulsion between DNA
backbones. This contribution can be described analytically using complex-
ation equilibria and Debye-Hiickel theory. Likewise, depletion interactions
could be treated more rigorously via the Asakura—Oosawa model,[110]
linking crowding-induced stabilization to osmotic pressure and exclusion
volume. Although such refinements lie beyond the scope of this work, they
offer a promising direction for developing more predictive, mechanistically
grounded models of crowding effects on nucleic acid hybridization.
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3.3 Microfluidic-Based Platform for Semi-Automated

Measurement of Biomolecule Interactions

This section presents the development and operation of a microfluidic-based
platform for semi-automated measurements of biomolecule interactions,
founded on the DNA-DNA hybridization example. Additionally, it de-
scribes the platform’s validation, assesses its capabilities, and compares its
throughput to that of the standard method.

3.3.1 Fundamentals of System Operation

The experimental setup comprises three integrated units: the Droplet On-
Demand Unit (DODU), the Detection Unit (DU), and the Computation Unit
(CU), illustrated in Figure 3.13. The DODU is designed to produce droplets
with precise volumes and defined reactant concentrations. The DU immobi-
lizes droplets at specific locations for fluorescence signal detection, while the
CU coordinates the dilution process, adjusts reactant flow based on real-time
camera feedback, and processes experimental data.

At the center of the DODU is a microfluidic device capable of adjusting
droplet concentrations by merging and splitting operations. Fundamental
droplet manipulations are achieved through specialized microfluidic traps in-
tegrated into the flow channels. These traps alter droplet motion using bypass
slits and localized channel constrictions. By modifying their geometric dimen-
sions, a range of functionalities is implemented, as shown previously.[111]
This study employs two distinct trap designs: metering traps (Figure 3.14a,
top left panel) and merging traps (Figure 3.14a, top right panel), for precise
concentration control.

Metering traps include a single obstacle, which influences droplets based
on flow direction. Droplets approaching from the side with the obstacle re-
main unaffected, while those moving in the reverse direction are immobilized
if their size is smaller than the trap or divided into two segments if they ex-
ceed the trap size. One segment corresponds to the trap’s defined volume,
while the excess continues downstream. Reversing the flow allows the im-
mobilized portion to be released. The droplet formation process is depicted



3.3. Microfluidic-Based Platform for Semi-Automated Measurement of 57
Biomolecule Interactions

in Figure 3.14b. During the initial flow phases (t; and t,), the liquid passes
downstream; reversing the flow (3, t4) shapes the droplet according to the
trap geometry. A subsequent reversal (t5) releases the droplet, resulting in
either uniform droplets or the division of double-sized droplets into equal

parts.
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FIGURE 3.13: Schematic representation of the microfluidic-based platform, com-
prising the Droplet On Demand Unit (DODU), Detection Unit (DU), and Compu-
tation Unit (CU). The DODU consists of four syringe pumps — three for the aqueous
phases (AP, APg, AP,) and one for the oil phase (OP) — a microfluidic chip featur-
ing metering and merging traps, and a camera unit for real-time monitoring and
control of liquid flows. According to the programmed protocol, the DODU enables
droplet generation, merging, and splitting, after which the droplets are transported
to the DU via tubing. The DU includes a detection trap and a camera unit for real-
time monitoring of droplet position, and is integrated with a confocal microscope.
The CU orchestrates the dilution process and dynamically adjusts the flow rates of
reactants.

In contrast, merging traps immobilize smaller droplets regardless of flow
direction while allowing larger droplets to pass freely. The merging trap’s
function differs from the metering trap due to variations in bypass slit ge-
ometry and liquid flow rates. When two droplets encounter each other in a
merging trap, their behavior depends on the presence of an electromagnetic
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field (EMF). Without EMF, coalescence is hindered by interfacial tension and
the thin oil film separating the droplets. Applying EMF alters the charge dis-
tribution at the water/oil interface, reducing the energy barrier and enabling
droplet fusion. Once merged, the droplet exits the trap due to its increased
size, as shown in Figure 3.14c. This system utilizes explicitly merging traps
to combine two unit-sized droplets into a single double-sized droplet with
mixed contents.

Double-sized droplets are transported from the DODU to the DU through
detachable tubing. This connection allows for droplet storage, which is es-
sential for equilibration, although, in this study, tubing primarily serves as
a transport medium, given the rapid stabilization of DNA double-stranded
complexes in phosphate buffers as shown in Section 3.1.2.
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FIGURE 3.14: Hydrodynamic traps and their functioning. (a) Detailed geometries

of the hydrodynamic traps used in the cores of the DODU and DU (top left — me-

tering trap, top right — merging trap, bottom right — detection trap), with depth

variations represented by different colors. (b, ¢) Experimental images captured at

different instances (t; — f5), demonstrating the operation of (c) the metering trap
and (d) the merging trap. Arrows denote the directions of oil flow.
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The DU consists of a microfluidic chip, a camera, and a confocal micro-
scope configured for FCS. The chip features a single channel with a detection
trap centrally positioned and connected to a waste reservoir at the outlet. Un-
like the metering and merging traps, the detection trap has a unique geometry
tailored for FCS measurements, as shown in Figure 3.14a, bottom right panel.
The detection trap immobilizes smaller droplets while permitting larger ones
to pass, simultaneously providing a sufficient surface area for focal volume
alignment.

The DODU incorporates a microfluidic core, four bidirectional syringe
pumps (o, B, v, 0), and a camera for real-time droplet monitoring. The core
includes two channels — Channel 1 and Channel 2 — each featuring metering
and merging traps in sequence. In this system, the mixing and droplet manip-
ulation steps are distributed across both channels for improved efficiency and
control.[112] The microfluidic core has three aqueous phase inlets (AP,, APg,
AP,), a dispensation chamber, and two outlets. While both channels share a
similar arrangement, Channel 1 connects to the DU, and Channel 2 links to the
oil phase (OP) pump. Metering traps are positioned such that droplets form
only during flow reversal, and merging traps are separated by short canals to
avoid unintentional droplet formation. Detailed schematics of the DODU and
DU cores are presented in Section 2.2.2, Figure 2.3.

To determine K using the MBA approach, a reactant at a fixed concentra-
tion is mixed with serial dilutions of a second reactant. Therefore, Channel
1 was utilized for diluting APg with AP, at specific ratios, while Channel 2
mixed AP, with diluted APg droplets. Real-time imaging data processed by
the CU controlled the flow of reactants to the appropriate locations. In the
DODU core, the workflow proceeded as follows: Syringe o dispensed AP,
into Channel 1 (Figure 3.15a. After passing Metering Trap 1, the flow reversed,
creating an AP, droplet (Figure 3.15b). Syringe 6 then introduced oil, moving
the droplet to Merging Trap 1 (Figure 3.15c). To prevent timing discrepancies
between system feedback and liquid positions, the flow of AP, was reversed
before entering the merging trap. Similarly, Syringe 3 dispensed APg, which
was pushed into Channel 2, while Syringe 6 aspirated OP to guide the APg
droplet through Metering Trap 2 (Figures 3.15d-e). This procedure repeated
for AP, (Figures 3.15g-i).
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FIGURE 3.15: Flow operations during a single dilution cycle. (a—c) Formation of
the AP, droplet. (d-i) Sequential formation, mixing, and splitting of APg and AP,
droplets. (j-1) Merging of AP, with a mixture of APg and APy in a 2:1:1 ratio.
Arrows indicate the flow directions of the aqueous (AP) and oil (OP) phases at
each stage of the cycle. (a) Defines the notation used throughout the article.
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Once AP, reached Merging Trap 2, it coalesced with the APg droplet, and
the combined droplet traversed the mixing canal. After mixing, Syringe 3
reversed the flow, splitting the droplet into two equal parts at Metering Trap
2 (Figure 3.15j). One portion merged with AP, to form a mixture in a 2:1:1
ratio (AP,:APg:AP,), which proceeded to the DU (Figure 3.15k), while the
other returned to Merging Trap 2 for further processing (Figure 3.151). This
cycle, lasting approximately one minute per iteration, enabled precise droplet

composition adjustments.

3.3.2 Validation of the System via Image-Based Droplet Analysis

System validation was performed by generating a series of 22 double-sized
droplets using three food dyes introduced as aqueous phases: AP, (red, 0.01
% Allura Red), APg (blue, 0.1 % Brilliant Blue), and AP, (yellow, 0.1 % Quino-
line Yellow). Each droplet was designed such that AP, contributed consis-
tently to half of the total volume, while APg and AP, were mixed in varying
ratios. The sequencing of APg and AP, blends is illustrated in Figure 3.16.

FIGURE 3.16: The droplet dilution sequence performed in this study. The binary

values (0 and 1) at the top of the figure indicate the initial concentrations of dyes in

the droplets, where 0 corresponds to yellow and 1 to blue. The concentration ratios

resulting from mixing are shown along the horizontal lines. At each iteration, a

droplet with the newly established ratio is merged with either a pure yellow or a
pure blue droplet to achieve the desired sequence of dilutions.
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To assess the reproducibility of the platform, individual frames from a
video showcasing a full dilution process were analyzed to extract droplet con-
tours at Metering Traps 1 and 2. Droplet volumes were calculated based on
these contours, as shown in Figure 3.17. The methodology for volume esti-
mation assumes droplets to be shaped as a cylinder with two hemispherical
ends. The radius of the cylinder and spheres was set as half the channel width
(0.2 mm), while the cylinder height, Hylinder, Was determined by repeatedly
measuring the length of the droplet’s contact with the channel. The detailed
results are provided in Table 3.1. Using this approach, the average droplet vol-
ume was determined to be 97.62 + 0.30 nL at Metering Trap 1 and 97.68 + 0.27
nL at Metering Trap 2. Errors in volume measurements represent weighted
means derived from the data in Table 3.1. These findings display exceptional
reproducibility of the metering traps, with high consistency in droplet vol-
umes across both traps.

volume [nL] 96.6 97.3 98.0 98.4 98.1 98.5 98.4 98.5 97.7 97.6 97.4 98.3 98.1 97.6 97.2 97.7 97.4 98.4 97.0 97.0 97.3 97.4

droplet g
woors (@M@ @oeEee e eeee

Ce/Cy 0 0.02 0.03 0.04 0.06 0.07 0.13 0.15 0.17 0.26 0.29 0.34 0.36 0.44 0.50 0.52 0.58 0.68 0.72 0.75 0.88 1

FIGURE 3.17: Validation of the dilution protocol and droplet volumes was con-

ducted by analyzing images of droplets captured at Metering Trap 2. These snap-

shots illustrate the progressive increase in APg content within the droplets and the
measured droplet volumes.

3.3.3 Measurements of DNA Concentration and Diffusion Coeffi-
cient in Droplets

The functionality of the microfluidic platform was further evaluated by mod-
ifying the aqueous phases (APs) and applying the system in confocal mi-
croscopy. APg and AP, was replaced with 20 mM PBS containing 0.01% Al-
lura Red food dye to enhance visual contrast and 0.002% Tween 20 to pre-
vent the accumulation of DNA strands at water/glass interface in the syringe
pumps. AP, contained the same buffer but included a single-stranded 20-
base-pair-long DNA oligonucleotide labeled with a fluorescent dye.

The introduction of food dye resulted in minimal background noise (Fig-
ure 3.18a) as most photons emitted by the dye were reflected, minimizing
potential errors during platform validation. The spectral characteristics of the



3.3. Microfluidic-Based Platform for Semi-Automated Measurement of

Biomolecule Interactions

63

red food dye are presented in Figure 3.18b. Additionally, the food dye slightly
increased the diffusion coefficient of DNA, Dpya, from 127.00 + 2.16 um?/s
to 136.33 + 1.25 ym? /s, while the DNA concentration, Cpy4, remained unaf-
fected (Figures 3.18c,d). The increase in Dpy4 is probably due to DNA-dye
interactions or a minor change in the refractive index of the solution, which

affects the focal volume size.

fluorescence spectra of Allura Red food dye
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FIGURE 3.18: (a) Fluorescence spectra of 0.002% Allura Red food dye recorded fol-

lowing excitation at 480 nm and 490 nm. (b) To minimize background noise in

Channel 1, a filter transmitting photons within the 500-550 nm wavelength range

(525/50) was applied. For comparison, background noise was also measured us-

ing a long-pass filter that transmits photons with wavelengths greater than 485 nm

(485LP). (c,d) Bar plots summarizing the measured DNA concentrations and diffu-
sion coefficients in PBS and PBS with 0.01% Allura Red food dye.

To assess whether DNA remained in the aqueous phase without interact-
ing with the surfactant at the PBS/oil interface, a single droplet was generated
and immersed in oil containing fluorinated surfactant. Fluorescence intensity
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fluctuations of diffusing DNA molecules were monitored within a focal vol-
ume positioned inside a droplet immobilized in the detection trap. Using
the autocorrelation function, intensity fluctuations over time, f(t), were com-
pared with those after a lag time, f(f+ 7), to determine Cpnya and Dpna. Fig-
ure 3.19a presents an example of the autocorrelation function fitted to the fluo-
rescence signal of DNA within a droplet. The concentration, Cpy4, and diffu-
sion coefficient, Dpna, were monitored over five hours. Figure 3.19b depicts
the reactant concentration inside the droplet, while Figure 3.19d presents the
corresponding diffusion coefficient. The stability of Cpy4 over time confirms
that DNA concentration remained unchanged within the droplet, while the
constant value of Dpyn4 indicates the structural stability of the reactant. Us-
ing the average diffusion coefficient, the DNA hydrodynamic radius was cal-
culated via the Stokes-Einstein equation, yielding 1.71 + 0.05 nm. This value
closely matched the control measurement (1.74 + 0.02 nm) obtained from a
droplet that had no contact with the oil phase. The consistency in hydrody-
namic size confirms the absence of complex formation between DNA and the
uncharged surfactant at the water/oil interface — a similar behavior to Brij L23
(Section 3.1.3).

Although the analysis of tinted droplets provided insights into droplet
morphology, dye dispersion, and overall system functionality, it did not di-
rectly reveal the biomolecule concentration profile across serial dilutions. To
address this, additional validation of system performance was conducted.
The dilution protocol was repeated under the same conditions as in previ-
ous measurements, and the actual DNA concentration in droplets was plotted
against the expected values (Figure 3.19d). The results demonstrated an excel-
lent correlation between predicted and measured concentrations (R? = 0.994),
confirming the high accuracy of the dilution process. Furthermore, the data
indicate that reactant concentrations were evenly distributed across droplets
following mixing without being affected by droplet movement.
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FIGURE 3.19: (a) An example of an individual FCS measurement within a nano-
liter droplet, where T represents the lag time and G(7) denotes the autocorrelation
function of fluorescence intensity fluctuations. (b) Stability of DNA concentration
over time within a single droplet immobilized in the detection trap. (c) Temporal
consistency of the DNA diffusion coefficient within the same droplet. (d) Com-
parison between expected and experimentally determined DNA concentrations in
droplets, validating the accuracy of the dilution process performed by the plat-
form.

3.3.4 Platform Application to Study DNA-DNA Interactions

To assess the platform’s performance, the equilibrium constant for DNA-
DNA double-strand complex formation (Kpya_pna) was determined by
labeling both reactants with fluorescent dyes and monitoring FRET. Oligonu-
cleotides were introduced into 20 mM PBS containing 0.01% red food dye
to enhance the visibility of droplets against the oil phase. In this setup,
AP, acted as the energy donor, APg as the energy acceptor, and AP, as
the diluting phase. The donor concentration in droplets was maintained at
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10 nM, while the acceptor concentration varied from 0 to 100 nM. Before
entering the detection unit, the droplets underwent a complete dilution
sequence, allowing sufficient time for the reactants to reach equilibrium.

The equilibrium constant measured in droplets formed by the platform
was 3.1 x 108 M1 + 5.5% (Figure 3.20a, red dashed line), which was in close
agreement with the value obtained through the standard procedure, 2.8 x 10®
M~ 4+ 7.0% (Figure 3.20a, blue continuous line). Uncertainties in Kpya—pna
were determined using the least-squares fitting method, while variations in
the countrate were attributed to instrumental limitations and sample prepa-
ration inconsistencies.

To showcase the capabilities of the platform, DNA-DNA interactions were
investigated as a function of ionic strength (I). The fluorescent acceptor was
substituted with a non-fluorescent analog. Under these conditions, the bright-
ness change of the labeled strand during hybridization with its complemen-
tary sequence was no longer influenced by FRET. To minimize background
noise that could interfere with the measurements, the food dye was removed
from the solution.

Ionic strength variations were introduced by preparing PBS solutions at
different concentrations (5 mM, 10 mM, 20 mM, 30 mM, 50 mM, 75 mM, 100
mM, 125 mM, and 150 mM) and were determined using the equation:

1 n

I=2Y ¢z, (3.6)
where ¢; is the concentration of ion i, and z; represents its charge number.
The relationship between Kpya_pna and I is depicted in Figure 3.20b, with
error bars reflecting uncertainties obtained from the least-squares fitting ap-
proach. Similarly, as for PB-Na and PB-K buffers (Section 3.2.1), an increase in
ionic strength led to a higher Kpnya—pna, which can be attributed to a reduc-

tion in electrostatic repulsion between negatively charged DNA strands.
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FIGURE 3.20: (a) The comparison of the equilibrium constant of the DNA-DNA as-

sociation reaction prepared by hand-made dilutions (blue line) and by the platform

(red dashed line). (b) DNA-DNA equilibrium constant (Kpna_pn4) as a function

of ionic strengths (I). I was consecutively increased by varying the sodium phos-
phate buffer at pH 7.4.

3.3.5 Manual vs. Automated Workflows

The determination of a single equilibrium constant (K) in a given solution
follows a standardized protocol comprising several sequential steps: (i) cali-
bration of the confocal microscope, (ii) preparation of stock solutions, (iii) ex-
ecution of serial dilutions, (iv) mixing of samples, (v) transfer of solutions to
confocal microscopy-compatible plates, (vi) acquisition of measurements, and
(vii) data analysis. Steps (iii) and (iv), when applied to 20 samples, typically
necessitate approximately one hour of manual labor. Similarly, steps (v) and
(vi) require roughly two hours, during which the operator manually adjusts
the microscope stage along the x, y, and z axes to position the focal volume
within each sample and initiates the measurement process. This procedure is
repeated 20 times to obtain individual measurements.

The implementation of an automated system has streamlined steps (iii)
through (vi), substantially reducing the operator’s workload. Specifically, the
automation of these steps saves approximately three hours of operator time
per single K value determination. For more intricate investigations, such as
one described in Section 3.3.4, the system conserved ~27 hours (for nine K

value measurements). Concurrently, the automated system completed these
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measurements in ~5.5 hours. The observed discrepancy between the opera-
tor time saved and the total measurement duration of the automated system
can be attributed to several factors. These include the elimination of manual
focal volume adjustments between plate wells, the removal of plate exchange
steps, and the reduction in sample dilution time. This automation not only
enhances operational efficiency but also minimizes the likelihood of human
error during repetitive tasks, thereby improving the reliability of the mea-
surement process.

Furthermore, the conventional protocol relies on disposable 8-well plates,
each requiring 200 uL of solution per well. This approach generates signif-
icant waste and incurs substantial costs, as a single plate ranges from $4 to
$16 net, depending on the manufacturer and the type of glass substrate. In
contrast, the proposed platform employs a reusable detection unit that uti-
lizes nanoliter droplets separated by oil, reducing reagent consumption by a
factor of 2000 and eliminating plate-related expenses. For instance, the 180
measurements conducted in Section 3.3.4 would cost approximately $230 us-
ing conventional plates, whereas the automated system incurs no such costs.

This approach offers a more sustainable and economically viable alternative.
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Metering Trap 1 Metering Trap 2
No. Hcylinder Hery Vv Verr Hcylinder Hery 14 Verr
[mm] | [mm] | [nl] | [nl] | [mm] | [mm]| [nl] | [nl]
1 0.506 0.011 | 97.093 | 1.375 | 0.502 0.007 | 96.627 | 0.885
2 0.511 0.009 | 97.722 | 1.098 | 0.508 0.010 | 97.327 | 1.310
3 0.505 0.014 | 96914 | 1.712 | 0.514 0.011 | 98.045 | 1.351
4 0.520 0.012 | 98.853 | 1.470 | 0.516 0.012 | 98.368 | 1.570
5 0.515 0.013 | 98.242 | 1.589 | 0.514 0.010 | 98.099 | 1.258
6 0.514 0.014 | 98.134 | 1.770 | 0.517 | 0.009 | 98.529 | 1.153
7 0.503 0.014 | 96.752 | 1.768 | 0.516 0.015 | 98.404 | 1.828
8 0.514 0.014 | 98.152 | 1.813 | 0.517 | 0.013 | 98.529 | 1.641
9 0.518 0.010 | 98.637 | 1.212 | 0.511 0.009 | 97.686 | 1.143
10 0.512 0.008 | 97.901 | 1.051 | 0.510 0.004 | 97.596 | 0.498
11 0.494 0.011 | 95.603 | 1.376 | 0.509 0.011 | 97.434 | 1.368
12 0.513 0.012 | 97.955 | 1.472 | 0.515 0.009 | 98.278 | 1.186
13 0.504 0.013 | 96.788 | 1.640 | 0.514 0.012 | 98.117 | 1.484
14 0.514 0.013 | 98.134 | 1.650 | 0.510 0.013 | 97.614 | 1.629
15 0.513 0.015 | 97.937 | 1.866 | 0.507 | 0.016 | 97.237 | 1.998
16 0.505 0.012 | 96.986 | 1.516 | 0.511 0.013 | 97.686 | 1.621
17 0.506 0.009 | 97.129 | 1.074 | 0.509 0.013 | 97.416 | 1.592
18 0.521 0.019 | 98.960 | 2.450 | 0.516 0.016 | 98.404 | 2.009
19 0.510 0.009 | 97.578 | 1.168 | 0.505 0.016 | 96.950 | 2.003
20 0.513 0.013 | 98.009 | 1.575 | 0.505 0.016 | 97.021 | 1.992
21 0.505 0.012 | 96.932 | 1.540 | 0.508 0.020 | 97.291 | 2.482
22 0.513 0.010 | 97.919 | 1.207 | 0.509 0.015 | 97.416 | 1.845

TABLE 3.1: The results of the cylinder average heights and related droplet volumes.
To estimate the droplet volumes (V), droplets were geometrically approximated
as cylinders capped with hemispherical ends. The radius of both the cylindrical
and hemispherical sections was assumed to be half the microchannel width (0.2
mm). The height of the cylindrical portion (Heyiuger) was determined by repeatedly
measuring the length of the droplet in contact with the channel (7 measurements —
H,,, is the error related to these measurements). Based on the calculated volumes,
the average droplet volume was determined to be 97.62 + 0.30 nL at Metering Trap
1 and 97.68 & 0.27 nL at Metering Trap 2.
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Chapter 4

Summary

This dissertation presents a comprehensive quantitative and mechanistic
analysis of nucleic acid hybridization in aqueous environments. It em-
phasizes how chemical composition and physical conditions influence
the thermodynamic and kinetic parameters governing DNA association.
Through systematic investigation of charged catalysts, ionic strength mod-
ulation, and macromolecular crowding, the work demonstrates that both
the rate and equilibrium of hybridization can be precisely modulated by
rationally designing the surrounding milieu. Eventually, the thesis demon-
strates a semi-automated platform to speed up measurements of nucleic acid
hybridization studies.

The introduction of positively charged catalysts — ranging from simple
monomers to polymers and micelles — was shown to accelerate hybridization
by several orders of magnitude relative to conventional ionic buffers. This
enhancement is attributed to increased local concentrations of DNA at cat-
alyst surfaces, where electrostatic attraction between the catalyst and DNA
overcomes the mutual repulsion between negatively charged strands. The ac-
celeration was most pronounced when the charge was concentrated on fewer
catalyst particles, yielding higher local charge density. A physical model de-
veloped in this work quantitatively links catalyst charge magnitude and dis-
tribution to the observed rate enhancement. These findings establish that
reaction rates can be tuned over multiple orders of magnitude by adjusting
catalyst properties, with broad implications for molecular sensing, signal am-
plification, and the development of chemical logic systems.[113-116] For in-

stance, rate enhancement mechanisms could be employed to detect specific
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ionic species in solution or to amplify signals originating from highly dilute
analytes.

Further, the equilibrium properties of DNA hybridization are shown to
exhibit a non-monotonic response to increasing concentrations of molecular
crowders. At moderate concentrations, depletion forces predominate, favor-
ing duplex formation and leading to a substantial increase in the equilib-
rium constant. However, as the concentration of crowders increases further,
crowding-induced destabilization becomes the dominant factor, impeding the
association of DNA strands and reducing binding affinity by several orders of
magnitude. Additionally, crowders bind ions from solution, decreasing elec-
trostatic screening of reactants. This dualistic behavior is accurately captured
and explained by the phenomenological model to provide a unified frame-
work for understanding hybridization under crowded conditions. The sim-
ple, quadratic model predicts both the initial increase in K and the subsequent
inhibition of DNA-DNA binding. As such, this model may serve as a prac-
tical tool for optimizing in vitro studies under crowded conditions.[109, 117]
Future extensions may implement Debye-Hiickel theory and the Asakura-
Oosawa model to quantitatively describe the contributions of electrostatics,
depletion interactions, and remaining crowding-induced destabilizing effects.

Finally, to address the throughput and efficiency limitations of FCS-based
equilibrium studies, this thesis introduces a microfluidic-based platform that
accelerates K measurements. By integrating sample preparation, dilution,
mixing, and measurement within a single streamlined workflow, the system
automates the most time-consuming experimental stages while maintaining
the precision of the measurement. This platform leverages nanoliter-volume
droplets, handled within a reusable droplet-on-demand and detection units,
allowing for serial titration and real-time fluorescence-based analysis via
MBA/FRET and FCS. As a result, the overall operator time required for
a single K measurement is reduced by more than three hours in relation
to the standard protocol. Beyond efficiency, the approach offers economic
and environmental advantages: reagent consumption is decreased by 2000
times, and the need for disposable multiwell plates is eliminated, reducing
material costs and laboratory waste. Importantly, this miniaturized system

enhances measurement reliability and reproducibility by minimizing human
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intervention and standardizing sample handling. The versatility of the
platform allows for systematic variation of all solution components and
studies of biomolecule interactions under diverse conditions. Though it is not
a fully automated solution, the proposed platform is a crucial step towards
closed-loop FCS-based measurements. By enabling high-throughput and
low-volume quantitative analysis of molecular interactions, this platform
may serve as a foundation for adaptive, feedback-controlled experiments in
diagnostics, drug discovery, and systems biology.

Taken together, the results presented in this dissertation establish a com-
prehensive and predictive framework for understanding and controlling nu-
cleic acid hybridization reactions, bridging the gap from manual measure-
ments to semi-automated analysis. By elucidating the mechanisms by which
charged catalysts, ionic composition, and macromolecular crowding govern
both the kinetics and equilibria of DNA association, this work demonstrates
how hybridization can be tuned over several orders of magnitude through
rational manipulation of environmental conditions. The physical models de-
veloped herein enable quantitative predictions of nucleic acid systems. The
introduction of a microfluidic-based platform further translates these insights
into a tool that increases the efficiency of studies.
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