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ABSTRACT

DNA compaction is the collapse of long DNA chains into well-organized condensates
of complex, hierarchical nanostructure induced by the presence of cationic agents.
Although much progress has been made in understanding underlying interaction
mechanisms of in vivo DNA compaction, the interplay of the myriad compaction
agents and their types of interactions with DNA still raise a wealth of unanswered,
fundamental questions. In particular, the hierarchical organization of chromatin is
widely unclear. There, the DNA is first wrapped around histone cores and the formed
beads-on-a-string structure is successively shifted towards higher order forms of
chromatin structure. The latter process involves linker histones as major antagonists.
Here, new results are presented that are derived from bio-mimetic investigations of the
simplest possible DNA compaction model system containing only dendrimers, which
can be viewed as uniformly charged cationic nanospheres, and unspecific, polydisperse
DNA. Small angle X-ray (micro-)diffraction is employed as a principle method of
analysis that accesses relevant molecular length scales. Targeting a quantitative
understanding of compaction mechanisms, X-ray (micro-)diffraction measurements
performed under laminar flow conditions in hydrodynamic focusing microfluidic
devices provides microscale control of the self-assembly process. In addition, the
method enables time-resolved access to structure formation in situ, in particular to
transient intermediate states.

Utilizing the high level of control over dendrimer size and charge, DNA compaction is
systematically tuned and analyzed in detail. Results show that dendrimers bridge the
entire spectrum of biological condensation agents from small cations, such as
spermine/spermidine encountered in viruses, to the much larger histone proteins found
in eukaryotic cells. Despite its simplicity, the dendrimer/DNA system reproduces
characteristic features of DNA compaction in vivo. In particular, PAMAM 6
dendrimers (having a size and charge comparable to histone core proteins) induce a
complete wrapping of the DNA around the cation. As such, PAMAM 6/DNA entities
are structurally artificial equivalents of nucleosome core particles. For cationic
dendrimers having an intermediate size and charge, which is conveniently between that
of small multivalent organic cations and larger histone-like proteins, an alternate route

of DNA compaction aside from the established salt or macroion condensation is




observed in microflow below the isoelectric point, where DNA is in excess of
dendrimers.

In addition, the phenomenon of charge-induced dendrimer swelling has been
experimentally quantified in detail over a wide range of generations. Results clearly
show highly predictable, charge-induced changes of the dendrimer conformation and
therefore eliminate the discrepancy between theory and experiments that previously
existed in literature.

Besides artificial model-proteins, the interaction of linker histones H1 and DNA has
been studied in microflow. The time-resolved access to struture formation dynamics
clearly shows that the interaction of HI with DNA is a two step process: an initial
unspecific binding of H1 to DNA is followed by a rearrangement of molecules in the
formed complexes. Results suggest that the conformational transition of HI tails from
their rather extended conformation, in aqueous solution, to their fully folded state, upon
interaction with DNA, is most likely the motor of the conformational phase transition
of HI/DNA assemblies.

Results obtained in this thesis are expected to have a direct bearing on the
understanding of the hierarchical organization of chromatin in vivo. Underlying
concepts and techniques may be generalized and used to experimentally address also
other relevant protein/DNA systems. Moreover, the studied systems are of inherent
importance to the field of biotechnology and are expected to contribute towards the

design of new vectors for DNA gene delivery.




INHALT

DNA-Kompaktion bezeichnet die Kondensation von langen DNA-Molekiilen zu
extrem dicht gepackten Aggregaten mit komplexer Nanostruktur. Induziert wird dieser
Vorgang im Allgemeinen durch kationische Wechselwirkungspartner. Trotz der bereits
erzielten groflen Fortschritte auf dem Weg zu einem vollstindigen Verstindnis der
zugrundeliegenden Wechselwirkungsmechanismen stellt das komplexe Wechselspiel
der zahlreichen beteiligten Reaktionspartnern Wissenschafter noch immer vor eine
Vielzahl unbeantworteter Fragen. Insbesondere der hierarchische Aufbau des
Chromatins, bei dem die DNA =zunichst auf Histon-Oktamere aufwickelt und
anschlieBend — unter Beteiligung von Linker-Histonen — zu hoheren
Organisationsstufen tiberfiihrt wird, ist weitgehend ungeklért.

In der vorliegenden Arbeit werden biomimetische Untersuchungen des denkbar
einfachsten Modellsystems fiir die DNA-Kompaktion vorgestellt. Dieses besteht nur
aus Dendrimeren, die als gleichméBig geladene, bis zu 10nm grofe, kationische Kugeln
beschrieben werden konnen, und polydispersen DNA-Molekiilen mit einer
unspezifischen Basensequenz. Zur Untersuchung werden Rontgen-
Diffraktionsmessungen eingesetzt. Die Durchfiihrung der Messungen im
kontinuierlichen Fluss in Mikrofluidik-Bauteilen unter Ausnutzung hydrodynamischer
Fokussierungseffekte gewdhrt einen kontrollierten und zeitaufgelosten Zugang zu
verschiedenen Stadien des Selbstorganisationsprozesses. Dadurch konnen insbesondere
transiente Zwischenstadien der Reaktion verfolgt und ein quantitatives Verstdndnis der
Kompaktionsmechanismen erzielt werden. Der hohe Grad der Kontrolle iiber die Grof3e
und die Ladung der Dendrimere ermoglicht es, verschiedene DNA-
Kompaktionsszenarien gezielt einzustellen und im Detail zu analysieren.

Die Vielfalt der natiirlich vorkommenden DNA-Kompaktionspartnern reicht von
kleinen organischen Kationen wie Spermidin und Spermin in Viren bis hin zu den
wesentlich groBeren Histon-Oktameren in eukaryotischen Zellen. Die in dieser Arbeit
vorgestellten Ergebnisse zeigen, dass sich Dendrimere ausgesprochen gut dazu eignen,
dieses gesamte Spektrum zu reproduzieren. Trotz seiner starken Vereinfachung ist das
Dendrimer/DNA-Modellsystem in der Lage, charakteristische Ziige der natiirlich
auftretenden DNA-Kompaktion wiederzugeben. Besonders hervorzuheben ist dabei die
Wechselwirkung von DNA mit PAMAM 6-Dendrimeren, die zu einem Aufwickeln der

DNA um die in Bezug auf Ladung und GrdéBe mit Histon-Oktameren vergleichbaren




PAMAM 6 fiihrt. Die gebildeten PAMAM 6/DNA-Einheiten zeigen eine erstaunliche
Ubereinstimmung in GroBe und Gestalt mit nukleosomalen Kernpartikeln. Fiir
Dendrimere mit einer mittleren GroBle von ca. 3nm kann unter Verwendung von
mikrofluidischen Methoden ein neuartiger DNA-Kompaktionsmechanismus unterhalb
des isoelektrischen Punktes beobachtet werden. Dieser unterscheidet sich grundlegend
von den Dbereits bekannten Salz- oder Makroion-induzierten @ DNA-
Kondensationsformen.

Neben den Untersuchungen zur DNA-Kompaktion ist die Abhéngigkeit der
Dendrimerkonformation von der Ladung der Molekiille experimentell genau
quantifiziert worden. Dabei sind vorhersagbare, ladungsabhingige Anderungen der
Dendrimerkonformation beobachtet worden. Diese Beobachtungen beseitigen die
Diskrepanz, die bisher in der Literatur zwischen theoretischen Vorhersagen und
experimentellen Beobachtungen bestand.

Zusétzlich zu den kiinstlichen Modell-Proteinen wurde auch die Wechselwirkung von
natiirlich vorkommenden Linker-Histonen H1 mit DNA im Mikrofluss zeitaufgelost
untersucht. Die aufgezeichnete Rontgen-Streubilder belegen einen zweistufigen
Wechselwirkungsmechanismus: Auf ein zunédchst unspezifisches Anlagern der Proteine
an die DNS folgt eine Reorganisation der Molekiile im gebildeten Komplex. Die
erzielten Ergebnisse legen nahe, dass eine durch die DNA induzierte vollstindige
Faltung der endstidndigen HI-Proteinketten fiir den beobachteten Phaseniibergang der
H1/DNA-Komplexe verantwortlich ist.

Die in dieser Arbeit erzielten Ergebnisse leisten einen wichtigen Beitrag zum
Verstindnis des hierarchischen Aufbaus von Chromatin. Es ist davon auszugehen, dass
die zugrundeliegenden Konzepte einen experimentellen Zugang zu weiteren relevanten
Protein/DNA-Systeme gewidhren werden. Dariiber hinaus besitzen die hier untersuchten
Systeme biotechnologische Bedeutung und es wird erwartet, dass sie zur Entwicklung

zukiinftiger Transfektionsvektoren beitragen werden.
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1. Introduction

1. INTRODUCTION

DNA compaction is the collapse of long, extended DNA chains into compact
condensates of complex nanostructure due to the presence of oppositely charged
compacting agents. The associated reduction in DNA domain size is striking, as are the
different, compaction agent dependent morphologies of the condensates. Therefore, the
phenomenon of DNA compaction has drawn considerable attention.

From a more physical point of view, DNA compaction represents a demanding problem
of phase transition, liquid crystal behavior, and polyelectrolyte interactions. A profound
knowledge of the DNA organizing factors and driving forces is needed to understand
processes such as replication or transcription, which depend crucially on the DNA
packing, and to gain deeper insights into mimicking of biologically relevant DNA
condensates. In particular, controlling of the conformational behavior of DNA through
a fine tune of physical parameters of condensation agents and solvents should lead to
the creation of new DNA condensates with an adjustable biological activity of the DNA
chain. From a biological perspective, DNA compaction represents a reversible and
dynamic process by which genetic information is packed and protected. Sophisticated
and reversible packing mechanisms in vivo create highly flexible and dynamic DNA
condensates that enable fundamental processes such as replication or transcription.
Moreover, controllable DNA compaction in vitro is a promising method to deliver
DNA containing genes of therapeutic interest to target cells.

Genetic DNA 1is a highly negatively charged, double-stranded macromolecule. The
unique character of DNA is illustrated by its dimensions: the diameter of the DNA

cylinder is approximately 2nm, its persistence length is in the range of 30-100nm, and
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1. Introduction

although its contour length can be up to several meters, DNA is packed in micrometer
sized cell nuclei. Therefore, DNA represents a unique bridge between the nano- and
microscale with enormous potential for hierarchical organization.

Major driving forces of cationic DNA compaction are electrostatic interactions. DNA
compaction is generally induced by partially neutralizing the negative charge of DNA
phosphate groups. A general feature is the fact that a charge neutralization of about
90% is indispensable for DNA condensation." When multivalent cations are added to a
DNA solution, they exchange places with mono- and divalent counter-ions screening
the DNA. Entropic gains derived upon release of bound counterions®® and the
associated reorganization of water molecules surrounding the DNA surface’ provide a
second energetic contribution to the free energy of the DNA-cation system, which has
been shown experimentally® and theoretically’ to govern DNA compaction. When the
multivalent ion concentration is raised above a certain threshold, a rapid aggregation of
DNA segments into bundles results, which precipitate from solution.® Remaining
interactions between neutral polyplexes will generally be attractive and promote further
aggregation into bigger clusters.

The structure of DNA condensates is regulated by the correlation between compaction
agent dimensions and effective charge, on the one hand, and DNA charge density and
chain rigidity, on the other hand. Two distinct mechanisms of DNA interaction with
nanoscale structures can be found upon DNA compaction: DNA aggregates small
and/or less charged compaction agents along its chain (Figure 1-1a) or it freely adsorbs
on large, highly charged compaction agents (Figure 1-1b). The latter mechanism
includes the possibility of DNA wrapping around nanoscale objects much smaller than
its own persistence length and successive organization into higher-order structures.
Accordingly, both scenarios of DNA compaction are clearly distinguishable in nature:
compaction of DNA by small multivalent cations and compaction of DNA by
interaction with proteins possessing a 3D structure.” '°

The first type of DNA compaction — shown in Figure 1-1a — is found in viruses and
certain bacteria. In viruses, the compaction of double-stranded DNA is assisted by
multi-cationic ions — in particular, small polyamines like spermidine and spermine —
that reduce the repulsion between DNA segments. This leads to the formation of
extremely dense bundles with hexagonal symmetry and high DNA concentration.'' "
In bacteria suffering from potentially lethal conditions, DNA compaction by a mainly
negatively charged DNA-binding protein named Dps (DNA binding protein from
starved cells) is mediated via ion bridges forming stable, long-range ordered Dps-DNA

14, 15
columnar mesophases.
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1. Introduction

Figure 1-1: (a) In viruses, small compaction agents like spermidine and spermine
aggregate along DNA strands. (b) In eukaryotic nuclei, the DNA is

wrapped around histone proteins.

14, 16-18

The second type of DNA compaction (Figure 1-1b) is manifested in bacteria and

%-19-20 where the interaction of DNA with a multitude of proteins plays

eukaryotic cells,
the dominant role. This results in multi-component, supercoiled structures of the DNA
condensates. An exquisite phenomenon is the multi-hierarchical packing in eukaryotic
cells. This involves local wrapping of short stretches of DNA around a highly basic,
octameric histone protein core in order to form nucleosomal core particles, which are
connected by a variable stretch of linker-DNA.*' Successive folding of the resulting
“beads-on-a-string” structure into increasingly compacted filaments leads to well

defined higher order structures (Figure 1—2).9’ 19,20

In this context, binding of linker-
histones to the linker-DNA plays a prominent role, facilitating the shift of chromatin
structure towards more condensed, higher order forms (i.e. the 30nm chromatin fiber).**
Therefore, linker-histones are of central importance in genome organization and
regulation. However, despite extensive studies most fundamental questions such as
linker-histone location and functions are still unanswered. Most surprisingly, so far
there are no small angle scattering studies available in literature probing linker-
histone/DNA interaction dynamics and structure formation on relevant molecular
length scales.

It 1s important to notice that even in cells DNA compaction is not only promoted by
DNA-binding proteins, but also by molecular crowding and by the presence of multi-
charged cations. Interactions between DNA and cationic polyamines (e.g. spermidine,
spermine) similar to those in viruses are speculated to be essential for the organization
of the genetic material.**** Although much progress has been made in understanding
DNA compaction in vivo, the interplay of the myriad compaction agents and the

manifold types of interactions involved still raise a wealth of important
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1. Introduction

Figure 1-2: Multi-hierarchical self-organization of DNA in eukaryotic cells.
Characteristic length scales are annotated.

questions. In particular, the chromosomal structure poses significant puzzles. Owing to
the fact that DNA compaction in vivo is very challenging, one way to approach open
problems is to mimic DNA compaction in vitro using purified, less complex systems.
Benefiting from the fact that distinct active processes driven by energy consumption —
implied in DNA compaction in vivo — are eliminated, the physico-chemical interplay of
DNA and compaction agent can be studied.

The properties of polycation/DNA condensates depend on various factors including the
nature of ionic groups, the charge density, the proportion of opposite charges, the
molecular weight of the macromolecules and the physicochemical environment (e.g.
pH, salt concentration).”*° A broad number of nanoscale structures that compact DNA
in vitro show similar characteristics to those observed in living organisms. Compacting
agents with the ability to bridge the entire range of naturally occurring condensation
agents from small cations, such as spermine/spermidine encountered in viruses, to the
much larger histone proteins, in eukaryotic cells, are of special interest. Utilizing such
agents should allow for investigations of the whole range of DNA compaction
mechanisms — including like-charge attraction and formation of mesophases as well as

electrostatically driven adsorption of DNA chain on oppositely charged compaction
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1. Introduction

Figure 1-3: Tuning DNA compaction by varying dendrimer generation and therefore
controlling the size and the charge of the compaction agent. This allows
for covering the whole range of in vivo compaction scenarios from
viruses to eukaryotes.

agents — by tuning only a small amount of controllable parameters. Moreover, the
comparison of DNA compaction by histone proteins and model proteins may help to
understand to what extent the consecutive hierarchical organization of chromatin —
including the wrapping of DNA around histones — happens due to energy consuming
processes and how far it is dominated by pure electrostatic and electrodynamic
interactions.

Recently, a revolutionary class of precisely engineered, spherical polycations®' called
dendrimers®® have been synthesized, which are potentially the ideal molecules to enable
DNA compaction studies. The systematic, layer-wise dendrimer build-up leads to
extremely well defined molecules with a high structural and chemical homogeneity.*
Depending on the number of layers — termed generations —, dendrimer diameters can be
tuned from a few angstroms up to tens of nanometers (Figure 1-3).3%3% Comprising
protonable primary and tertiary amine groups, the dendrimer’s charge can be controlled
by variation of the solvent pH.***” In addition, pH-induced changes of dendrimer
charges are generally expected to alter dendrimer conformation. However, the only
experimental study on this topic reported no change of dendrimer size upon variation of
pH value.®® Therefore, there is a discrepancy between theory and experiments making

pH-dependant conformational behavior a subject of considerable debate.***
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1. Introduction

Besides potentially providing insights into in vivo DNA compaction mechanisms, there
is a huge interest in utilizing dendrimer/DNA systems for drug delivery and as model
systems for supramolecular aggregation. The resulting interest in dendrimer-induced
DNA compaction stemming from both biology and physics has motivated many
studies. However, the majority of these studies focus on the application of DNA-
dendrimer condensates for gene therapy disregarding fundamental, physical
investigations of dendrimer/DNA interactions.**>* So far, only two groups have
performed (X-ray diffraction) studies to elucidate dendrimer/DNA complex

. 53,54
formation.”™

Moreover, only dendrimers of an intermediate size between that of low-
molecular DNA condensing agents (e.g. spermidine, spermine) and histones have been
used for both studies. DNA chains in these complexes are found to organize into
columnar mesophases with in-plane square or hexagonal symmetries depending upon
the dendrimer generation number and dendrimer-to-DNA charge ratio. In addition, first
microscopic observations indicate the existence of two different mechanisms of DNA
compaction with dendrimers of low and high generations:* Small dendrimers with only
a few cationic groups collect on DNA chains, whereas for large dendrimers a wrapping
of DNA chains around the dendrimers is speculated. However, beyond these first
indications, no quantitative or unambiguous data are available and there is still poor
understanding of the details of the interaction.

Due to their unique properties, dendrimers potentially provide the opportunity to fine
tune their size and charge in a broad range by varying only few parameters such as
generation number and pH of the solvent. Surprisingly, there do not seem to be any
studies that utilize the huge variability in dendrimer size and charge to systematically
tune DNA compaction and to analyze it in detail. The complexity of DNA compaction
reactions arises from the involvement of many degrees of freedom, expected to be
highly cooperative and involving conformational changes of the DNA as well as the
compaction agent. However, no studies currently available consider these effects in the
context of DNA compaction. Most of all, all studies analyzing dendrimer induced DNA
compaction lack microscale control of the self-assembly process. None of them
provides time-resolved access to structure formation in situ, in particular to transient
intermediate states.

The aim of this thesis is to analyze DNA compaction dynamics and structure formation.
Dendrimers of different size and charge, which act as model proteins, are used as
compaction agents to systematically access the whole range of DNA compaction
mechanisms. Since profound knowledge of the compaction agent properties is

indispensable for understanding their interaction with DNA, dendrimers are also
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1. Introduction

analyzed in detail. In addition, the interaction and structure formation of linker-histones
H1 and DNA is studied, in particular due to the important role of HI1 for the
organization of chromatin.

Experiments and results presented in this thesis are expected to provide fundamental
insights into DNA compaction and organization in vivo, in particular due to the fact
that special emphasis is given to time-resolved access to structure formation. To this
end, DNA compaction is studied in hydrodynamic focusing microfluidic devices,
targeting a quantitative understanding of compaction mechanisms. Aside advantages
such as reduced sample volumes and shorter reaction and analysis times, microfluidics
is a powerful tool for investigations of soft condensed matter and biological systems.*®
The microfluidic setup is designed in a way that ensures a non-equilibrium ascent of
reactant concentrations. Consequently, the study of different states of the reaction under
controllable conditions during one measurement is possible by varying the observation
position and the flow velocities in the microfluidic device. Due to the laminar flow
conditions on the microscale, the compaction of DNA is diffusion controlled and
allows for DNA compaction to occur in a highly defined way. Therefore, the formation
of kinetically trapped structures is minimized and more compact condensates are
formed in the microchannels.

The resulting progression of DNA compaction is detected online using spatially
resolved X-ray microdiffraction.’®®® Small angle X-ray diffraction is a particularly
useful tool for studies of DNA compaction, since it probes relevant length scales (on
the order of nm) and can illuminate multi-dimensional details of DNA condensates —

63, 64
d.”™

particularly when assemblies are aligne The characterization of these materials,

which are typically liquid-crystalline at ambient conditions, is significantly improved
owing to a concurrent orientation during self-assembly processes.™" ¢!

However, a major obstacle for performing X-ray diffraction measurements directly on a
microfluidic chip is the lack of cheap and robust devices suitable for X-ray
measurements (i.e. low X-ray scattering and absorption), which provide the ability of
adapting the microchannel design according to the needs of each analyzed system.
Therefore, it is necessary to first develop a straightforward and scalable method of
fabricating long lifetime X-ray microdiffraction compatible microfluidic devices.”

In addition to small angle X-ray diffraction, confocal Raman microscopy is used to
study molecular interactions of dendrimers and DNA, and to image structural formation
in the microchannels. The combination of both the structural information, resulting
from small angle X-ray scattering measurements, and the chemical sensitivity, obtained
with Raman imaging, allows for detailed insights into the characteristics and the

dynamics of self-assembled DNA condensates.
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1. Introduction

This thesis is organized as follows:

In chapter 2 the applied experimental techniques — Raman scattering and small angle
X-ray scattering — are briefly discussed together with the details on instrumentation and
data treatment. Basic aspects of the physics of the microflow are described in chapter 3.
The manufacturing process of newly developed X-ray compatible microfluidic devices
as well as a demonstration of their analytic power and geometric flexibility is given in
chapter 4. In chapter 5, the liquid-crystalline properties of DNA in microflow are
investigated. This is followed by a detailed analysis of the dendrimers in chapter 6.
Results concerning the dynamic assembly of DNA condensates by cationic dendrimers
of different size are discussed in chapters 7 and 8. Chapter 9 is devoted to the analysis
of linker-histone HI/DNA interaction and structure formation. Moreover, the HI/DNA
system is used to demonstrate basic principles of microfluidics of complex fluids and to
show in detail the significant advantages for the characterization of such fluids arising
from the combination of X-ray microdiffraction and microfluidics. In the final chapter

10, the results are summarized.
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2. METHODS OF ANALYSIS

In this chapter, the applied experimental techniques — Raman scattering and small angle
X-ray scattering — as well as the utilized experimental setups are described in detail.

Furthermore, basics of finite element simulations are briefly given.

2.1. Confocal Raman microscopy

The Raman effect is an inelastic scattering process, which has been discovered by C.V.
Raman in 1928.% A classical electromagnetic field description of the Raman effect can
be used to explain many of the important features of Raman band intensities.”’ Exposed

to an electric field,
E = Eycos(ant), (2-1)
the electron cloud around a molecule is distorted and a dipole moment p is induced:
p=ak. (2-2)
The proportionality constant « is the polarizability of the molecule. The induced dipole

scatters light at the frequency @y of the incident electromagnetic wave (Rayleigh

scattering). However, Raman scattering occurs because a molecular vibration can
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Figure 2-1: Rayleigh and Raman scattering.

change a. The change is described by the polarizability derivative, da/Or, where r is the
normal coordinate of the vibration:*

alr) = a(ro)ﬁa_“(r Cr )4 =1y +qeos(yt). (2-3)
/A

Consistently, the dipole moment can be described by
p(t) = a(ro )EO cos(a)ot) + aa—fEOq[cos(a)o -0, )t + cos(a)0 +w,, )t] , (2-4)

and the scattered light comprises Rayleigh and Raman contributions at frequencies of
any and (avtayip), respectively. According to the frequency of the Raman scattered
light, one distinguishes between Stokes scattering, (ay-ayin), and Anti-Stokes

scattering, (@y+yib).
One selection rule for a Raman-active vibration is given by®

dalor 0. (2-5)

This is analogous to the more familiar selection rule for an infrared-active vibration,
which states that there must be a change in the permanent dipole moment during the
vibration. According to the classical description given above, the scattering intensity is
proportional to the frequency to the power of four. Therefore, Anti-Stokes scattering
should be stronger than Stokes scattering. However, this is not observed.

In order to explain this phenomenon, a quantum mechanical approach to Raman

scattering theory is needed. Quantum mechanically, the Raman effect can be described
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Figure 2-2: Schematic representation of the confocal Raman setup.

as a two photon process corresponding to the absorption and subsequent emission of a
photon via an intermediate electron state (Figure 2-1). Vibrational and/or rotational

energy hw, can be exchanged. Thereby, light quanta are scattered, which have a
scattered energy of h(a)o tw, ), giving rise to Raman lines. For Stokes scattering, the

vibrational quantum number is changed by +1 whereas for Anti-Stokes scattering it is
changed by -1. Scattering intensities are proportional to the absolute frequency of initial
states, which are Boltzmann distributed in thermal equilibrium. Accordingly, the higher
intensity of Stokes scattering is due to higher absolute occupation of corresponding
vibrational modes:>’

1 _hww'b
Anti—Stokes ~e kT . (2-6)

] Stokes

The frequency of scattered photons is specific to the molecular group from which the
scattering occurs. Therefore, each molecule can be identified by its unique Raman
spectrum.

Confocal Raman microscopy is a chemically sensitive method of imaging, which is
independent of additional marker molecules and enables quantitative analysis and in
situ detection. The method is suited to nucleic acids as well as for their complexes in
aqueous solutions and in crystalline and non-crystalline solids. The applicability of
Raman microscopy over a wide range of experimental conditions, such as solution

temperature and composition, facilitates its use in the study of many biologically
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67.%8 However, biomaterials are sensitive to laser

important structural transitions.
irradiation and can rapidly degrade when exposed to a laser beam for long periods of
time. Measurements in microfluidic devices eradicate this concern, because while the
laser beam remains at a fixed position, the material within the device continues to flow.
Figure 2-2 shows a schematic representation of the confocal Raman microscope
CRM200 manufactured by Witec (Ulm, Germany). The microscope is equipped with a
piezzo scanning table, which can be moved (200+£0.004)um in x- and y-, and
(20£0.001)um in z-direction. The laser beam (SGL-2200 laser, 532nm, 250mW,
controlled by SUWTech LGD-2500, Shanghai Uniwave Technology) is focused on the
sample in the microfluidic device using a diffraction limited spot size by an Olympus
LMPIlanFl 100x/0.80 objective. The measured signal is transmitted to a grating
spectrograph via an optical fiber with a diameter of 50um. The end of this fiber is
placed at the image plane of the microscope and used as a pinhole. The microscope
provides the recording of spectra with an air-cooled CCD-chip (1340x1000 pixel)
behind a grating spectrograph with a 600 lines per mm grating and a resolution of
6cm™. Additionally, high resolution 2D-Raman images of the sample at fixed wave
numbers can be recorded by laterally (x-y) and vertically (x-z, y-z) scanning the sample
through the excitation spot using the scanning table and detecting the Raman signal
with a high quantum yield avalanche photodiode detector (APD). Recording of
confocal Raman spectra and 2D scans is done using the programs ScanControl and
ImageControl (WiTec GmbH, Ulm, Germany).

2.2. Small angle X-ray (micro)diffraction

Scattering of X-rays at small angles close to the primary beam yields information on
sizes, shapes and the internal structure of particles.”” Apart from structural analysis of
single particles, the method is suitable to study spatial correlations of particles.
Covering relevant length scales from one to a few hundred nanometer, small-angle X-
ray scattering (SAXS) is a fundamental tool in the study of biological macromolecules.
The major advantage of the method lies in its ability to provide structural information
about disordered systems, i.e. about macromolecules in solution. Solution scattering
studies are in particular important, given the fact that it is not possible to crystallize
numerous macromolecules with high biological significance. Moreover, SAXS allows
one to study the structure of native particles in near physiological environments and to
analyze structural changes in response to variations of external conditions at relative

low effort.®"!
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However, due to the low information content of small angle scattering data from
solutions in the absence of crystalline order, there is only a limited number of
independent parameters that can in principle be extracted from such scattering data.

72-74

According to Shannon’s sampling theorem, the number of degrees of freedom

associated with /(g) on an interval [@min , gmax] 1S €stimated as

N, = Do (s =) @7

V2
with Dy, representing the maximum particle diameter. Due to the fact that small angle
scattering curves decay rapidly with ¢, they are reliably registered only at low
resolution and, in practice, Ns does not exceed 10-15." Therefore, small angle
scattering is commonly considered to be not only a low-resolution but also a low-
information technique. Here, the number of Shannon channels is Ng = 8 (estimated with
the program GNOM’®). Fitting complex models, which contain a larger number of
parameters, to recorded scattering data can not yield a stable solution without additional
a priori information and results are expected to display a strong dependence on initial
parameters. Accordingly, the model derived for describing the dendrimers in chapter

6.2 includes only 4 independent fit parameters.
Molecular sizes, shapes and inter-molecular interferences contribute to the scattering
curves. SAXS experiments measure the Fourier transform of the electron density of
objects in the sample.”' The electron density of biomolecular assemblies is a
convolution of the electron density of the single scattering objects with the 2D or 3D
lattice of delta-functions that define their arrangement in the complex. Thus, the
scattering intensity /(g) consists of Bragg peaks, determined by the structure factor
S(g), accounting for interference effects between particles, with peak heights modified

by the smoothly varying form factor, i.e. the single particle scattering function, F(q):
I(q) ~ NF(9)S(q) - (2-8)

N is the number of particles. ¢ is the scattering vector defined by the irradiated

wavelength A and the scattering angle € according to the following equation:

_4rsind

P (2-9)

Bragg peak heights and shapes are determined by lattice vibrations, defects, finite-size

effects, and other distortions, whereas the peak positions determine the symmetry and

dimensions of the lattice.”" "’
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2.2.1. Experimental setup

Small angle X-ray scattering (SAXS) measurements are conducted at the beam-line
ID10b at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The
ID10b beam-line is a multi-purpose, high-brilliance undulator beam-line for high
resolution X-ray scattering and surface diffraction on solids and liquids.** The sample
is mounted onto the ID10b goniometer. Beryllium compound refractive lenses (CRL)"®
with a focal distance /= 1.3m are used to focus the synchrotron X-ray beam of 8keV
(A=1.55A) down to a spot of ds = 20um in diameter. Moving the microdevice along
coordinates x, and y, the X-ray beam is positioned at the desired position. A CCD
camera with fluorescent screen is used as a detector. Resulting 2D images of diffraction
patterns cover a g-range of 0.25-3.50nm™. Due to the high-flux X-ray beam, short
exposure times of 30-120s are possible.

In addition, experiments are performed using an in-house Bruker AXS Nanostar
(Bruker AXS, Karlsruhe, Germany). This setup includes a rotating anode X-ray source
for Cu-K, radiation (1.54A) at a generator power of 4.05kW. The X-ray beam is
adjusted to a size of dy~= 100um or 400um by a set of three pinholes. 2D scattering
data are recorded using a virtually noise-free, real-time 2D Hi-Star detector with photon
counting ability. Providing the opportunity of varying the sample-detector distance
between 6-120cm, in-house a total g-range of 0.1-9.0nm™ is covered. This allows for
resolving of feature sizes ranging from 0.7-62.7nm. Due to the lower adsorption of
injected fluids compared to material of the channel walls, the in-house setup enables
real space imaging of microfluidic devices via lateral and vertical X-ray absorption
scanning with a step size down to 50um. This allows for precise selection of
measurement positions. According to the significantly lower intensity of the in-house
X-ray beam, exposure times of up to two hours per image are necessary. Performing
measurements under continuous flow conditions is therefore indispensable to the
retention of molecular integrity, especially when analyzing complex materials that can

be easily destroyed due to the high X-ray energy (chapter 9.4.3).°%%!

2.2.2. Data treatment

SAXS data were acquired from complex materials either inside of microfluidic devices
or from samples loaded in thin quartz capillaries with a wall thickness of 0.01mm and
diameters varying between 1.3-1.6mm. All collected data are first corrected for detector

sensitivity by using the Bruker recording software SAXS. Background intensities
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Figure 2-3: Experimental synchrotron beam-line (a) and in-house (b) setup.
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Figure 2-4: Converting 2D raw data images to 1D intensity plots. (a) I(¢) and (b)
Iqmax(l)’

caused by scattering from the X-ray windows of the detector vacuum chamber, glass
capillaries or microchannel devices, the solvent, and the beam stop overspill are
determined by separate reference measurements. In order to account for different
capillary diameters and to determine absolute scattering intensities, each reference data
is weighted by the ratio of overall scattering intensities Igc(sample)/Igc(reference)
before subtracting from the respective sample data. Igc is acquired by inserting glassy
carbon in the beam path at a fixed position closely after the sample and measuring for
100s.

A typical 2D X-ray image shows patterns of intensity /(g,y) corresponding to features
of the liquid-crystalline lattices that are probed (Figure 2-4). The real spacing d of these

features is inversely proportional to the momentum transfer
q = 4n/Asind, (2-10)

where A is the X-ray wavelength and 26 is the angle between incident and scattered

radiation. A plot of intensity / versus ¢ is obtained by azimuthally integrating the image
over 360°:
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1(q)= [1(g, 2)dx (2-11)

The azimuthal distribution of the peak intensity /;max(y) in a fixed g region gmaxt Ag
around a peak position gma 1S also a quantity of interest, in particular because an

alignment of materials occurs in microflow.

Imax +Aq /2

1, ()= [ig.2)dq (2-12)

Gimax —AG /2

Materials investigated in this thesis are not single-crystalline, and their 2D scattering
images reflect a powder average from multiple orientations. This results in an intensity
distribution along the pattern at fixed radial position ¢. In Figure 2-4, the extraction of
data from a 2D raw data image is demonstrated and resulting plots of intensity / versus
q and [ versus the azimuthal angle y (y = 0°-360°) along a fixed ¢ region, respectively,
are shown. In addition, the full width at half maximum of a peak of /(y), Ay, serves for
quantifying the extent of material orientation within microdevices.

For recording in-house X-ray data and for their evaluation, the program SAXS (Bruker
GmbH, Karlsruhe, Germany) is used. In addition, X-ray data processing is performed
using the program Fit2D by Andy Hammersley.” For the analysis of the interaction of
PAMAM dendrimers generation 6 and DNA, presented in chapter 8.2, the programs
GNOM’®, DAMMIN,* and CRYSOL® by Svergun et al. are used.

2.3. Finite Element Simulations

In this thesis, finite element simulations using the program Comsol Multiphysics 3.2
(Femlab GmbH, Gottingen, Germany) are performed for numerical solutions of
differential equations describing the physics of the microflow in microchannel devices:
the Navier-Stokes equation, which is coupled with diffusion equations for involved
components (chapter 3).

The basic concept of the finite element method is to divide a structure into smaller
elements of finite dimensions and simple shape (e.g. triangles), which are connected at
a finite number of joints. The mathematical problem is locally adapted for each finite
element in a way that equations of equilibrium for the global structure are obtained by
combining the equilibrium equation of each element. Thereby, the continuity is ensured
at each joint. Imposing boundary conditions, equations of equilibrium are solved to

obtain required variables such as stress, strain, concentration distribution or velocity
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field. Thus, instead of solving the problem for the global structure in one operation, the
problem is solved separately for the constituent elements.

Since numerous physical phenomena like viscosity effects and surface tensions have to
be taken additionally into account, computational power is often precluding numerical
calculations of the real 3D problem. However, exploiting the symmetry of the channel
design enables to reduce the problem and therefore the computation time without

affecting principle physical phenomena.™
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3. PHYSICS OF THE MICROFLOW

The miniaturization, integration, and analysis of chemical and biological processes on
the nanoliter-scale continue to drive remarkable progress in the fields of biotechnology,
protein crystallization, and combinatorial chemistry.**’ Aside from advantages such as
reduced sample volumes and the possibility of high throughput and parallel operations,
microfluidics is a powerful tool for fundamental investigations of soft condensed matter
and biological systems.’® Allowing to manipulate single cells and even single
macromolecules, there is great interest in using microfluidic systems for analytical
tests.”® *3 #% % However, with miniaturizing fluid transport systems to the microscale,
there is a fundamental change in hydrodynamics that occurs. At these scales, inertial
forces are virtually non-existent, surface tension plays an important role, diffusion
governs mixing, and evaporation acts quickly on exposed liquid surfaces. In order to
understand and work with microfluidics, one must first face the physical phenomena

that dominate at microscale dimensions.
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3.1. The Navier-Stokes equation

The basic equation for the dynamics of a Newtonian fluid is the Navier-Stokes

equation,”
ou )
p(5+(uV)uj:—Vp+77V u+f, (3-1)

where p is the fluid density, u the fluid velocity, p the pressure, and 7 the fluid
viscosity. Since fluids are continuum materials, the Navier-Stokes equation essentially
represents the continuum version of Newton’s law /' = ma. Forces per unit volume on
the right-hand side are balanced by inertial acceleration terms on the left-hand side. f
represents body force densities.”””?

To determine the relative effect of viscous and inertial forces, the dimensionless

Reynolds number can be considered:

Re = pul . (3-2)
n

[ is a typical length scale of the observed system. On macroscopic dimensions, where
turbulences are governing fluid behavior, Reynolds numbers of 10° or higher are found.
Owing to the small dimensions of microfluidic devices, Reynolds numbers reached for
any of the experiments discussed in this thesis are all in the order of Re < 1. At such
low Reynolds numbers, viscous forces overwhelm inertial forces and dominate fluid
dynamics. Therefore, the left-hand side of the Navier-Stokes equation can be neglected,

leaving the linear Stokes equation:
nVu+f=Vp. (3-3)

The fluid flow is determined entirely by the pressure distribution, the incompressibility

constraint,
Vxu=0, (3-4)
required from mass conservation,

op/ot+V(pu)=0, (3-5)

and boundary conditions. Contrary to the Navier-Stokes equation, the Stokes equation

is symmetric in time.
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Figure 3-1: (a) Normalized velocity profiles along the wide (a) and the narrow (b)
channel aspect obtained from finite element simulations.

3.2. No-slip boundary conditions and channel velocity

profiles

The influence of boundary conditions is significant affecting in particular the relation
between pressure gradients and volumetric flow rates, and the velocity profile
perpendicular to the mean flow direction. In general, no-slip boundary conditions
(u = 0 at channel walls) have been accepted not so much due to convincing theoretical
background but rather due to apparent experimental success.”’ However, recent
measurements have shown evidence for partial slip of liquids at solid boundaries.””’
The magnitude of the apparent slip length — the velocity profile extrapolates to zero at
this distance inside the wall — measured seems to be highly sensitive to the nature of the
surface, in particular to surface roughness and wettability. Using solely microchannels
with hydrophilic walls in combination with aqueous solutions in this thesis, it is
reasonable to assume no-slip boundary conditions.”> °” Typical microchannels have a
rectangular cross-section with a width w, a height / and an aspect ratio of o= h/w. The
velocity profile can be calculated by integrating the Stokes equation.”® Figure 3-1
shows velocity profiles obtained from FEM flow field simulations of a rectangular
microchannel. The channel has a width of w = 100pum, whereas the height % is varied
from 20 to 100um. A parabolic Poiseuille flow profile is obtained along the narrow
aspect of the channel (y-axis), with the fluid in the center of the channel having the
largest velocity. The averaged flow along the wider channel aspect (x-axis) has a
boundary-layer character. It varies rapidly near the walls and approaches a low gradient
profile in the center of the channel. The distance over which the flow changes from the

constant value to the stick boundary condition is approximately the narrow dimension.
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Therefore, with decreasing « the average velocity in this direction is increasingly plug-

like, whereas the velocity profile in the narrow direction remains parabolic.

3.3. Viscoelastic materials in microflow

Since the Stokes equation contains no time derivatives, all fluid-dynamical phenomena
. . . . 2 .

described by this equation are stationary.”” However, there are physical processes

encountered in microfluidics, whose non-linearities may even increase with reducing

?1-98 Dissolved polymers introduce viscoelasticity to the fluid that

device dimensions.
further enriches the flow behavior by including purely elastic flow instabilities” and
elastic turbulence.'” Effects of viscoelasticity are most apparent under high rates of
variation of stresses. The strength of non-linear effects depends on the Weissenberg

101
number,

Wi=t,é, (3-6)

P

where ¢ is the rate of deformation in the flow and 7 is the polymer relaxation time.
When Wi is small, the polymer relaxes before the flow deforms it significantly, and
perturbations from equilibrium are small. With Wi approaching unity, the polymer does
not have time to relax and it is unraveled via a coil-stretch transition.

A second time scale characteristic of variations in the flow geometry may also
exist.”””! In this case, the behavior of the complex material is characterized by a

dimensionless Deborah number,

T
De =—
!

; (3-7)
with 7 being a microscopic relaxation time characteristic of the molecular structure and
¢t being the time constant of the applied perturbation. De characterizes the intrinsic
fluidity of a material.

When De is small compared to unity, liquid-type behavior is observed. At higher
frequencies and therefore larger values of De, the response is typical of an elastic
solid.” Viscoelastic effects are fundamentally independent of Re and should not
diminish when the device is miniaturized.'” Performing experiments on a microscale
eliminates inertial effects that compete or mask viscoelastic effects. Therefore,
microfluidic devices have proved useful for both analyzing effects of fluid flow on

polymer behavior and studying effects of polymers on the behavior of fluid flows.
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3.4. Diffusion and Mixing

Mixing is a basic process required for many biological, chemical, and physical

applications. On the macroscopic level, the diffusion is described by Fick's first law,”

j=-DVec. (3-8)

It is used in the steady-state case and indicates that the diffusion flux j is depending on
the concentration gradient Vc. The coefficient D is the diffusivity. If changes in
concentration occur over time, they result in positional changes in diffusion flux. This
is expressed by the continuity equation,

ac _

-_Vj. 3-9
py J (3-9)

Therefore, for non-steady or continually changing state diffusion, one has to use Fick's

90
second law,

ge = DAc, (3-10)

ot
which is obtained by combining equation (3-8) and (3-9). In order to fully describe
local concentration and concentration changes, the Navier-Stokes equation or — for
purely laminar flow — the Stokes equation has to be additionally considered since it is
coupled to equation (3-10). In general, the
resulting system of coupled differential equations is very complicated and cannot be
analytically solved. To describe the physics of the microflow inside the microchannel

system, finite element simulations are therefore used (chapter 2.3).

3.5. Hydrodynamic focusing

Laminar flow conditions in microchannels force mixing to occur purely by diffusion.
This can be desirable or not, depending on the application. However, unique flow
phenomena on microscales can be leveraged to design and fabricate microfluidic
devices according to experimental needs. For analyzing DNA compaction under highly
defined conditions, hydrodynamic focusing devices are used. Hydrodynamic focusing
features crossed (micro) channel geometry with three inlets and one outlet. Solutions

injected in the microfluidic device meet at the confluence of the microchannels. The
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Figure 3-2: (a) Finite element simulations of the velocity field u (top) and the
concentration of side channel component cg4. (bottom) illustrating the
effect of laminar mixing. (b) Line profiles of # and c 4. at annotated
positions along the main channel.

main stream is hydrodynamically focused by the influx of the solutions injected into the
two side channels and fluid elements are accelerated.'” In addition to hydrodynamic
focusing of a liquid stream, using two miscible liquids in crossed microchannels allows
for diffusive mixing of these liquids. This opens a wide field of interesting

: 56, 60, 104
experiments.

The details of subsequent mixing between fluids vary greatly
depending on the geometry of the outlet channel. In what follows, two fundamental
mixing scenarios are discussed.

In Figure 3-2a, flow conditions in a hydrodynamic focusing device with an outlet
channel of uniform width are calculated using 2D finite element simulations.
Simulations describe the velocity field u (top) and the concentration cgi4e (bottom) of the
side channel component evolving when aqueous solutions with identical viscosities
Nmain = side = TMwater are injected in the main and side channels with a fixed initial
velocity uo=0.7mms”. Both side channel solutions contain small molecules of

hydrodynamic radius Rgg.= 0.45nm with a diffusion constant Dside=5-10_10mzs'l.
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Figure 3-3: (a) Finite element simulations of the velocity field u (top) and the
concentration of side channel component cg4. (bottom) illustrating the
effect of fast mixing in a device with a narrowed region in the outlet
channel. (b) Line profiles of # and c 4. at annotated positions along the
main channel.

These values are comparable to those of small biologically relevant molecules such as
glucose. csige ranges from 0 to 1.0. Owing to the symmetry of the microfluidic device, it
is sufficient to simulate half of the device.

Lines crossing the channels quantify values of u and csiq. at different x positions 1, 2,
and 3 (Figure 3-2b). The mixing in the device shown in Figure 3-2a is a consequence of
the laminar flow and the diffusion within the channel. A continuous increase in csjqe at
the channel center (y=0) is recorded. cs¢e Will approach a constant value at some
further point x when side and main components are completely mixed. Velocity profiles
of this device approach a steady-state value at some distance from the confluence area.
Taking advantage of the highly defined laminar flow conditions along the outlet
channel, diffusive mixing establishes stable concentration gradients. Introducing
distinct chemical reagents into the injected solutions, concentration gradients in devices
having such geometry can be utilized to study non-equilibrium structure formation in
the intermixed region. Each observation point contains a different concentration of

reactants. Thus, a wide variety of chemical environments can be easily created.
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Temporal resolution of particular time points in the reaction can be achieved by
observing the state of the reaction at different positions along the outlet channel
because distance in the flow direction translates into a time of reaction.'® '*> 1%
Consequently, interaction dynamics depending on the concentration distribution can be
spatially separated. Remarkably, non-equilibrium dynamics are thus accessible in
steady-state flow.”*!

Besides establishing highly defined concentration gradients, rapid mixing of different
solutions is often desired, e.g. to quantify time-evolved properties of a fully mixed
ensemble. Figure 3-3a shows the geometry of a hydrodynamic focusing device with
this ability. The inclusion of an abrupt decrease in the width of the interaction channel
creates markedly different flow conditions than those in a straight channel having a
uniform width. Finite element simulations of the second device have been performed
using identical initial velocities and concentrations. However, the scale of u is 10-fold
higher for the device in Figure 3-3a due to the rapid increase in u in the narrow channel
region. Line profiles at x positions close to the beginning of the channel step (position
1) exhibit extremely steep u and csige values moving from the center of the channel
outward along the y-axis. The fast mixing induced by the strong reduction of the
distance, which molecules have to cover by diffusion, results in a nearly constant value
of ciqe at positions after the confined region (i.e. position 3).

The two scenarios only serve as examples. Interactions within microchannels can also
be controlled by variables such as relative flow velocity and further geometric
modifications. The width of the focused stream can be adjusted by the ratio of flow
rates of the main channel and the side channels. Increasing the flow rate of the side
channels leads to a narrowing of the center stream. Clearly, a wide variety of
parameters are sufficiently malleable to enable investigations of real-time dynamic
interactions. Furthermore, these parameters may be tailored to address specific
experimental considerations.

An additional, important benefit of utilizing hydrodynamic focusing devices to study
complex fluids results from the ability to introduce an additional hydrodynamic stress
due to the sudden increase of the overall flow rate in the crossing region. Fluid
elements become extended along the flow direction, as do the polymer molecules
within the flow. Providing a sufficiently large rate of extension & compared to 7"
(high Wi), polymer molecules are stretched and aligned during the self-assembly
process. This improves the formation of liquid-crystalline phases, which allows for a
significantly enhanced characterization by X-ray diffraction.®®" Thus, additional
information regarding the liquid-crystalline order of the complex fluid is obtained.
However, biomaterials are typically sensitive to the high energy of X-rays and can

rapidly degrade when exposed to a beam for long periods of time. Measurements in
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microdevices eradicate this concern, because while the X-ray beam remains at a fixed
position, the materials within the device continue to flow. As a consequence, each
individual molecule is exposed to the X-ray beam only for a very short time, and the

detector records an ensemble average instead of a time average.
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4. MICROFLUIDIC DEVICES

105107 and, in particular, spatially resolved microdiffraction in

59-62, 108

X-ray diffraction,
hydrodynamic focusing microdevices provide new opportunities to study time-
resolved reaction dynamics of complex fluids under controllable conditions. The
characterization of these materials, which are typically liquid-crystalline under ambient
conditions, is significantly improved owing to a concurrent orientation during self-
assembly processes.” ®' However, a major obstacle for performing X-ray diffraction
measurements directly on a microfluidic chip is the lack of cheap, tunable, and robust
devices with thin, low-absorbing and low-scattering windows suitable for X-ray
measurements. In this chapter, a straightforward and scalable method of fabricating
inexpensive, long-lifetime X-ray microdiffraction compatible microfluidic devices is
presented. To illustrate the analytic power and geometric flexibility of the microfluidic
devices, X-ray microdiffraction measurements have been performed in order to study
shear-induced alignment effects in the well characterized smectic liquid crystal system

n-octyl-4-cyanobiphenyl (8CB).*
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Figure 4-1: Chemical structure of PDMS: oligomer (left), crosslinked (right).

4.1. Manufacturing microfluidic devices

The utility of microfluidic devices to manipulate fluids is of widespread interest in
many scientific and industrial contexts. Their design often requires unusual geometries
and the interplay of multiple physical effects such as pressure gradients, surface
tensions, and capillarity. The earliest microfluidic systems were fabricated in silicon by

19911 For biological

using technology originally developed for the microchip industry.
research, silicon is often not the ideal material for microfluidic applications due to
optical opacity, difficulty in component integration, and unsuitable surface
characteristics. Furthermore, faster and less expensive device fabrication is needed. In
order to satisfy these demands, soft lithographical techniques to create microfluidic

devices have been developed over the past two decades.'' >

4.1.1. Soft lithography and standard PDMS devices

Soft lithography involves the replication of a master structure into a soft elastomer,
such as Sylgard 184 poly-(dimethylsiloxane) (PDMS, Dow Corning GmbH,
Wiesbaden, Germany). Although several polymers (e.g. polyurethane) have been used
for soft lithography, PDMS has a useful combination of properties. It is nontoxic,
permeable for water and many gases, readily available commercially, and optically
transparent down to a wavelength of approximately A~ 300nm. It has a Young’s
modulus of about 1MPa (depending on cross-linking density) making it a moderately
stiff elastomer.''> Consisting of repeating units of -O-Si(CHj3),-groups (Figure 4-1), it is
intrinsically hydrophobic (advancing contact angle of water: 6,(H,0) =~ 110°)."'% !5

Typically, standard photolithography is used for manufacturing masters. Figure 4-2
shows the principle steps of master fabrication. A silicon wafer (Si-Mat,

Landsberg/Lech, Germany) is cleaned with isopropanol and dried on a hotplate for 5
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Figure 4-2: Schematic representation of principle steps of the master fabrication.
(1) Clean silicon wafer as a substrate. (2) Spin coating the substrate with
photo resist. (3) Exposure to UV light through a high resolution
lithography mask. (4) Master containing the developed structure.

minutes at 200°C. A layer of negative photo resist (SU-8, Micro Resist Technology
GmbH, Berlin, Germany) is spin coated onto the wafer. Depending on the type of
photoresist and the spin coater (SCS, Indianapolis, USA) parameters, a thickness range
of 50-200um can be achieved. To polymerize selected regions of the photo resist, the
wafer is exposed to UV light (wavelength A =365nm) through a lithography mask
using a Karl Siiss MJB3 mask aligner (Siiss Microtech AG, Garching, Germany).
Lithography masks are printed transparencies (JD-Photo-Tools Ltd., Oldham, UK) or
chrome masks (ML&C, Jena-Maue, Germany), with microstructures drawn using
AutoCAD 2005 (Autodesk, Miinchen, Germany). For resist layers thicker than a few
micrometers, an iterative exposure is necessary. In order to completely crosslink the
exposed photo resist areas, the wafer is post-exposure baked and developed. After
dissolving the unpolymerized photoresist, a positive relief of the channel structure is
left on the wafer and cleaned with isopropanol. This structure acts as a master for
casting PDMS channels.

To replicate the 3D microstructure in PDMS (Figure 4-3), the pre-polymer is mixed
with the cross-linker (ratio 10:1 (w/w)), degassed thoroughly using an exsicator and
poured onto the master. The liquid PDMS pre-polymer conforms to the shape of the
master and replicates features of the master with high fidelity (10’s of nm).''® After
curing the pre-polymer at 65°C for approximately 3h, the PDMS replica is peeled off of
the master. To prevent irreversible bonding between silicon and PDMS, the surface of
the wafer is treated with heptafluoropropyl-trimethylsilane (97%, Sigma-Aldrich,
Germany) by absorption from the gas phase. Dimensional limits in channel design are
in the range of 1 to 300 micrometers. The width of the channels is measured with
optical bright field microscopy resulting in an accuracy of £0.2um.

To introduce fluids into the microchannels, Teflon tubing (NovoDirect, Kehl,

Germany) with an inner diameter of 500pm and an outer diameter of 1000pm is used.
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Figure 4-3: Schematic representation of the manufacturing process of a standard
microfluidic device from an existing master. (1) Photolithographic
fabrication of a master with relief structure. (2) Casting of PDMS
against the master. (3) Peeled off PDMS replica after cross linking the
PDMS at 65°C. (4) Sealing the channel structure with a cover slide.

To connect the tubing, holes slightly smaller than the outer tube diameter are punched
in the PDMS replica. When the tubing is inserted, it exerts pressure on the PDMS and
provides a waterproof seal. To improve tightness, the tubes are additionally glued into
the PDMS by using Loctite® 406/770 glue (Henkel Loctite, Miinchen, Germany).

The PDMS replica can be sealed irreversibly to PDMS, glass, silicon, polystyrene,
polyethylene, or silicon nitride by exposing both the surface of PDMS and the surface
of the substrate for 10s to an air plasma using a plasma cleaner (Harrick Scientific
Corporation, Ossining, USA). Oxidization using plasma produces silanol (Si-OH)
groups on the PDMS surface, converting it to a hydrophilic form (6,(H,0) =~ 10°),!'* '
and -OH-containing functional groups on the other materials. These two types of polar
groups form covalent -O-Si-O-bonds when the surfaces are brought into contact.''! For
standard microfluidic PDMS devices, microchannels in the cross-linked PDMS stamp
are sealed with a glass slide.

Elastomeric polymer molding enables the generation of topologically sophisticated
microfluidic structures according to experimental demands. A significant advantage of
this technique is the rapid turn-around time from conception of the experiment to

fabrication.'!!

One master can be used several times to fabricate replicas, resulting in an
extreme cost and time efficency. In addition, the list of advantages of microfluidic
devices manufactured using PDMS includes robustness, reduced size of operating
systems, flexibility in design, reduced use of reagents, increased speed of analyses, and
easy integration with outside components because the polymer conforms to most
materials.

When studying complex fluids in a microchannel device, the utilization of a multitude
of methods of analysis is desirable. Asides from different optical techniques, X-ray
microdiffraction in microflow in particular provides new opportunities to study

complex fluids.” > '% Due to its optical properties, PDMS is compatible with many
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Figure 4-4: Schematic representation of the manufacturing process of KSK devices:

(1) Stainless steel plate as starting point. (2) Spark erosion of the
channel structure. (3) Covering with a thin self-adhesive Kapton foil on
one side. (4) Closing the channel structure by covering the other side
with a second Kapton foil. Four holes are punched into this Kapton foil,
which fit the inlet positions of the microfluidic device. (5) Thin double
side sticking tape with cavities at the inlet position and the measuring
area is used for mounting the microfluidic device on a PMMA slab
assisting the connections to the fluid pumping system (6).

optical detection methods. However, X-ray diffraction measurements directly on a
microfluidic chip cannot be performed using standard PDMS devices. The major
obstacle here for is the X-ray absorption and scattering properties of PDMS. In the
following sections, two straightforward and scalable methods are presented for
fabricating long lifetime X-ray microdiffraction compatible microfluidic devices with
thin polyimide (Kapton) windows.

4.1.2. Kapton-Steel-Kapton devices

The production of the X-ray compatible Kapton-Steel-Kapton (KSK) microfluidic
devices is illustrated in Figure 4-4. The microchannel structure is spark eroded in a thin
stainless steel plate resulting in a microchannel structure, which is open on both sides.
The thickness of the plate defines the height of the microchannels. Adhesive Kapton
foils coated with a poly(siloxane) layer (thickness 53um, Dr.Miiller GmbH, Allingen,
Germany) are placed on both sides of the steel plate, such that the foils seal the device
and serve as X-ray transparent windows to the microchannel. Four holes are punched

into the bottom Kapton foil fitting the channel ends of the steel plate and serving as in-
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Figure 4-5: Schematic representation of the manufacturing process of microflow

foils: (1) Photolithographic fabrication of a master with relief structure.
(2) Casting of PDMS against the master (3) Adjusting of the PDMS
layer to the height of the relief structure and cross-linking at 65°C. (4)
Covering with a thin self-adhesive Kapton foil. (5) Peeling off of the
Kapton-PDMS replica. (6) Sealing of the channel structure with a
second Kapton foil. Four holes are punched into the Kapton foil fitting
the inlet positions of the microfluidic device.

lets of the microfluidic device. Using a thin double sided sticking tape with cavities at
the inlet positions and the measuring area, the microfluidic device is mounted on a
poly(methylmethacrylate) (PMMA) slab assisting the connection to the fluid pumping
system. The center region of the PMMA support is milled out to provide an undisturbed
pathway for X-ray beams. The connection to the pumping system is established by
Teflon tubing implemented into male nuts (ProLiquid, Uberlingen, Germany) that are
screwed in the sockets of the PMMA support. Channels of the KSK devices have a
width of 100-150pum and a depth ranging from 200-300pm.

Kapton has been acknowledged as a useful material for X-ray windows as it is both
resistant to high flux densities of microfocused X-ray beams and shows low X-ray
absorption in the keV energy range. Therefore, using ultra-thin Kapton foils enables the
performance of high quality X-ray microdiffraction experiments. The biggest
advantages of KSK devices are their robustness and the fact that the Kapton foils can
be discarded, and then the microchannel structure in the stainless steel plate can be
cleaned and reused with new Kapton foils. However, technical limitations of the spark
eroding process restrain the abilities of KSK devices: the minimum channel width is
approximately 50um, and smaller structures are not feasible. In addition, only simple

geometric channel designs are realizable. Since the total length of the device is limited
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Figure 4-6: Photographs of connected microflow foils and the clipping system.

(<3cm), the total observable reaction time is quite restricted making KSK devices

inappropriate for the observation of many reactions.

4.1.3. Microflow foils

Microflow foils are the second type of X-ray compatible microfluidic devices used in
this work. Based on the principle ideas of soft lithography, microflow foils outperform
previously reported microchannel setups® ¢! 1% 197 1% qye to their inexpensive and
rapid manufacturing steps as well as their overwhelming versatility with respect to
channel design elements. The fabrication of these devices is shown in Figure 4-5.

The first steps of fabricating a master are the same as the standard soft lithography
techniques described in chapter 4.1.1. In a next step, PDMS is spin-coated atop the
master and excess PDMS is gently scraped off manually. The PDMS elastomer is
subsequently cross-linked for three hours at 65°C. A Kapton adhesive foil is used to
seal the device, which assists peeling the PDMS off the master. The channel structure is
sealed from the other side with a second Kapton foil. Four holes are punched into this
Kapton foil fitting inlet positions of the microfluidic device. Press fitting clipping
systems consisting of a modified crocodile clip (Conrad Electronics, Hirschau,
Germany) and a syringe needle (Braun Sterican, 500um in diameter, VWR, Darmstadt,
Germany) are used for connecting the sandwich structured microflow foils to the
pumping system via Teflon tubes.

The Kapton-PDMS-Kapton microflow foils are a sophisticated addition to the field of
microfluidic microdiffraction. In addition to the advantages of conventional soft
lithographic devices described in chapter 4.1.1, an unprecedented versatility is achieved
by using mechanically flexible tapes. The developed microflow foils facilitate the

production of robust devices with ultra-thin walls that are highly adaptable in shape to
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servo motor

Figure 4-7: Drawing of the custom made syringe pump.

experimental requirements. To demonstrate this, colored water has been injected
through the microchannels of a curled microflow foil resulting in droplets at the
channel outlets (marked with arrows, Figure 4-6). The adhesion between the layers of
microflow foils is strong enough to successfully pump fluids having viscosities on the
order of 10*'mPa's and higher.

This new technology is not limited to X-ray measurements, since all kind of different
tapes can be used instead of Kapton foils — as long as these tightly bond with the
intermediate PDMS layer. For instance, metal foils or optically transparent foils offer
the ability to conduct reflectivity or optical microscopy investigations on complex
fluids in microflow. Furthermore, the use of tapes also allows for facile incorporation

of non-sealing layers such as filter papers and membranes.

4.1.4. Controlling the microflow

To control and manipulate the flow inside the microchannels, a home built syringe
pumping system is used. Servo EC motors (Systro GmbH, Eiterfeld, Germany) with a
very high accuracy of 10000 impulses per revolution are used to control the feed of up
to two Hamilton microsyringes (10-500ul; Zefa, Harthausen, Germany) connected to
the microchannels. To power the motors, a LabVIEW computer interface (National
Instruments Corporation, Austin, TX, USA) is used.

At a gear transmission ratio of 546.75:1 inside the servo pumps, the pump setup allows
for a continuous pumping in the range of fL's” and pL's” using fluids with a viscosity
up to 10*'mPass. This results in experimental flow velocities between 35nm's™ and
12.2mm's™ for a microchannel device with a square channel profile of 150um in width
and 500ul syringes. By varying the gear transmission ratio, the dynamic range of the

pumps can be extended another three orders of magnitude.

45



4. Microfluidic Devices

Figure 4-8: Microfluidic setup utilizing five microliter syringes.

Typically, five microliter syringes are utilized in total, one for the main channel and
two for each of the two side channels. The connection of the two syringes feeding the
side channels is established via a switch-able T-junction in a manner such that the
content of both syringes is continuously added to the side streams. By varying the co-
flow in the side channels, the concentration of reactants during the measurement can be

adjusted.

4.2. Probing microflow foils

105107 117 “and in particular spatially resolved microdiffraction in

59-61, 108

X-ray diffraction
hydrodynamic focusing microdevices enables the analysis of time-resolved
reaction dynamics of complex fluids under controllable conditions. X-ray compatible
microflow foils introduced in chapter 4.1.3 provide new opportunities to study complex
fluids. In order to illustrate the analytic power and geometric flexibility of these newly
developed microflow foils, X-ray microdiffraction measurements have been performed
in order to study shear-induced alignment effects in the well characterized smectic

liquid crystal system n-octyl-4-cyanobiphenyl (8CB).''® '"°

4.2.1. The liquid crystal system 8CB

Smectic liquid crystals consist of elongated molecules that are aligned and arranged in
layers. The chemical structure of the liquid crystal n-octyl-4-cyanobiphenyl (8CB,
Sigma-Aldrich, Germany) is shown in Figure 4-9. 8CB is a thermotropic liquid crystal

that exhibits a transition from nematic to smectic A at a temperature 7= 33.5°C. At
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Figure 4-9: Scattering intensity plotted versus momentum transfer ¢ showing the
peak of the smectic A layer spacing at a position g, = 1.98nm™. The
chemical structure of the liquid crystal 8CB (4’-n-octyl-4-
cyanobiphenyl) is given as an inset.

room temperature, 8CB appears as a viscous fluid and forms layers displaying a

smectic A liquid-crystalline phase.''™ '

The smectic A layers of 8CB have a spacing
of d = 3.17nm, which is easily accessible by the in-house as well as the synchrotron X-
ray microdiffraction setup. This is readily seen in Figure 4-9, which contains a plot of
scattering intensity versus momentum transfer ¢ showing a prominent peak at a
position gy = 2w/d, qo = 1.98nm™. The mesoscale assembly of 8CB molecules is
strongly influenced by external stress.'”” '*! External stress can be applied and its
influence analyzed by geometrically constraining the complex fluid inside a

. C g . 103
microfluidic device.

4.2.2. Characterization of the microchannels

The channel structure of the microflow foils used for the 8CB experiments consists of a
crossing area where three incoming channels meet. The height of the channels is
150pum and the width varies from 50pum to 150um. The device was constructed for
enabling flow focusing, however in the experiments described below, the liquid crystal
8CB is injected in all three inlet channels. Flow velocities range between 10um's™ and
500um's™. The intersection area of the microflow foil is followed by a meandering

channel section consisting of successive U-shaped turns. Due to the winding channel
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24633c

Figure 4-10: Scanning X-ray absorption image (step size 0.1um, exposure time 0.5s)
of the microfluidic channel system using the in-house setup with a beam
size of dy=200pm. The inset picture shows the 2D liquid-crystalline
diffraction pattern of 8CB. The reciprocal vector ¢ and the azimuthal
angle y are noted.

course, it is possible to extend the length of the channel significantly without increasing
total lateral dimensions of the flow cell. Four hyperbolically shaped channel
contractions down to 50pum in width are positioned horizontally along the channels.

X-ray absorption scanning images (Figure 4-10) of the entire device can be obtained
with the in-house diffraction setup by lateral and vertical scanning with a minimum
step-size of 50um, allowing for precise selection of measurement points. The channel
structure is observable due to the lower absorption of 8CB compared to PDMS. The
typical 2D scattering pattern of 8CB flowing through microchannels in the inset picture
shows an orientation, which corresponds to an alignment of flowing smectic 8CB
layers in the flow direction parallel to the channel course. The rod-shaped 8CB
molecules are oriented perpendicular to the smectic A layers (Figure 4-12 right). For

further details on the experimental X-ray setup see chapter 2.2.
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Figure 4-11: Orientation y of the azimuthal intensity distribution of smectic A layers
of the liquid-crystalline phase along the contour b of a U-turn
represented in the scanning X-ray absorption image. In the top section,
corresponding azimuthal intensity distributions along the ring of the ¢,

peak for two selected positions are shown to illustrate the effect of the
U-turned channel shape.

4.2.3. Geometrically induced bending of 8CB smectic A layers

In Figure 4-11, the dependence of the orientation of 8CB smectic A layers on the local
course of the microchannel is displayed along the contour b of an U-shaped turn. The
orientation of 8CB layers is induced by the geometry of the curve. A continuous change
in orientation of 180° of the complex fluid is observed, suggesting the suitability of this
geometry for tracking bending processes.

Complex fluids undergo significant changes in their structural behavior when they are
confined on the microscale under applied shear.'” Alignment of liquid-crystalline
phases can be achieved by injecting liquid crystals into microchannels.'*' However, this
generally results in an imperfect ordering of molecules or a coarsening into intrinsically
123124 1 Figure 4-12, the full width at half maximum Ay
of the azimuthal intensity distribution as a function of the position along the contour
length b is shown. In the horizontal parts of the channel, a width of Ay =(15.6 £ 0.6)°

is observed. However, by gradually changing the channel course in the U-turn region,

singly oriented microdomains.

local shears pointing in slightly different directions act on the confined complex fluid.
This results in an orientational coarsening into oriented microdomains, each having

discrete liquid-crystalline alignments. Due to the diameter dy = 200um of the in-house
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Figure 4-12: Width Ay of the azimuthal intensity distribution of the smectic A layers
of the liquid-crystalline phase along the contour b of a U-turn. The
effect of the beam size dy and the discretely oriented microdomains are
schematically demonstrated.

X-ray beam, different microdomains contribute to the measured signal (Figure 4-12),
leading to the observed increase in width (Ay = (27.6 £ 0.6)°). In addition, bending of

the smectic A layers within microdomains may contribute to Ay.

4.2.4. 8CB in the hyperbolic channel sections

When a fluid element passes through one of the hyperbolic contractions, it becomes
extended along the flow direction as does the complex fluid within it. Additionally, a
geometrically induced acceleration of the fluid elements is generated leading to an
improved orientation of the confined complex fluid. Using finite element simulations,
the velocity field and the strain rate in the hyperbolic channel regions is determined. As
an example, Figure 4-13 shows a simulation of the velocity field in the hyperbolic
region with a length of 2mm along with arrows conveying the magnitude of velocity
per position. The channel geometry has a specific advantage in terms of the fluid flow
within the device: the velocity increases and decreases along the channel in a linear
fashion. This is seen in Figure 4-13b, where the velocity is plotted against position x
along the middle of the channel. The mechanical implications of this linear velocity
increase stem from the fact that the strain rate is described as the gradient of the
velocity. It follows that a constant strain rate exists in the hyperbolic channel, with a

change in sign occurring at the midpoint of the channel (Figure 4-13c). The length of
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Figure 4-13: The velocity profile in a hyperbolic region (a) is linear in position x (b)
and results in a constant strain rate ¢ (c). The orientation parameter Ay
of 8CB diffraction peaks within the channel has a minimum value at
x = 1nm, the middle of the hyperbolic region.

the hyperbolic channel sections is varied in a manner such that, due to the linear mean
velocity profiles, the mean shear rate is successively doubled in each hyperbolic area.
Mean shear rates used for the measurements are in the range of 0.05s™ to 4s™ for the
shortest and the longest hyperbolic section, respectively.

Figure 4-14a shows the width Ay of the azimuthal intensity distribution as a function of
the position x for the four hyperbolic contraction regions measured using the in-house
setup at a flow velocity of 10pm's™. Corresponding 2D scanning absorption images of
the hyperbolic channel areas are shown for clarification. In regions with uniform
channel geometry, a width Ay =(15.6 £0.6)° is observed. The increased shear in the
hyperbolically shaped channel regions forces microdomains to orient along the course
of the stream. Since multiple microdomains are contributing to the measured signal, a
decrease of orientational ordering is observed. This corresponds to an increase in Ay
ranging from approximately 2.1° (Figure 4-14a(IV)) to 7.2° (Figure 4-14a(I)) when
approaching the ends of the contraction sections (inset of Figure 4-14a).

An increase in shear induced orientation is expected when moving from the ends to the
middle of the hyperbolic contractions. The in-house beam size of dyx = 200um being a
limiting factor, it is not possible to resolve this improvement in orientation for the first
hyperbolic channel section (Figure 4-14a(I)) having a length of 500um. However, with

increasing length of the hyperbolic acceleration region, the limiting effect of the finite
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Figure 4-14: (a) Width Ay of the azimuthal intensity distribution as a function of the
x-position for all hyperbolic channel profiles measured using the in-
house setup. Effects of the beam size dy and the discretely oriented
microdomains, whose existence is implied by the scattering, are
schematically demonstrated (inset). (b) Orientation y and width Ay of
the azimuthal intensity distribution along the y-axis, measured using the
microfocused synchrotron X-ray setup. The dotted line indicates the
center of the channel. The top section shows the corresponding channel
domain with synchrotron (ds) and in-house (dx) beam diameter.

beam size is reduced. Therefore, the expected shear-induced increase in orientation is
observed, as evidenced by the decrease in width to Ay = (9.1 £ 1.5)° (Figure 4-14a(Ill-
IV)).

Using the synchrotron microdiffraction setup,’® the spatial resolution is improved by an
order of magnitude due to the microfocused beam. The different beam sizes of the in-
house and synchrotron setup are illustrated in the top section. Figure 4-14b shows
measurements perpendicular to the channel at a position close to the end of a
hyperbolic section. Applying a flow velocity of 500pm's™ (mean strain rate 0.5s"), a
remarkable decrease in width of the azimuthal intensity distribution down to
Ay=(5.910.6)° is observed when approaching the maximum flow velocity in the
center of the channel.
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4.3. Conclusions

In summary, the rapid prototyping of newly developed X-ray compatible microfluidic
devices has been demonstrated. Straightforward soft lithographic fabrication techniques
result in microchannel devices that are inexpensive, flexible, resistant to intense
microfocused X-ray beams, and exceptionally useful for prototyping tailored
microfluidic devices with sophisticated microfluidic geometry. The development of
these microfluidic devices now places researchers in an advantageous position to
approach important biophysical questions regarding the self-assembly of biomatter and
interactions in a variety of environments. It is anticipated that especially microflow
foils will provide a robust and affordable approach to continuous flow X-ray
microdiffraction that will have broad applicability in material sciences, e.g. in micro
total analysis systems (“pn-TAS”) and bioassays. The experiments on 8CB lay a
foundation for future experiments involving biomaterials. The same principles
demonstrated with the 8CB system (i.e. alignment in shear fields and confining
geometries as well as induced rotation) can be measured with liquid-crystalline
biological matter. In particular for accurate studies on the behavior and compaction of

DNA in flow, the microfluidic devices are an indispensable starting point.
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5. DNA IN MICROFLOW

DNA plays an exquisite role among the constituents of living systems. Therefore, an
understanding of its phase behavior and knowledge of its structural features at each
phase are of fundamental importance. In this chapter, liquid-crystalline properties of
semi-dilute DNA solutions are discussed. Since it is highly desirable to study DNA
solutions on a molecular length scales, X-ray diffraction experiments are used to follow
the DNA inter-helix spacing between nearest neighbors, when increasing progressively
the polymer concentration. Besides bulk properties, it is of crucial interest for this
study, to analyze and characterize the behavior of semi-dilute DNA solutions in
microflow. A detailed study of this behavior provides a first step towards understanding
of the more complex process of DNA condensation in microchannels. Performing
experiments under continuous flow conditions in hydrodynamic focusing devices, the
influence of external stress on biomacromolecules can be analyzed and the molecules
can be oriented. In addition, confocal Raman microscopy enables direct sample
imaging at high resolution in specific consideration of the local molecular structure

without using any markers.
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Figure 5-1: Structure and dimensions of B-form DNA.'*

5.1. General characteristics of DNA

The most important and most abundant form in which DNA can be found in nature is
the double-helical B-form.'” In this conformation, the highly negatively charged,
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water-soluble double helices have a diameter of about 2.0nm ~* and can reach gigantic

lengths up to several meters. The persistence length of the semi-flexible polymer chains

is in the range of 30-100nm.'**

In eukaryotic cells, the huge DNA molecules are
situated in nuclei with diameters of 5-10um.'*’ These four numbers ranging from the
nano- to the macroscale elucidate the multi-dimensional character of DNA, which gives
rise to extremely interesting and unique properties.

The double helix consists of two tightly associated polymer chains, each being a string
of four interchangeable types of basic repeating units called nucleotides. Each
nucleotide unit contains a sugar-phosphate backbone element, which carries one
negative charge. Attached to each sugar is one of four types of bases. These bases are
classified into two types: cytosine (C) and thymine (T) are six-membered heterocyclic,
organic compounds called pyrimidines, while adenine (A) and guanine (G) are fused
five- and six-membered rings called purines. Nucleotides can be strung together in any
sequence by phosphodiester bonds between the third and fifth carbon atoms of adjacent
sugar rings. The length of each DNA backbone unit is about 0.34nm.'?’
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The DNA double helix is mainly stabilized by hydrogen bonds between complementary
bases on opposite strands forming base pairs (bp), which lie horizontally between the
two spiraling strands. In the canonical Watson-Crick base pairing, adenine (A) forms a
base pair with thymine (T), as does guanine (G) with cytosine (C) in DNA."*® In
addition, forces generated by hydrophobic effects and m-stacking, which are not
influenced by the sequence of the DNA, contribute to double-helix stabilization. As the
DNA strands wind around each other, two gaps between each set of phosphate
backbones are generated, revealing the sides of the bases inside. There are two of these
grooves twisting around the surface of the double helix: the major groove (2.2nm wide)
and the minor groove (1.2nm wide)."*" In particular, differences in width and local
charge density of grooves result in the formation of specific binding sides for natural as

well as synthetic polycationic agents.

5.2. Liquid-crystalline properties of DNA in solution

Over the past decades, extensive experimental studies have been performed on aqueous
DNA solutions - water is a good solvent for DNA"!' — using a multitude of
experimental techniques.”**'*® Due to their connectivity, stiffness, and strong
electrostatic interactions, DNA molecules in solution show a wide range of complex
behavior common to several synthetic and biological polyelectrolytes in the form of
long rods. Their nature depends especially on the polymer concentration. At low
concentrations, a DNA solution is a classical liquid with isotropically disturbed
polymer chains that exhibit no preferential orientation. As the concentration gets
higher, the solution passes from a dilute regime to a semi-dilute regime, where
overlapping of polymer chains occurs, and to liquid-crystalline phases. The phase
sequence with increasing concentration can be described as follows: The isotropic
solution transforms into either blue phases or pre-cholesteric stages and then into a
cholesteric phase, which turns itself into a columnar hexagonal.*® ** ¥ Although
DNA chain length influences phase transitions and phase boundaries, the nature and
order of liquid-crystalline phases seems to remain unaffected. However, up to now no
well organized liquid-crystalline phases have been obtained with long (>500nm) DNA,
probably on account of the time required for the sample to organize and stabilize.'*®
Similar liquid-crystalline DNA organizations can be found in vivo, e.g. cholesteric
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DNA phases in dinoflagellate ™ and hexagonal packing of DNA molecules in

bacteriophages'*' and sperm heads.'* Thus, both an understanding of DNA phase
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Figure 5-2: (a) SAXS intensities obtained from DNA solutions of different
concentrations. (b) Effect of added salt on the scattering intensity of
30mg'mL™” DNA solution.

behavior and the knowledge of its structural features are of fundamental importance in
order to understand DNA organization in vivo. Moreover, it represents an essential first
step towards understanding DNA compaction.

In the framework of this thesis, lyophilized highly polymerized calf thymus DNA
sodium salt (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and A-DNA
(Fermentas GmbH, St. Leon-Rot, Germany) are used, which are commonly employed
as representative and standard polynucleotides. The average DNA chain length of the
calf thymus DNA is determined to be 6pum (ca. 18000 bp) using gel electrophoresis
(Consort, Turnhout, Belgium), whereas the monodisperse A-DNA has a length of
16.5um (48502 bp). The DNA is solubilized in ultrapure 18.2MQcm water (Millipore
GmbH, Schwalbach, Germany). The pH is controlled by adding aqueous solutions of
HCI (Sigma-Aldrich Chemie GmbH) and NaOH (Sigma-Aldrich Chemie GmbH),
respectively. Additionally, the concentration of monovalent ions (NaCl, 99.9% Sigma-
Aldrich Chemie GmbH) is adjusted if necessary.
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5.2.1. X-ray diffraction on DNA solutions

It is highly desirable to study DNA solutions on molecular length scales. Therefore, X-
ray diffraction experiments are used to follow the DNA inter-helix spacing between
nearest neighbors, when increasing progressively the polymer concentration.
Measurements of semi-dilute DNA solutions with concentrations ranging from 10-
50mgmL" are performed in sealed quartz glass capillaries. Figure 5-2 shows
exemplarily the dependence of the corrected scattering intensity on the scattering wave
vector for four different concentrations. Scattering data show the existence of a single,
pronounced peak in the scattering intensity at a certain position denoted by gpna.
Assuming a Lorentzian peak shape, fits of scattering intensities are performed in order
to estimate gpna. With increasing DNA concentration, the peak maximum shifts toward
higher ¢ values and greater intensities.

Figure 5-2b shows the variation of the scattering intensity exemplarily for a 30mgmL™"
DNA solution as a function of ¢ at different NaCl concentrations. Upon addition of
NaCl, the peak roughly maintains its position constant, but its intensity decreases
progressively. The scattering behavior is closer to that of a neutral polymer due to
progressive screening of electrostatic forces. These salt-induced changes in scattering
intensity reflect the electrostatic nature of the peak. Consequently, observed peaks have
to be interpreted as resulting from electrostatic interactions. These interactions impose
a preferential, average distance between the charged macromolecules and lead to an
“organized” structure characteristic of a cubic arrangement in the dilute regime, and a

cylindrical or hexagonal packing in the semi-dilute regime.m’ 134

The peak position
gona corresponds to the average distance dpna=2m/gpna between molecules in
solution. dpa is ranging from 9.3nm for 50mg'mL™" to 19.0nm for 10mgmL™".

The peak position gpna plotted as a function of DNA concentration is shown in Figure
5-3 in a double-logarithmic representation. Within error bars, all data points fall on the

straight line shown in red. This corresponds to the relation
Dona = G Chn45

a, =(1.15£0.16)-10", (5-1)

a, =(0.47+0.07).

This finding is in agreement with theories for the scattering of charged polyelectrolyte
solution, which predict a single peak with a position depending as cpn, on the
concentration in the dilute regime and a c);, dependence in the semi-dilute

143, 144

regime. The relation between peak position and concentration does not seem to
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q/nm*

Figure 5-3: Peak position gpns versus DNA concentration cpna in double logarithmic
representation. The red line is a fit to the data points according to
equation (4-1). Solid and dashed gray lines represent the theoretically
predicted course of dilute and semi-dilute solutions, respectively.

depend on the length of the DNA fragments used, suggesting that the position of the
main maximum is independent of the molecular weight (or contour length) of DNA
fragments.'*> '3

More information can be obtained from an analysis of the full width at half maximum
Agpna of the peaks obtained from Lorentz fits. In Figure 5-4, the dependence of Agpna
on the DNA concentration is shown. Again, data points fall on a straight line in log-log

representation:

Aq pyy = alchNA >
a, =(0.74+0.15)-10", (5-2)

a, =(0.47+0.07).
Since peaks become broader, one would assume a change in the degree of order with

increasing concentration. However, the fact that both gpna and Agpna show the same

concentration dependence leads to the expression

Aqpyy =ay/a, - qpyy- (5-3)
This can be rewritten in terms of the correlation length L. and the average molecular
distance dpna:

Lo=—2 —(155+0.16)d,,,. (5-4)

Aq prs
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Figure 5-4: Full width at half maximum Agpna of the DNA peak versus DNA
concentration cpn, in double logarithmic representation. The red line is
a fit to the data points according to equation (4-2).

Strikingly, this relation implies that although the correlation length is depending on the
lattice spacing and therefore on the concentration, the degree of correlational order in
DNA solutions is not. According to above results, the correlation between DNA
molecules exceeds neighboring chains, but does not fully reach next nearest neighbors.
The broadening of the peak with concentration in fact directly results from the
concentration dependence of the peak position gpna. From the literature, comparable
results are known for significantly shorter DNA molecules (40nm)."*” Therefore, this

result seems to be universal for the semi-dilute regime.

5.2.2. Raman spectroscopy of DNA solutions

In vivo DNA functionality is characterized by the complex temporal and spatial
interplay of ions, metabolites, macromolecules, and macromolecular assemblies. X-ray
diffraction can yield detailed information concerning the 2D and 3D organization on
the molecular and mesoscale of known and unknown DNA structures and condensates.
However, a full knowledge of the mechanism of the particular DNA organization and
compaction will require a direct measurement of the precise conformations of
molecular groups and the chemical interplay of constituents. This remains well beyond
the scope of current X-ray methods. Therefore, Raman spectroscopy measurements of
DNA and DNA condensates have been additionally performed. In particular, confocal
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Figure 5-5: Raman spectrum of DNA. Two prominent Raman bands assigned to
phosphate group vibrations are marked.

Raman microscopy enables direct sample imaging at high resolution in specific
consideration of the local molecular structure without using any markers.

In a first step, it is necessary to analyze the Raman spectrum of DNA. The Raman
spectrum of DNA shown in Figure 5-5 is an accumulated average of 50 exposures of
150s each. The spectral resolution is 6cm™. Characteristic Raman bands of DNA are
situated in the wave number region of 600-1700cm™. The Raman spectrum of DNA is
rich in prominent bands. Each Raman band corresponds to specific molecular
vibrations, which correspond to a change of the polarizability induced by the incident
laser radiation. These vibrations are usually localized within a well defined group of
atoms residing in base, sugar or phosphate moieties. According to the location of the
vibrating group of atoms, Raman bands are often assigned to one of these three
nucleotide entities. A reliable assignment of spectral bands to specific vibrational
modes of nucleotide residues is indispensable for a successful application. This
objective has been approached over the last decades using experimental and theoretical
methods including comparison of Raman data with corresponding infrared spectra,
isotope substitutions, and analyzing single crystals of a known structure. More details
are given elsewhere.®’

Due to the fact that phosphate groups are the carrier of the negative charge of DNA,
Raman bands assigned to them are of special interest. The most prominent among these
bands are observed at 782 and 1087cm™. The Raman band at 782cm™ is due to a
vibration of the 5’C-O-P-O-C3’ network of B-form DNA. It is overlapped by bands
belonging to vibrations assigned to the bases thymine (785cm™) and cytosine

(775cm™). The Raman band at 1087cm™ is due to a symmetric stretching vibration of
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the PO, moiety. Both Raman bands are reliable indicator for B-form DNA.'"*7 n
addition, the phosphate groups give rise to Raman bands at 807 and 826cm™, which are
both relatively weak in intensity for B-form DNA.

Vibrations localized in sugar moieties of the DNA (desoxyribose) are contributing to
Raman bands at 892, 926, 1030, 1058, 1413, 1441, and 1477cm’ exhibiting very low
Raman intensities.”” '*

Raman bands of the bases can be mainly found in three spectral intervals: Between
600-800cm™ Raman bands originate from complex vibrations involving a concerted
ring breathing of purine or pyrimidines residues. In the region 1130-1600cm™, Raman
bands assigned primarily to in-plane vibrations of base residues overlap each other.
Carbonyl group stretching vibrations give rise to strong Raman bands at wave numbers

of 1600-1750cm™.14

5.3. DNA in microflow

In chapter 5.2, bulk properties of DNA have been measured and discussed. However, it
is of crucial interest for this study, to analyze and characterize the behavior of semi-
dilute DNA solutions in microflow. A detailed study of this behavior provides a first
step towards understanding of the more complex process of DNA condensation in
microchannels. In order to improve the understanding, finite element simulations of the
physical conditions inside microchannels are performed. Combining microfluidics with
confocal Raman microscopy allows for a direct visualization of mutual effects of flow
conditions and DNA properties. Using small angle X-ray microdiffraction, the dynamic
behavior of soft matter in specific consideration of the molecular structure can be
investigated. Aside from advantages such as reduced sample volumes and the
possibility of high throughput, a unique feature of microfluidic setups is the steady,

continuous flow, which enables in situ investigations without material damage.

5.3.1. Influence of DNA solution viscosity on the microflow

Performing microfluidic experiments, an important characteristic of DNA solutions
with a high impact on the flow field is the viscosity.”® In order to analyze the influence
of viscosity effects on flow fields in microchannels, finite element method simulations

of the microflow in hydrodynamic focusing devices with crossed microchannel
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(a) Umainh]side =1

(b) Umain"ﬂside =100

(C) T]main"{ Mside = 1000

Figure 5-6: Simulation data of the concentration (upper part) and the velocity field
(lower part) for three different viscosity ratios 77main/77siqe- Corresponding
simulations are scaled equally to facilitate the comparison. The position
x1 =300pm is annotated.

geometry are performed varying the viscosity 7main Of the main channel stream over
three orders of magnitude. The incompressible Navier-Stokes equation coupled with
the diffusion equations for the different components is solved in 2D to obtain a
stationary solution (low Reynolds numbers, using about 20,000 finite elements). To
allow for comparison with experiments discussed in chapter 5.3.2 and 5.3.3, a channel
width of 150um is chosen. Simulated flow velocities are wmain = 250,,Lms'1 and

Uside = 2'umain-
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Figure 5-7: (a) Dependence of the local lateral extension of the main stream
visualized by the concentration profile and (b) the flow velocity # along
the y-axis for different ratios of viscosities at a fixed position x; =
300pm. (c) Dependence of the flow velocity u along the x-axis (y = 0) for
different ratios of viscosities. The velocity ratio of u,;,/ugq. = Y2 is kept
constant.

Figure 5-6 shows simulated flow profiles and velocity fields for three different
ViScosity ratios 7main/Jside. OWIng to the microchannel symmetry, it is sufficient to
examine — and therefore display — half of the channel geometry. Corresponding
simulations are scaled equally to facilitate comparison. At the confluence of the three
inlet channels, flow patterns are interfering and focusing of the main liquid stream as
well as a simultaneous acceleration of the flow can be observed. Although flow
velocities of all three inlet channels remain unchanged, depending on the ratio of
VISCOSItY 7main/ IJside Significant differences in flow profiles are observable.

Figure 5-7a shows the dependence of the local lateral extension of the main (DNA)
stream — visualized by the concentration profile (left) — and the flow velocity (right)
along the y-axis for different ratios of viscosities at a fixed position x; = 300um, For a
purely aqueous system, the viscosity in the center stream and the side streams is equal

(77main/ Msige = 1). Therefore, all incoming streams behave as a single flow. In this case, a
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parabolic velocity profile perpendicular to the flow direction can be obtained in the
microchannel as expected. Due to the chosen velocity ratio of wUmain/Usidze = 72,
approximately 1/5 of the main channel is occupied by the center stream as can be seen
from the concentration profile in Figure 5-7a.

In contrast to a purely aqueous system, for highly viscous systems a strikingly different
behavior can be observed. With increasing viscosity, the flow velocity of the center
stream 1is less influenced by the inflowing side streams. This reduced influence is
reflected in the concentration profile, which exhibits a larger lateral extension of the
center stream (Figure 5-7a). Consistently, flow velocities of the side streams are
dramatically increased. Parabolic flow profiles developing in both side streams can be
observed perpendicular to the flow direction. Interfaces between the side and the main
stream act like additional soft walls and side streams flow as if in channels of smaller
width. Moving down the main channel, a parabolic flow profile throughout the whole
channel is expected to eventually evolve.

In Figure 5-7b, line scans along the center of the main channel parallel to the flow
direction are shown. For #main/7siee = 1, @ strong acceleration of the flow velocity
occurs, which is limited to the microchannel intersection. After passing it, the flow
velocity remains constant. However, with increasing viscosity of the solution in the
main channel, the influence of the side streams on the main stream is dramatically
reduced. Consequently, the velocity profile parallel to the flow direction in the center of
the main channel increases only very slowly and the acceleration region expands
several orders of magnitude. Depending on the ratio of 7main/ 7side, an acceleration is
noticeable several 1000pm downwards the outlet channel. Locating DNA molecules in
the main stream, this long-lasting acceleration phase in the hydrodynamic focusing

device can be exploited to align DNA molecules in a tunable way.

5.3.2. Confocal Raman microscopy of DNA in microflow

To experimentally access conditions in the microchannel, confocal Raman
measurements are performed. A center stream of semi-dilute DNA solution with a
mean velocity of main =250pum's™ is hydrodynamically focused by two symmetrical
side streams of water with ugjge = 2'umain. Confocal Raman images of the DNA jet in
Figure 5-8 (upper part) are recorded in the middle-plane of the microfluidic cell by
lateral scanning using the avalanche photodiode detector at a specific wave number of
y=1576cm™. At this wave number, the Raman spectrum of DNA shows a prominent

peak, which arises from vibrations of the bases guanine and adenine.
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Figure 5-8: Confocal Raman image (top) of a hydrodynamically focused DNA
stream recorded at a fixed wave number of v=1576cm™. For direct
comparison the simulated velocity profile is overlaid and the modeled
flow field (bottom) shown.

Performing Raman analyses, two competing effects have to be considered. On the one
hand, the intensity of the Raman signal increases with concentration. On the other
hand, DNA solutions exhibit a self-fluorescence, which is problematic at higher
concentrations. Therefore, a semi-dilute DNA solution with a concentration of
10mgmL™ is used.

In order to quantify the influence of viscosity effects on the flow fields in the
microchannels, finite element simulations are performed, and results are compared to
the experiment. Apart from the viscosity of the DNA solution, all simulation
parameters such as channel geometry and flow rates are known. The viscosity of the
DNA solution is used as a fit parameter in the simulations to match experimental
results, i.e. the shape of the hydrodynamically focused center stream. The viscosity is
fitted to m = 102'7722 102'77W3ter= 89.1mPa's (7water= 0.891mPas). This is in good
agreement with the result obtained from bulk measurements 7pna = 0.1Pa's using an
Ubbelohde-viscometer.

The simulated flow field is shown in Figure 5-8. For direct comparison with
experimental results, the modeled velocity profile in the hydrodynamic focusing device
is overlaid to the Raman image. Experiment and simulation show good agreement. It is
possible to achieve the actual shape of the hydrodynamically focused DNA solution
with high precision as shown in Figure 5-8. The stream profile of the DNA solution
shown in Figure 5-8 displays a significant broadening in shape due to the high solution

viscosity. The results demonstrate the consistency of bulk viscosimetry, microfluidics
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experiments, and finite element simulations. In turn, this technique provides a method

which enables us to evaluate the viscosity of minute quantities of very viscous fluids.

5.3.3. X-ray microdiffraction analysis of DNA in microflow

Besides visualization and simulation of flow profiles, analysis of the influence of flow
conditions on DNA molecules inside hydrodynamic focusing devices at a molecular
length scale is highly desirable. Therefore, small angle X-ray microdiffraction is
utilized to illuminate conformational details of the DNA molecular ordering at different
positions in the channels with high resolution. In particular, X-ray experiments profit
from the alignment of DNA molecules.

A center stream of semi-dilute DNA solution with a mean velocity of uyain = 250;1m‘s'1
is hydrodynamically focused by two symmetrical side streams of a 67% aqueous
glucose solution with ugige = 4'umain. A DNA correlation peak at gpna = 0.498nm™" is
measured in the inlet channel at x =-200um (Figure 5-9a). According to results in
chapter 5.2.1, the concentration of the DNA solution is determined from gpna to be
23mg'mL'l. The inter-axial spacing of DNA molecules is dpna = 12.6nm. Glucose
solutions are chosen for hydrodynamic focusing of the DNA stream in order to
establish a viscosity ratio of the solutions in the main and the side channels of
Nmain/ Tside = 15.

Scans of the intensity along the azimuthal angle y on the ring of the gpna peak at
different channel positions x are shown in Figure 5-9b. Owing to the symmetry of /(y),
it is sufficient to display the range y = 0-180°. Maximal intensities can be observed at
azimuthal angles of ymax = £90°. The degree of orientation can be quantified as the full
width at half maximum Ay of a Gaussian fit of the azimuthal peaks. In Figure 5-9c, the
dependence of Ay from the position in the main channel is compared to the local strain

rate& =o0u/0y, which is calculated from the simulated velocity field shown in

Figure 5-7b.

Owing to the highly concentration dependent viscous flow, DNA molecules show a
weak pre-elongation along the flow direction in the inlet channel. Starting at
x~-100pum, a continuous decrease of Ay is observable. This corresponds to a steady
increase in the orientation of DNA molecules. According to the course of the strain
rate, this is only expected for x > -50um. Moreover, an initial decrease in the strain rate

owing to obstruction effects induced by hydrodynamic focusing and therefore a
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Figure 5-9: (a) DNA correlation peak. (b) Intensity modulation of the DNA
correlation peak (scans of the azimuth angle %) at different positions x.
(c) Dependence of the standard deviation Ay on the position along the x-
axis compared to the strain rate £ obtained from finite element

simulations.

decrease in orientation is expected. This is reflected in the simulation data shown in

Figure 5-9c. Both, the early onset of the increase in orientation and the absence of an

initial decrease in orientation can be attributed to the fact that the long chain DNA

molecules in semi-dilute solutions are entangled. In the channel intersection area, a

significant increase in orientation is observed. This behavior quantitatively corresponds

to the calculation of the strain rate as provided from finite elements simulations. One

can clearly see how appropriate flow fields owing to hydrodynamic focusing inside

microchannel systems are for successive stretching and aligning of long chain DNA

molecules in solutions.
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5.4. Conclusions

As an essential first step towards understanding DNA compaction, semi-dilute DNA
solutions have been studied in bulk. SAXS data show that the short-ranged order for
DNA rods has a correlation length slightly exceeding first neighbors. In addition, the
DNA Raman spectrum has been recorded and analyzed. In order to analyze viscosity
effects on flow fields in microchannels, a finite element modeling of the experimental
conditions in the microchannel device has been performed. Varying the ratio of main
channel to side channel viscosity, 7Jmain/?side, Simulations show dramatic effects on the
flow profiles. Increasing 7jmain/7side yields a strong acceleration of side stream flow
velocities, which in turn strongly affects local concentrations. Moreover, it is an
important result that the acceleration region can be expanded several orders of
magnitude by controlling 7Jmain/7%sige. This effect has been exploited to align DNA
molecules situated in the main stream. The orienting influence of flow conditions has
been directly quantified by SAXS measurements in flow. The fact that simulations and
experimental results obtained by confocal Raman imaging of the DNA jet are in good
agreement demonstrates the consistency of microfluidic experiments and finite element
modeling. In turn, this technique provides a method to evaluate the viscosity of minute

quantities of highly viscous fluids.
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6. DENDRIMERS

CHARACTERIZING COMPACTION AGENTS

Dendrimers are a unique class of precisely engineered, highly branched, synthetic

31, 32

macromolecules that can be easily tailored to act as highly specific binders of

various biological and chemical substances. This has led to multifold applications

9 150

ranging from surface coatings,'*® catalysis,'*’ scaffolds for quantum dots," plastic

131152 46 the inhibition of HIV infection in primate

additives and property modifiers,
studies.'> In particular as compaction agents for DNA condensation, dendrimers attract
wide interest from physicists, chemists, and biologists. The 3D nanosized structure of
the high generation dendrimers makes this class of molecules suitable as mimics of
proteins. Furthermore, dendrimers represent one of the most efficient polymeric gene

#3211 order to understand dendrimer induced DNA compaction, it is of crucial

carriers.
importance to first characterize the compaction agents in detail. This chapter is

dedicated to this issue.
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6.1. General structure and characteristics

Contrary to other hyper-branched polymers, which are produced by one-step reactions
leading to irregular, polydisperse molecules with non-ideally defined structures,'™
dendrimers are synthesized by step-wise reaction sequences. This systematic build-up
leads to well defined molecules with a high structural and chemical homogeneity.>> The
unique architecture of dendrimers features iterative attaching of polymeric subunits
with a certain chain length P and chemical valence f, around an initiator core of a
certain chemical valence f.. Figure 6-1 shows a schematic representation of the most
commonly used case of /. = 4. Additional branching units generally have a functionality
of fo=2and the same molecular weight M,,. However, successive attachment of
branches is not limited to this simple progression. When additional branches have been
added at each available chain end of the dendrimer exterior, another “layer” or
“generation” is completed. Thus, the size of the molecules is determined by the number
G of generations present in the polymers. For dendrimers with a regular architecture,

the total number of segments N,,; can be expressed as a function of these quantities:39

N

o =1L () (6
J b 1

Depending on their generation, they possess diameters up to tens of nanometers and are
therefore capable of self-organizing into superstructures.”” *> However, there is a
natural limit in the maximum generation number that can be completed chemically.
This is owing to the fact that the high degree of branching causes the number of
monomers N to grow exponentially with distance from the core whereas the available
volume increases only cubically."” This issue raises the question of whether polymeric
arms emanating from the central core are highly stretched in order to increase the
available volume, or if there is significant back folding of terminal segments towards
the center of the dendrimer.

The organization and distribution of internal segment densities, in particular the
location and accessibility of terminal groups, play a key role in understanding not only
the molecular properties themselves, but also their interactions with other molecules.
Much of the progress in understanding the underlying physics controlling dendrimer
properties has come from investigations via computer simulations. Most of these
simulations seem to agree that back folding of dendrimer end groups occurs, leading to
a distribution of terminal segments throughout the whole molecule.”*"® As a

consequence, most simulations support a radial segment density profile having a
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.';_t. repeated polymeric subunit

Figure 6-1: Schematic representation of the dendrimer architecture for the case of a
tetrafunctional core f. = 4 and bifunctional branches f;, = 2.

- : 156-158
maximum at the core and decreasing to the surface.

This is supported by density
profiles obtained from small angle X-ray scattering data of PAMAM dendrimers
generation 2-10"" '* and in particular by contrast variation small angle neutron
scattering experiments using labeled end groups in a fourth-generation dendrimer.'®!
The hybrid character of dendrimers between colloidal entities on the one hand and their
polymeric structure on the other hand is best appreciated by describing the overall
shape of dendrimers. An analysis of SAXS data reveals that — at least for G>3 —
dendrimers exhibit a rather compact, globular shape. It has been shown, that the most
consistent description of experimental data has been achieved by modeling dendrimers
as globular particles with a fuzzy surface.'®

In the present study, two types of amino terminated dendrimers of different generations
are used: poly(amido-amine) (PAMAM) dendrimers (99.9% pure, Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) and poly(propylene-imine) (PPI) dendrimers
(99.9% pure, Sigma-Aldrich Chemie GmbH), the two by far most commonly used
types of dendrimers. These two types of dendrimers have been chosen due to their
commercial availability with a wide variety of generations and peripheral
functionalities as well as their relevance as scaffolds for effective DNA transfection.'®

Figure 6-2 shows a schematic representation of PAMAM generation 3 and PPI
generation 5 dendrimers and their repeated polymeric subunit. As shown in Figure 6-2,
there is an inconsistency in literature in counting generations for these two types.
Important in the frame of this thesis is the fact that this leads to different equations
accounting for the number of total segments N, in respect to the generation number G:

NEPAMAM _ 5 G+3 g

NPPI — 2G+2 _ 3 (6-2)

fot
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(@) \ (b)

Figure 6-2: Schematic representation of (a) a poly(amido amine) dendrimer
generation 3 (PAMAM 3) and (b) a poly(propylen imine) dendrimer
generation 5 (PPI 5). Repeated polymeric subunits are depicted.

Up to this point, the discussion of dendrimers has implicitly been limited to neutral
dendrimers excluding electrostatic effects. However, PAMAM and PPI dendrimers are
polyelectrolytes comprising a multiplicity of potentially charged primary and tertiary
amine groups which are of crucial importance for most applications.

In general, charged groups strongly affect polymeric conformation and size. Higher
molecular charge results in electrostatic repulsion between the like-charged polymeric
segments. Accordingly, a more expanded and more hydrated polymer conformation is
adapted as has been demonstrated for linear'® and star-like'®* polymers. Similar effects
are expected for dendrimers. Due to their unique properties resulting from their precise
architecture, dendrimers should respond to superimposed electrostatics in a very
predictable manner.

A very simple method of influencing the charge of polyelectrolytes with high
significance in biological systems and for various applications is the variation of the pH
value of their solvent. All reported simulations advise that PAMAM as well as PPI
dendrimers should exhibit conformational changes due to different degrees of
protonation at different pH values and/or ionic strengths.*® ** ' 1% However, so far
only one experimental study has been performed on this topic. PAMAM dendrimers
generation 8 have been analyzed utilizing SANS and no change of dendrimer size upon
variation of the pH value and for the ionic strength has been observed.*® Therefore,

there is a discrepancy between theory and experiments making the charge-induced
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No. of amino groups

G No. of atoms M, I gimol
primary tertiary
PAMAM dendrimers
3 1092 6909 32 30
6 9156 58048 256 254
8 36804 233383 1024 1022
PPI dendrimers
3 354 1684 16 14
4 706 3514 32 30
Table 6-1: Number of atoms, primary and tertiary amino groups for PPI and

PAMAM dendrimers used.

dendrimer swelling and the pH-dependant conformational behavior a subject of
considerable debate.”**

Additional experimental results are needed to figure out whether the phenomenon of
charge-induced dendrimer swelling is absent altogether. To analyze dendrimer
properties, small angle X-ray scattering (SAXS) experiments on PAMAM dendrimers

generation 3, 6 and 8 and PPI dendrimers generation 3 and 4 have been performed.

6.2. X-ray diffraction of dendrimer solutions

Molecular sizes, shapes, and intermolecular interferences contribute to scattering
curves obtained from a polymer solution. According to equation (2-7), the
experimentally recorded scattering intensity /(g) consists of contributions of the form
factor of the scattering entities, F(q), and the structure factor, S(g). The latter accounts
for inter-particle interactions. For sufficiently diluted solutions, inter-molecular
correlations can effectively be ignored and S(g) approaches unity. Thus, it becomes
possible to obtain the scattering intensity at scattering vectors g, whose coherent part is
directly proportional to the form factor of the observed macromolecules,

I(q) ~ NF(q). (6-3)

c—>0

For semi-dilute solutions however, S(g) =1 is no longer true for very low g values
leading to a slight depression of /(q). The advantage of experiments in the semi-dilute
regime over a more concentrated one is that inter-particle interactions, which affect
changes in the scattering function, are unlikely to exist. Therefore, the form factor F(g)

is almost unchanged but the quality of the scattering data and is simultaneously
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increased due to the higher concentration. Solutions with a polymer mass fraction of
1% can be considered to be in the dilute regime, while mass fractions of 5% exhibit a
small downturn at low-¢ with no significant effect for ¢ > 0.5nm™.">’
The overall particle size is typically expressed by the radius of gyration R,. R, gives
measure of the mean square distance of scattering centers from the molecule’s center of
mass,

R’ = i<ﬁ: (r. - r)2>. (6-4)

fON\E

In the above equation, 7;, i = 1...N, denote the positions of the N monomers comprising
the polymer. r is the position of the center of mass. The brackets denote averaging over
all measurable microscopic states, each weighted with the corresponding Boltzmann
factor for the energy of the instantaneous configuration. For spherical particles, the
radius of gyration is connected to the radius of the spheres R according to the following

s 167
equation:

R= 2R, (6-5)

The most common methods for determining the radius of gyration are graphical
methods. There are primarily two graphical methods known as Guinier and Zimm plot,

respectively.'®®

Zimm fits become accurate for systems that can be described as long
Gaussian chains. Guinier fits represent a method suited for objects, which can be
described as spheres. Based on the dendrimer molecular architecture, it is reasonable to
assume that dendrimers are rather spherical objects. Therefore, their particle scattering
factor in the low ¢ limit (gR, << 1) can be approximated by the Guinier approximation

69, 159, 167

for the scattering intensity with the functional form:

() = a, +a, exp(- ¢*R2 /3). (6-6)

Performing fits to scattering profiles in the low ¢ limit (¢R, << 1) with above equation
yields the radius of gyration R,. a; and a, are used to account for the absolute scale and
the baseline of experimental data.

However, this way of determining R, is limited when experimental data for sufficient
low g values are not available. In this study, the smallest accessible region of the
particle scattering term varies from gminR, = 0.22 for PPI dendrimers generation 3 to
gminRe = 0.9 for PAMAM dendrimers generation 8. Therefore, estimating R, by the
Guinier approximation, which is based on expansions around ¢ = 0, is assumed to be

increasingly inappropriate with increasing dendrimer size. Consequently, the Guinier
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approximation is only used for the smaller dendrimers PPI generation 3, 4 and
PAMAM generation 3. For dendrimers of higher generations, a different approach has
to be used, which is described below.

Owing to their precise architecture, dendrimers are monodispersely synthesizable. The
degree of dendrimer polydispersity has been measured by atomic force microscopy to
be less than 1.08 for generations 5-10."® Accordingly, no polydispersity of the system
has to be considered. Different dendrimeric entities are contributing to the dendrimer
scattering spectra at g ranges corresponding to their length scales. The overall
dendrimer shape on larger length scales determines the scattering intensity in the low ¢
region. Beside this, the loose, polymeric character of dendrimers gives rise to internal
density variations with a correlation length & The so-called “blob scattering”
originating from these contributes significantly to the overall scattering intensity at
larger scattering vectors. Accordingly, the dendrimer form factor F(q) can be described
by the sum of scattering arising form the overall shape, Fiape(g), and the blob scattering

contribution, Fuiep(q):'"°
F(Q) = Fshape (q) + are/Fblob (q) : (6_7)

arel gives the relative weight of the two terms.

F(q) is the Fourier transform of the density correlation function 1(r). Taking the sum of
both terms in equation (6-7) instead of their convolution is strictly valid only if the ¢
ranges of both scattering contributions are clearly separated, allowing to neglect
interference terms. According to the model introduced by Beaucage,'”’ this can be

ascertained by replacing g by g in Fyion(q):

—_ q ' i
" lerlar, ) o

This results in a cut-off to low g values, where shape contributions become dominant.
A so-called ‘blob’ is a spherical volume with a radius £ Within a blob, sections of the
dendrons have to be described as self-avoiding (sub) walks and excluded volume
interaction has to be taken into account. Accordingly, scattering from length scale » < &
is therefore analogous to that of a semi-dilute polymer solution. Other than in semi-
dilute solutions, where the blob size depends only on the polymer concentration, in the

1'% which was originally developed for star polymers, it is

Daoud—Cotton mode
postulated that & is expected to increase with radial distance from the center. However
in the ¢ range of interest, contributions from the largest, outermost blobs should
significantly dominate the scattering signal. Therefore, the » dependence of & can be

neglected.'®
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Figure 6-3: Schematic representation of the two contributions Fg,p. and Fp
stemming from the overall dendrimer shape and from the loose
polymeric character of dendrimers, respectively.

Fuion(g) describes density variations on length scales smaller than the correlation length
¢ of internal density variations. On length scales larger than & () is equal to zero.

Determining Fiiob(g), the integration in equation (6-9) is therefore limited to » < &,

§ .
Fosq) = 4] () 229 . (6-9)

qr
The density correlation function can be described by a power-law dependence, whose
exponent can be derived from the Flory-Huggins parameter v=3/5 for good solvent

conditions, which are fulfilled for the DNA-water system:'"

y(r)~r*? u=v' 1. (6-10)

In order to obtain an analytic expression for Fyon(q), the factor exp(-7/&) is introduced
into the integral in equation (6-9) as cut-off and the integration is extended to infinity.
Taking into account equations (6-8), (6-9), and (6-10), the following expression can be

derived for the scattering contribution of internal density variations:'®

_\ 1 sin(uarctan(g¢))
Fblob(q): —— /2 (1D
ws (1+(ger)

According to the discussion of dendrimer properties in chapter 6.1, the dendrimer
density profile is modeled by a convolution of a homogeneous sphere with radius R and
a Gaussian distribution with standard deviation o (Figure 6-4). Using the fact that the
Fourier transformation splits a convolution into the product of the Fourier transform of

the multipliers, the scattering amplitude 4shape(g) can be expressed as follows:'™*

77



6. Dendrimers

dendrimer density

sphere

R,

distance from the center

Figure 6-4: Modeled dendrimer density profile.

2 __2

Ay (9)= [ ) S8~ 3 fin(gr) - gr. cos(qR)]exp(— %} (6-12)

0 qr (qR)

p is the dendrimer segment density profile. The form factor can be calculated from the
scattering amplitude according to the relation

Fope(@)= 4y (q) = ﬁ[sin(cﬂ?)— qR -cos(gR) eXp(— %] . (6-13)

In summery, the model for fitting the scattering intensity of dendrimer solutions
described above includes four adjustable parameters: the sphere radius R, the width of
the smeared surface region determined by the standard deviation o of the assumed
Gaussian distribution, the correlation length & of density variations, and the relative
weighting factor a,. Analog models accounting for the contribution of the loose,
polymeric character as well as the overall compact shape have been already
successfully applied to dense polymer systems such as star polymers,'’* > '7¢ diblock-

: 1 . 1 174, 1
copolymer micelles,'”” and dendrimers.' 7% 178
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6.3. Generation dependence of the dendrimer

conformation

Small angle X-ray scattering data of all dendrimers are obtained at low polymer
concentrations (= 2wt%) at pH=28.5. Since further dilution had no effect on the
scattering intensity profile, the shown scattering data represent dendrimer form factors
F(q). Any influence of inter-particle interaction can be considered to be negligible at
those concentrations.

In Figure 6-5a, scattering intensities are plotted versus the dimensionless, generalized
variable gR,. This allows for direct comparison of generation dependent changes in the
general shape, independent of particle dimensions. The commonly used logarithmic
representation ensures a very sensitive visualization over a broad gR, range. Successive
data sets are separated by a multiplicative factor of 10 for the sake of clarity. Recorded
scattering intensities are fitted by the fuzzy surface model developed above. Results are
listed in Table 6.2.

The form factor F(g) shows the development of oscillations for high g values with
increasing generation number. For PAMAM dendrimers generation 6 and 8 secondary
and ternary (only G = 8) maxima are clearly visible. As an example, the two different
contributions Fylop and Fipape to the overall scattering are separately plotted for
PAMAM generation 8 dendrimers in Figure 6-5b. The shape contribution Fihape(q)
obtained from the density profile of a fuzzy sphere is dominating the scattering at low ¢
values. Furthermore, Fihape(q) is reflecting the typical behavior expected for spherical
objects with the occurrence of higher order maxima in the high g region.

Leaving all four fit parameters adjustable, it is important to emphasize that the fuzzy
sphere model presented above describes experimental scattering profiles in a very
satisfactory way. Initially, it is important to briefly discuss mutual effects of the fit
parameters used. The correlation length & has been introduced as a fit parameter of the
blob scattering term Fyon(g) in above model, whereas the parameters R and o are
included in the contribution resulting from the overall shape Fihape(q). The effect of &
on R and o 1s negligible, since Fyion(q) and Finape(q) are dominant on different length
scales and therefore in different ¢ regions. However, & and a, are mainly affecting one
another. The model derived above is most sensitive to distinguish between effects
arising from the blob scattering and the detailed character of the surface, respectively,
for data obtained from dendrimers of highest generations (PAMAM 6 and 8).

Concerning in particular scattering profiles obtained from PAMAM dendrimers
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Figure 6-5: (a) Double-logarithmic plot of scattering intensities obtained from
aqueous dendrimer solutions (pH = 8.5) versus the generalized variable
gR,. Data are separated by a constant factor of 10 for better visibility.
Solid lines represent fits to the data using the fuzzy surface model.
Positions of minimum intensity are annotated by dashed lines. (b)
Comparison of modeling and experimental data for PAMAM
generation 8 in double-logarithmic representation. The two
contributions Fi,,, and Fgy,p. are shown.

generation 6 and 8, the sensitivity of the fit routine can be even more increased when
considering only g ranges including the intermediate drop off and the second local
maximum (g = 0.6-1.5nm™). Separate analysis of data collected from PAMAM 6 and 8
at different pH conditions are initially analyzed in this g region, leaving all four
parameters adjustable. The obtained results show that the correlation length & is not
changing significantly or systematically around an average value of
£=(1.54 £ 0.09)nm. In what follows, the correlation length is kept fixed to 1.54nm,
thereby reducing the amount of fit parameters to three (R, o, aw). This finding is
supported by data on PAMAM dendrimers of high generations presented in literature,
where the correlation length has been determined to be &~ (1.56 = 0.1)nm, however

without considering pH.'%% '"®
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Guinier Fuzzy sphere
G R/ nm R;/nm R/nm o/ nm
PAMAM dendrimers

3 1.18+0.26 1.19+0.10 1.53+0.13 0.79+0.08 0.52
6 = 2.35+£0.05 3.04£0.07 1.29+£0.13 0.43

o 3.88+£0.02 5.01£0.03 1.44+£0.11 0.29

PPI dendrimers

3 0.88+0.20 084+0.12 1.09+0.15 0.57+0.05 0.53
4 1.12+£0.22 1.08+0.10 1.40+0.13 0.70 £0.06 0.5

Table 6-2: Summary of the results obtained from fitting the SAXS data (pH = 8.5).

The minima in intensity at gminRg, as shown in Figure 6-5, are most sensitive to the size

of the particles. For spheres, values of

TunR, =V3/5(2n+1)-7/2=3.656.08,852,..; neN (6-14)

are expected (Mie scattering).'®® Measured values of gminRg = 3.62, 6.09, 8.52 are in
very good agreement with the expected values. The fact that the minima are more
pronounced with increasing generation number indicates a tendency of the molecules to
be become more compact and spherical having sharper boundaries.'” ' ' For
smaller dendrimers, the radii of gyration R, are additionally obtained by Guinier fits
(equation (6-6)) of the low g region (Table 6.2). Interestingly, the ratio of the radius of

gyration and the particle radius, Ry/R, varies between 0.772 (PAMAM 3) and 0.81 (PPI
4). This is close to the theoretical value of J5/3 20.775 expected for an ideal,
homogenous sphere.

According to equation (6-2), the molecular weight My of a dendrimer is proportional to
299 -3 for PAMAM dendrimers and 2°* —3 for PPI dendrimers. Assuming a

constant density in the core region » < R, R is expected to obey to the following relation

since the volume is proportional to the molecular weight:

Rpvane ~ (2 - 3)1/3

. 6-15
R, ~ (2G+2 _3)1/3 ( )

Fitting experimental data, R obtained for both types of dendrimers follows above

dependence very well (Figure 6-6a), independent of the chemical character of

dendrimers. The relation R ~ M)’ is indicative of a compact (space-filling) dendrimer

structure with a fractal dimensionality of approximately 3. This scaling exponent is in

excellent agreement with experimental'®® and theoretical results.*> !>

81



6. Dendrimers

0.7
(a) (b) Il O PAMAM
53 | PPI
41 0.6
] 0}
3
£ xr osd |
c ] =~
- ] b
o ol
0.4-
O PAMAM
PPI
] —_— ~(2G+3_3)ll3 03-
14 _ (2(3+z_3) U3
3 4 5 6 7 8 3 4 5 6 7 8
G G

Figure 6-6: (a) Dependence of the dendrimer radius R on the generation number G.
Solid lines represent fits to the data according to equation (6-15). (b) o/R
obtained from modeling the dendrimer surface fuzziness in dependence
of the generation number G.

In Figure 6-6b, the ratio o /R of the width of the surface region relative to the radius of
the corresponding solid sphere is plotted in dependence of the generation number. o/R
decreases significantly with increasing G. Consistently, this again reflects the tendency
of the molecules to extend their homogenous interior with increasing generation
number.

Figure 6-5b shows that at high scattering vectors, the dendrimer form factor is
significantly determined by the superposed contribution Fyo(g) from density
inhomogeneities on length scales smaller than the correlation length & Accordingly,
Fuion(g) leads to a smearing out of higher order maxima stemming from Fshape(q).160
Fion(q) is expected to result in a typical power-law dependence ¢, The exponent can
be derived from the Flory—Huggins parameter v analogous to that obtained from a
semi-dilute polymer solution under good solvent conditions.

In Figure 6-7, scattering intensities of different dendrimers are shown for high
scattering vectors in a double-logarithmic representation. The limiting power-law
behavior of dendrimers is still a matter of discussion in literature. From star polymers a
g~ power-law behavior is known,"™ while particles with sharp interfaces between

particle and solvent exhibit g™ power-law behavior.'*!
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PAMAM 3
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PAMAM 6
PAMAM 8

q/nm*

Figure 6-7: Double-logarithmic representation of the power-law dependence in the

high g region. Black lines represent linear fits to the experimental data.

-5 - . .
q " and q 4 power-law decays are shown for comparison as gray lines.

A transition from a ¢ to ¢ power-law decay with decreasing dendrimer generation
for the high ¢ region, which is accompanied by a disappearance of higher order
maxima, is reported from SAXS analysis of PPI and PAMAM dendrimers.”” '*
Accordingly, a transition from a rather compact, spherical shape of high-generation
dendrimers to a much looser, star-like shape of low-generation dendrimers is
assumed.'”” ' Contrary to these findings, Rathgeber et al. observe a q'S/ 3 power-law
decay for PAMAM dendrimers independent of generation number.' "

Experimental data shown in Figure 6-7 exhibit a slight progression in power-law
behavior with generation number. This finding is valid for PPI as well as PAMAM
dendrimers. Exponent values range from -1.7 for dendrimers of generation 3 to -2.1 for
dendrimers of generation 8. Observed changes in limiting power-law exponent with
generation number are small compared to SAXS results presented in reference '’
and '™, Supported by the appearance of oscillation in the high ¢ region with increasing
generation number, which are typical for spherical objects, these experimental findings
could be interpreted as resulting from a conformational transition towards a more

159 182
and . However, such a

compact shape as this has been done in references
conclusion is not mandatory, as is demonstrated in what follows.

In Figure 6-8, values obtained for the relative weighing factor of the two scattering
contributions a, are plotted in dependence of generation number in semi-logarithmic
representation. ar can be consider in analogy to considerations of Richter et al. for star

183

polymers as the ratio of intensities aw=1(1/£)/I(0) of the two scattering

contributions. /(1/&) is the scattering intensity on length scale g = 1/& of the blob size.
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Figure 6-8: Relative weighing factor a,, of the two scattering contributions as a
function of the generation number, G. Solid lines represent fits to the
data according to equation (6-16).

At these high g values, an incoherent superposition of the coherent scattering from
within each blob occurs. Accordingly, the scattering intensity can be expressed as
1(1/&) ~ Nbloszegz. Nyiob 1s the number of blobs and N, is the number of segments per
blob. In the Guinier regime at g =0, scattering contributions of all segments add up
coherently and the scattering intensity of the whole molecule becomes proportional to
10) ~ (Nbloszeg)zzNtot2 with N, being the total number of segments in the whole

dendrimer. a. is therefore given by

2
Nbl()b Nseg Nseg
arel = N 2 = N
fot tot

PAMAM __ A7 PAMAM [~ G+3 -1
rel - N seg (2 - 3)

aPIIJI — NPP (2G+2 _3)—1

seg

; (6-16)

1.€. dr 1S the ratio of the number of scatterers in one blob to the total number of
scatterers Nyr given by equation (6-2). Since the blob size does not depend on the
generation of dendrimers, it is reasonable to assume that the number of segments within
a blob N, is independent of generation number, too. Fits to the experimental data

according to above equations show good agreement within the experimental accuracy

(Figure 6-8). The number of segments within a blob is determined to be N SZMAM ~ 27

and N, ~32 for PAMAM and PPI dendrimers, respectively. This is in good
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agreement with small angle scattering results reported in literature for PAMAM
dendrimers (Neg = 22).160

It is important to notice that a, increases significantly with decreasing generation
number for both types of dendrimers. This indicates that the limiting power-law
behavior is increasingly dominated by scattering from the internal, loose polymeric
structure expressed by Fyjop leading to a q'S/ 3 power-law behavior. Therefore, vanishing
of higher-order maxima in the sphere form factor is not necessarily a consequence of
changes in the overall shape of dendrimers and therefore it is not a sensitive measure

for potential structural changes.

6.4. pH dependence of dendrimer conformation

Figure 6-9 shows exemplarily the absolute scattering intensity of one representative of
each dendrimer type at low pH, neutral and high pH conditions in a double logarithmic
representation. Solid lines give results obtained from fitting the data with the fuzzy
sphere model. Successive data sets are offset in intensity by a constant multiplicative
factor to ensure clarity of presentation.

With decreasing pH, the form factor F(q) of PAMAM 8 dendrimers shows more
pronounced oscillations for high ¢ values. Furthermore, minima in intensity at
gminR, are shifted towards higher ¢ values with increasing pH indicating that the size of
dendrimers is changing. To quantify these changes in size, dendrimer radii R are plotted
in dependence of the solution pH in Figure 6-10 for three selected dendrimers.
Resulting from intra-polymeric Coulomb interactions, a significant progression of
dendrimer radius is observable with pH variation. To understand this behavior, the pH-
dependent protonation mechanism of dendrimer amino groups has to be taken into
account.

The microscopic charging mechanism of PAMAM and PPI dendrimers has recently

36, 37, 184
> 37, For

been investigated in detail by potentiometric (acid-base) titrations.
PAMAM as well as for PPI, titration curves of dendrimers of generation 3 or higher
show only minor differences. Both types of dendrimers are characterized by two
distinct protonation steps and one intermediate plateau. An almost independent
protonation of primary and tertiary groups has been observed. However, different
protonation mechanisms are observed for the two species, which are schematically

represented in Figure 6-11.

85



6. Dendrimers

PPI 4 PAMAM 8
(a) 53 (b) ] o high pH
3 o neutral
low pH
4
5 3 :
S ] =]
- ] @®©
~ 1 ~
G =
= 1 =
2] =
o high pH
neutral
o low pH
-1 -1
q/nm q/nm

Figure 6-9: SAXS data obtained from dendrimers at low pH, neutral, and high pH
conditions. Data for PPI generation 4 (a) and PAMAM generation 8 (b)
are shown exemplarily. Solid lines are fits to the data according to the
fuzzy sphere model.

Exposed to high pH values (pH > 10), all amino groups of PAMAM dendrimers are
unprotonated and the dendrimer are uncharged. This results in an increased tendency of
the terminal units to fold back into the dendrimer interior leading to a dense-core
conformation and smaller radii. In a first protonation step, primary amines of the outer
layer of the PAMAM dendrimer protonate independently (pKj= 9.0-9.2°% ™)) The
result is a stable conformation with all primary amines protonated and all tertiary
amines deprotonated. The arising electrostatic repulsion between like-charged end
groups reduces back folding of dendrimer branches and leads to the increase in radius
with reducing pH observable in Figure 6-10.

For PAMAM dendrimers, the intermediate plateau has been observed around pH = 7.
In this pH region, changes in pH are not or only very slightly effecting the degree of
protonation of dendrimers. This is reflected in Figure 6-10: for PAMAM 6 and 8§ the
radius R stays almost constant between pH = 6.7-7.3.

Lowering the pH of the solution further, PAMAM tertiary amino groups protonate
(pKuma = 5.8 3 6). This process leads to a stable state, where all amino groups are
protonated, with the exception of one central tertiary amino group. As a consequence of

increased resulting intra-polymeric Coulomb repulsions, dendrimer branches are further

86



6. Dendrimers

(a) PPI 4
; -60

sphere

1.71
Qtot - 50
1.6' _40

1.51 -30

R/nm
+8 / 1010

1.4 20

-10
1.3

(b)

- 5x10°
- 4x10°

- 3x10°

R/nm
kY 1010

- 2x10°

- 1x10°

(c) PAMAMS
1 -2.0x10°

L 1.5x10°

101
O

-1.0x10°
(0]

+

R/nm

- 5.0x10°

- 0.0

Figure 6-10: Dependence of the dendrimer radius R (open circles) on the pH value of
the solution for (a) PPI4, (b) PAMAMG6, and (¢) PAMAM 8
dendrimers. Solid lines give changes of the total dendrimer charge QO
resulting from varying the pH.
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Figure 6-11: Schematic representation of the microscopic protonation mechanism for
PAMAM (a) and PPI dendrimers (b) of generation 3 and higher.

extended. Figure 6-10 shows that for PAMAM generation 6 and 8 starting at pH = 6 no
further increase in the dendrimer radius is observed with reducing pH, although the
degree of protonation is still increasing. This indicates that PAMAM 6 and 8 have
already reached a conformation, which is characterized by a maximum degree of
stretching of polymeric subunits. In addition, with increasing pH screening effects
could potentially effect the behavior of polymeric segments.” Owing most likely to
their less densely packed conformation, dendrimers of lower generations do not exhibit
a comparable saturation in radius at low pH conditions. The last group to protonate is
one of the central tertiary amine groups (pKum = 3.5°%). For large dendrimers, however,
this last protonation step contributes very little to the overall charge.

For PPI dendrimers, the intermediate plateau lies at a degree of protonation of 2/3 of
the total ionizable groups. During the first protonation step occurring around pH =~ 10,
PPI primary amine groups and the odd shells of PPI tertiary amine groups protonate.’’
Again, arising electrostatic intra-molecular repulsion is reflected by the observable
increase in radius (Figure 6-10a). The relatively unpronounced intermediate plateau
around pH = 7 results from the stability of this onion-like structure where all odd shells
of the dendrimer are protonated, while the even ones remain deprotonated (Figure
6-11). This protonation pattern reflects short-ranged repulsive interactions between
ionizable sites. In the second step around pH = 5, PPI tertiary amine groups of even
shells protonate.®’

Differences in protonation mechanisms between PPI and PAMAM dendrimers are
understandable by considering that PAMAM dendrimers exhibit weaker nearest
neighbor interactions owing to the fact that the distance between two neighboring
binding sites is much larger than it is for PPI dendrimers (Figure 6-2). In addition, ion

pairing further diminishes these nearest neighbor interactions.'®*
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Figure 6-12: Dependence of o/R of different types of dendrimers on pH. Dashed lines
are guides to the eye only.

In Figure 6-12, the ratio o/R, which reflects the proportion of the width of the fuzzy
surface region relative to the dendrimer interior with homogenous density, is plotted in
dependence of pH conditions. For all degrees of protonation, /R is increasing with
decreasing generation number, as has already been shown in Figure 6-6b for pH = 8.5.
Moreover, independent of the dendrimer type and the generation, o/R increases with
increasing pH. These findings indicate a tendency of the molecules to become more
compact and spherical having sharper boundaries with increasing generation number
and/or charge. With increasing electrostatic repulsion, dendrimer segments tend to
increasingly stretch, and dendrimers increasingly behave as hard spheres. According to
changes in radii, for PAMAM 8 o/R exhibits only small changes throughout all degrees
of protonation. This insensitivity could again be a result of the high generation number,
which indeed leaves no room for additional back folding or stretching of polymer
branches due to very high steric crowding. Furthermore, for PAMAM 6 and 8 o/R stays
constant for pH values close to the intermediate plateau region of corresponding
titration curves, where changes in the degree of protonation are small.

Both, the dendrimer size and the charge, are of crucial importance for the compaction
of DNA by dendrimers. With results from potentiometric titration experiments®® >” '%4
at hands, it is possible to translate changes in pH into variations of the total molecular
charge Q. Accordingly, Figure 6-13(a-c) shows the charge dependence of dendrimer
radii for the three dendrimers presented in Figure 6-10, whereas Figure 6-13(d) gives

the ratio o/R (Figure 6-12) in dependence of the normalized dendrimer charge
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Figure 6-13: Dependence of the dendrimer radius R on the total molecular charge for
(a) PPI 4, (b) PAMAM 6, and (¢c) PAMAM 8 dendrimers. (d)
Dependence of o/R on the normalized charge Q:/Oax-

Otot/ Omax- At Qo = 0, dendrimer radii are minimal due to the fact that the dendrimer
branches are folded back to the interior. Consistently, o/R adopts maximum values at
Oiot/ Omax = 0. Continuous charging of the dendrimer initially results in a successive
increase of R and a decrease of o/R. However, both quantities level off after
approximately 65-70% of all amino groups are protonated. The fact that a protonation
of the last 25-30% of all tertiary amino groups has no effect on both R and o/R for all
studied dendrimers is corresponding to observations for pH < 6.

In order to determine the pH dependence of dendrimer conformation, dendrimer
volumes V' are normalized by corresponding volumes of uncharged dendrimers at high
pH conditions, Vj, and plotted versus pH in Figure 6-14. V/V, is continuously
increasing with decreasing pH and therefore increasing molecular charge. Generally,
with increasing generation number, the increase in volume is more pronounced. For

PAMAM 8 however, significant deviations from this behavior are observable
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Figure 6-14: pH dependence of dendrimer volumes normalized with respect to their
values at pH = 12.

exhibiting only comparably small changes throughout all degrees of protonation. This
reflects the significantly higher average density — in particular of the outer segment
layers — of high generation dendrimers. To account for the exponentially growing
volume fraction needed for successive generations, interior polymer segments of lower
generation numbers must already be significantly stretched.

Charge-induced changes in radius and volume relative to values at high pH conditions
are given in Figure 6-15. In general, changes between high pH and neutral conditions
are larger than between neutral and low pH conditions for all dendrimers. This finding
reflects the fact that =50% of all dendrimer segments are part of the outer layer and
therefore possess primary amino (end) groups, which are protonated at neutral
conditions. Furthermore, screening effects could play a role at low pH values.*
Expressed in terms of dendrimer volume, dendrimers exhibit changes of up to
approximately 150% (PAMAM 6) when the pH is varied over the whole range! In
particular regarding their application, it is important to notice that the sequence of
conformational changes is reversible for dendrimers of all types and generations.
Owing to its reproducibility, this was termed a “smart behavior”.*®

The only experimental study so far on charge-induced dendrimer swelling reported no
changes in size of PAMAM 8 upon variation of pH or ionic strength.”® Figure 6-14
shows that conformational changes of PAMAM 8§ are indeed very small and — in the
scope of error bars — could indeed be zero. However, this is a particular phenomenon

resulting from the fact that PAMAM 8 already represents the high molecular limit.
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Figure 6-15: pH induced proportional changes in dendrimer radii (a) and volumes
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These results clearly show charge-induced changes of the dendrimer conformation
eliminating the discrepancy between theory and experiments that existed in the
literature up to now.

Comparing the experimental results to simulations reported in the literature,
qualitatively they are in best agreement with results obtained from MD simulations of
the conformation of PAMAM dendrimers generation 2-6 at different pH conditions.*
The authors report a conformational change of dendrimers from compact objects at
high pH values to open ones at low pH values. However, simulations were performed
without explicitly accounting for water molecules, but rather using the assumption of a
continuous solvent inherent in a single dielectric screening constant &) and a linear-
screening Debye—Hiickel theory for the counter-ion interaction. Both assumptions are
bound to break down at short intra-molecular distances between charged dendrimer
units. Therefore, it is not surprising that the magnitudes of pH induced conformational
changes of dendrimers obtained from simulations are in parts much higher than in the
experimental results.

From the data presented above, information can be deduced about the density of
dendrimers and about the amount of solvent in the interior of dendrimer molecules. The
smaller the radius (and therefore the volume), the smaller is the solvent content inside
the dendrimeric structure, and vice versa.

At high pH values, dendrimers adopt conformations with polymeric segments folded
back exhibiting minimal radii and volumes. Knowing dendrimer radii and molecular
weights (Table 5-1), it is possible to determine dendrimer densities p. For PAMAM 3,
6 and 8, values of p=1.09gcm™, 1.23gcm™, and 1.23gem™, respectively, are
obtained, whereas PPI 3 and 4 exhibit smaller densities of p=0.74gcm™ and
0.73g'cm™, respectively.
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Figure 6-16: pH dependence of dendrimer density. Solid lines indicate the bulk
densities, dashed lines are guides to the eye only.

In literature, bulk densities ranging from py=1.214-1.224gcm™ for PAMAM
generations 3-5 are reported.'® Furthermore, based on experimental data of lower
PAMAM generations, dendrimer densities of generation 6-9 have been calculated
resulting in monotonically increasing densities with a maximum value of
piic = 1.232gem™ for PAMAM 9." Compared to these values, experimental results
show a good agreement for PAMAM 6 and 8. However, the determined density of
PAMAM 3 deviates significantly from its bulk value.

Since there are no values for PPI dendrimer density reported in literature, it is necessary
to compare obtained results to reported densities of condensed organic compounds,
which have a chemical composition similar to PPI segments (e.g. (Cs;H7),NH,
(C,Hs5),CHNH,, C4H9NH,). Densities of these compounds are in the range of
P~ 0.73-0.75gcm™ yielding a good agreement with obtained results.'™’

The pH-dependence of dendrimer densities is given in Figure 6-16. With a decreasing
pH, dendrimer radii and volumes increase. This yields an additional interior space,
which makes dendrimers well suited for host-guest interactions and encapsulations of
guest molecules. Dendrimers being solved in water, the additional interior space AV is
occupied by an increasing amount of water molecules (molecular volume
Viater = 30.1A%)."% Accordingly, reducing the pH dendrimer densities approach the
density of the incorporated water molecules, p= lgem™.

Figure 6-16 shows that for pH > 10 only the PAMAM 3 density does not approach its
expected bulk value. This indicates that even completely uncharged PAMAM 3

dendrimers with completely back-folded branches still contain a certain amount of
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Figure 6-17: Amount of water molecules inside the dendrimers at different pH.

water molecules in their interior. This is contrary to observations for the similar-sized
PPI 4 and the smaller PPI 3 dendrimers. An explanation for this behavior is provided
by the nature of PAMAM dendrimer branches: compared to PPI branches they are
significantly longer and, in addition, they contain hydrophilic carboxyl groups.

In Figure 6-17, the pH-dependent increase of the amount of water molecules per
polymer segment Nyater/Nseg inside dendrimers is given, whereas the absolute amount of
water molecules is given in the inset. Highest amounts of water molecules are found for
PAMAM generation 3 and 6. PAMAM 6 yields a maximum amount of about 7 water
molecules per segment, whereas the open, undeveloped dendrimer structure of
PAMAM 3 with its comparatively long branches enables 8 water molecules per
segment.

Besides changing solution pH, conformational changes of dendrimers can be achieved
by addition of salt. Increasing the salt concentration leads to an increase in the Debye
screening parameterx. Consequently, at high ionic strengths, the Coulomb repulsion
between the charged dendrimer branches is so strongly screened that dendrimers are
expected to behave similar to uncharged ones.

The huge variety of exciting potential applications behind this “smart behavior” of
dendrimers can easily been envisioned. Two of the most important, underlying

principles are denoted briefly:
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Figure 6-18: pH-dependence of the surface charge density. Dashed lines are guides to
the eye only.

e The free volume in the interior of highly charged dendrimers can be used to
allow for introduction of smaller molecules (i.e. drugs) into the hollow host.
Reducing the effective charge, e.g. by exposure to a highly salted environment
such as human blood, would force the dendrimers to collapse back into their
dense conformation releasing thereby guest molecules in their interior into the
living organism.

e There are several paths of uptake of exogenous materials into a cell with
endocytosis being the most efficient way for macromolecules. Consequently,
escape from the endosome is critical for the cytosolic delivery of any
macromolecule before it is degraded in the lysosome (local pH = 5). One of the
main reasons for the high transfection efficiency obtained with dendrimers is
due to both polymer expansion and osmotic induced swelling from protonation
of tertiary amines, which has been observed to cause endosomal rupture and
release of the complex or DNA into the cytoplasm.** '%-1%!

Therefore, possible conformational changes of dendrimers upon charging and the

possibility of controlling it externally through changing the pH and/or the ionic strength

of the solution are most certainly very promising areas of research.

In the context of a dendrimer induced DNA compaction, the surface charge density X

of the compaction agent is of special importance:
2=0y/0, (6-17)

with Oy being the charge of the primary amine (end-)groups and O = 47R” being the

dendrimer surface area. Protonated tertiary amine groups situated well in the dendrimer
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interior are not considered to contribute to 2 since they are poorly accessible for DNA
molecules. Moreover, screening effects are expected to play an important role and to
increasingly dominate when the solution pH is reduced *. The pH dependence of X is
plotted in Figure 6-18. Changing pH from high pH to neutral conditions, X is
monotonically increasing. Independent of dendrimer type or generation, 2 reaches its
maximum value at pH =7 when all primary amine groups are protonated. Further
reducing pH results in a (slight) decrease in 2, since Q; stays constant and O is
increasing due to the successive dendrimer swelling. In the inset of Figure 6-18,
maximal surface charge densities X are contrasted to those known from histone
octamers and of fatty acid monolayers, which represent the maximum density that can

be achieved by packing of hydrocarbonic chains.'*

Ranges of X obtained here for
dendrimers clearly comprise the range of surface charge densities known from histone

proteins.

6.5. Conclusions

Owing to their highly defined architecture, dendrimers are ideal agents for manifold
applications. From the results presented here, it can be concluded that for most practical
purposes, dendrimers can be viewed as compact, spherical objects with a smeared
surface region. Comparing results from PPI and PAMAM dendrimers allows for the
conclusion that scaling laws and structural organizations are similar for both types of
dendrimers. For the first time, the phenomenon of charge-induced dendrimer swelling
has been quantified in detail for dendrimers of a wide range of generations. I expect
that the observed, highly predictable response of dendrimers to superimposed
electrostatics is a general behavior, which may be found for all types of dendrimers.
Possible conformational changes of dendrimers upon charging and the possibility of
addressing them externally through varying pH conditions are most certainly very
promising areas of research. The high level of control over the dendrimer size, shape,
density, and charge makes these compounds perfectly suited for studying DNA

compaction.
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/. DNA COMPACTION:

DENDRIMERS OF INTERMEDIATE SIZE

In vivo DNA compaction demonstrates nature’s sophisticated strategies for packing,
protection, and exchange of genetic information.'*'>' In viruses, the DNA
compaction usually requires multivalent salts and small organic cations, such as
spermidine or spermine, whereas in eukaryotic cells histone proteins play the
prominent role. There, the basic unit of organization is the nucleosomal core particle:
eight histone molecules form a core particle of 5.5nm in diameter and the DNA wraps
approximately 1.7 times around that core forming a solenoid of 10nm in width.*
Although the main driving force for condensation has been identified to be of
electrostatic nature, little is known about what determines the stability of the observed,
specific structures.'”?” Fundamental questions are still unanswered. In how far
determine the size and the shape of the histone octamer, how the DNA wraps around it
and thus the amount of length compaction? Are specific charge patches on the histone
octamer required for a DNA wrapping? Does a uniform spherical charge distribution
work as well? In order to answer such questions, it may be useful to consider model
systems that are much simpler than the histone/DNA complexes while, at the same
time, retaining some of the important characteristics of the histone octamers/DNA
fibers.

In this chapter, the dynamic assembly of DNA condensates by cationic dendrimers
having an intermediate size and charge that is conveniently between that of small
multivalent organic cations and larger histone-like proteins is analyzed. In chapter 6,
dendrimer properties have been determined in great detail and are now used to mimic

the influence of electrostatic interactions on DNA compaction in vivo.
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Performing measurements under laminar flow conditions in a hydrodynamic focusing
device, the microfluidic setup ensures a non-equilibrium ascent of reactant
concentrations and allows for probing the real-time dynamic evolution of
supramolecular interactions between DNA and dendrimers. The resulting progression
of DNA compaction is detected online using microfocused small-angle X-ray
diffraction and confocal Raman microscopy. The combination of both, the structural
information resulting from small angle X-ray scattering measurements and the
chemical sensitivity of Raman imaging, allows for a detailed insight into the

characteristics and the dynamics of self-assembled dendrimer/DNA condensates.

7.1. Confocal Raman imaging of PPl 4 induced DNA

compaction

7.1.1. Raman spectrum of PPl 4/DNA complexes

Raman spectroscopy is used for sensing molecular interactions of PPI dendrimers
generation 4 and DNA. The Raman spectrum of PPI 4/DNA complexes shown in
Figure 7-1 is an accumulated average of 50 exposures of 150s each. The spectral
resolution is 6¢cm™. According to the discussion of the Raman spectrum of DNA in
chapter 5.2.2, Figure 7-1 shows a wave number region of 600-1700cm™.

The Raman spectrum of dendrimer/DNA condensates is largely consistent with the sum
of intensities of corresponding Raman bands in the individual dendrimer and DNA
spectra as can be readily seen in the inset picture showing the difference spectrum.
However, a distinct reduction in intensity of the most prominent phosphate group bands
at 782 and 1087cm™ is revealed indicating that these negatively charged groups along
the DNA backbone are the main targets of dendrimer amine groups. This reflects the
fact that an electrostatic attraction between both molecules is the driving force of DNA
compaction. Consistently, all dendrimers are expected to have similar impact on the
Raman spectra of corresponding dendrimer/DNA condensates. Although the Raman
band at 782cm™ shows a more prominent change in intensity during compaction, we
want to focus on the Raman band at 1087cm™, which arises from a symmetric
stretching vibration of PO, moieties and is easily distinguishable from other Raman
bands of B-form DNA in its vicinity (see chapter 5.2.2).
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Figure 7-1: Raman spectrum of PPI4/DNA condensates. The inset shows the

difference spectrum between PPI4/DNA and DNA. Wavenumber
positions of 782, 1087, and 1576cm™ are annotated.

It is known that the complexation of DNA by polyamines preserves and stabilizes the
B-form duplex structure of DNA without significantly perturbing base pairing or base
stacking interactions of DNA.'*® Thus, Raman bands belonging to base vibrations are
almost unaffected by the complexation. Accordingly, the intensity of the prominent
Raman band at 1576cm™, which arises from vibrations of the bases guanine and
adenine, can be chosen as reference. Therefore, the reduction in intensity of the Raman
band at 1087cm™ relative to the reference intensity at 1576cm™ can be used as a
benchmark for DNA compaction reactions. Comparing intensities of the Raman band at
1087cm™ in DNA and PPI 4/DNA spectra exhibits a reduction of 30%.

7.1.2. Real-time monitoring of DNA compaction in microflow

The knowledge of the Raman spectrum of dendrimer/DNA aggregates is applied for a
systematic Raman monitoring of DNA compaction and for investigating its non-
equilibrium structure formation dynamics under hydrodynamic focusing conditions.
The hydrodynamic focusing device used here consists of two perpendicularly crossed
microchannels having a depth of 300um and a width of 150um. A semi-diluted
aqueous DNA solution with a concentration of ¢pxa =2.5mgmL™" is injected in the
main channel with a mean flow velocity of upna = 200pum's”. Hydrodynamic focusing
of the DNA solution is initially performed by injecting pure water from the side

channels with a velocity of us4e = 4upna. After establishing a stationary flow, PPI 4
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dendrimers are continuously added to both side streams. Dendrimer concentrations in
the side channels are determined by the co-flow of aqueous dendrimer solution and
water into upstream T-valves, which allow for an online control of the dendrimer
concentration (see Figure 4-8). The dendrimer concentration can be varied from 0 (only
water) to 10mgmL™ (only aqueous PPI4 solution). Hydrodynamic focusing
experiments are performed at pH = 8.5. Important dendrimer properties are listed in
chapter 6.1.

Subsequently to the intersection, the interaction of dendrimers with DNA can be
observed along the outlet channel. The flow in microchannels is laminar (Reynolds
number Re < 1), meaning that mixing of components is diffusion controlled.’
Positively charged dendrimers diffuse into the DNA stream creating a well defined
gradient of chemical reactants for the negatively charged, pre-elongated DNA
molecules. Flow velocities are chosen such that a concentration gradient of the
reactants extends along the measurable length of the device. It follows that the complex
composition varies at every accessible point along the reaction channel reflecting a
different extent of DNA compaction. In addition, mixing of components in this well
defined manner reduces the likelihood of the creation of kinetically trapped phases.
High resolution 2D confocal Raman images of the hydrodynamic focused DNA stream
are recorded at fixed wave numbers of 1087cm™ and 1576cm™, respectively, by
laterally (x-y) rastering the sample through the excitation spot and detecting the Raman
signal with the avalanche photodiode detector (APD) (chapter 2.1). Raman intensities
Log7(x, y) recorded at the wavenumber v=1087cm’ are divided by corresponding
values Is576(x, y) obtained at v=1576cm™ for every (x,y)-position. The resulting image
is displayed in Figure 7-2 (bottom) showing already reacted areas. Only half of the
device is given since the pattern is symmetric.

Combining microfluidics with confocal Raman microscopy allows for direct
visualization of mutual effects of flow conditions and biomaterial properties. Finite
element simulations of physical conditions inside microchannels are performed in order
to model the experimental situation (chapter 2.3). A detailed comparison of simulation
and experiment allows for improved understanding. The diffusion constant Dppyy of
PPI 4 dendrimers and the viscosities of the DNA solution, 7pna, and of the formed
PPI 4/DNA assemblies, 7complex, are used as fit parameters in the simulations to match
the experimental results, i.e. the shapes of the hydrodynamically focused center stream
and of formed dendrimer/DNA assemblies. All other parameters such as the channel
geometry and flow rates are known. The diffusion of long chain DNA molecules,

which are preferentially oriented perpendicular to the diffusion direction, into the side
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Figure 7-2: Real-time monitoring of dendrimer induced DNA compaction in a
hydrodynamic focusing device. The Raman-difference intensity
indicates the compaction yield (bottom). In the simulation (top), the
product of the complexation reaction appears in the diffusion cone of
side and main stream components due to its highly increased viscosity.

streams can be neglected since the mobility of DNA macromolecules
(Dpna = 2'10'12m2‘s'1)194 is orders of magnitude lower than that of PPI 4 dendrimers.
The simulated flow field is given in Figure 7-2 (top). For a direct comparison with
experimental results, the modeled velocity profile (arrow plot) in the hydrodynamic
focusing device is overlaid to the Raman image (bottom). The product of the
complexation reaction appears in the diffusion cone of side and main stream
components. In simulations, dendrimer/DNA complexes can be best visualized by
utilizing the fact that a strong increase in local viscosity is connected to the
complexation reaction (Figure 7-2 top). Very small deviations of simulation results
from the experimentally recorded shape are observed in the first third of the crossing
area where the center stream is slightly bulged into the side channels. These deviations
are ascribed to effects of the walls at the bottom and the top of the microchannel that
are not considered in the 2D simulations.'”> Apart from this detail, the experiment and
the simulation show excellent agreement.

Analyzing complex materials in hydrodynamic focusing devices provides a method to
evaluate the viscosity of minute quantities of very viscous fluids (chapter 5.3.1). PPI 4
dendrimers diffusing into the DNA stream induce a complex formation, which leads to
an increase of the local viscosity. To characterize the complex formation, the viscosity
has to be coupled to local concentrations of PPI4 and DNA and its functional

dependence has to be described by a single function. As has been demonstrated for the
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self-assembly of collagen, the situation can be well approximated by
1= Nwater + 7JDNA T nmmplex.lgs Finite element simulations include the solution of a
highly complex system of coupled differential equations. To account for a good
numerical handling of this system, it is necessary to avoid discontinuities in 7 and its
derivatives, in particular at the transition from the uncomplexed materials of low
viscosity to the highly viscous dendrimer/DNA complexes. In the simulations, this is
achieved by utilizing the sharp but continuous concentration profile of DNA: starting at
a threshold value of N/P = 0.05, 77complex 1S Increasing proportional to the cube of the
normalized DNA concentration cpna/2.5mgmL™". Although this power-law dependence
is only fulfilling a mathematical requirement and has no strict physical meaning,
simulations with varying starting conditions have shown that the DNA concentration
profile is dominating over the power-law, whose exact magnitude has almost no effect
on the system.

The viscosity of the DNA solution and of dendrimer/DNA condensates are fitted to
Neomplex = 1500 Myaier = 1.33Pas and  7pna(2.5mgmL™") = 35 7yarer = 31.2mPass,
respectively. The viscosity of formed biocomplexes is more than 1500 times higher
than 7jyaer. These results are on the same order of magnitude as results known from
other polymer hydrogels."”'” However, to directly verify the consistency of
simulation results and the experimental situation, the viscosity of 2.5mgmL" DNA
solution has been additionally determined by conducting bulk measurements using an
Ubbelohde-viscometer. The obtained result of 7pna(2.5mgmL™")=(30.8 + 1.5)mPa’s
agrees remarkably well with simulation results. Hence, microfluidic experiments in
combination with finite element simulations represent a powerful method to analyze the
complete process of DNA complex assembly in terms of the solution viscosity. In
particular, this is noteworthy because involved solution viscosities range over five
orders of magnitude and are coupled via complexation reactions. The influence of the
viscosity on the flow fields in microchannels have been discussed in detail in chapter
5.3.1.

The dendrimer induced DNA complexation results in the formation of highly viscous
PPI 4/DNA complexes, through which dendrimers have to successively diffuse.
Adjusting simulations to match experimental results yields information related to the
diffusion process. According to the Stokes-Einstein equation, the viscosity and the

diffusion coefficient are reciprocal:

D = kT .
67nR

(7-1)
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Taking into account the high viscosity of dendrimer/DNA complexes, this would imply
that the dendrimer diffusion into the DNA solution should be about four orders of
magnitude slower than in a corresponding water-water system without viscosity raising
DNA. However, large positive deviations from the ideal Stokes-Einstein behavior are
known for diffusion in crowded and strongly interacting macromolecular systems,
which are still a huge challenge to our understanding. Despite the importance of
microrheological properties in biology and in industrial applications, there is no single

theory available explaining diffusion phenomena in complex, structured fluids."”®

Large
polymeric molecules strongly increase the solution viscosity even at relatively low
volume fractions. Contrary to the movement of large objects however, the viscosity that
determines the movement of very small objects in such complex fluids is often close to
that of pure solvent.'”® This is due to the fact that the rather uneven space occupancy
creates fluctuating, solvent-filled regions in the polymeric network, through which
probe molecules can diffuse considerably faster than it would be predicted from bulk

199-205 199, 206 . 207
and elastic

viscosity. Besides anisotropy effects, electrostatic
contributions are significantly affecting diffusivity of probe molecules in hydrogels
yielding both reduced diffusion coefficients and diffusion coefficients even larger than
observed in the pure solvent.’”®

The complex interplay of these effects is accounting for the observed value of
Dppia=~ 1.6:10"°m?s!. This rather corresponds to the result one would obtain from the
Stokes-Einstein relation (rppis= 1.4nm at pH = 8.5) under purely aqueous conditions.
Strikingly, using hydrodynamic focusing, dynamical parameters of chemical reactions
in such complex, interacting systems can be quantified, which is essential in chemical
engineering, chemistry, and biology.

Since the whole system is dominated by laminar flow, each position along the outlet
channel represents a steady state in the reaction evolution. Owing to the diffusive
mixing behavior, different local concentrations exist along and perpendicular to the
hydrodynamically focused DNA stream. Changes in the relative charge ratio N/P,
which is known to influence the structure of formed aggregates,” are correlated with
these concentration variations. Here, N denominates the number of positive amine
charges of dendrimers, whereas P is the number of negative phosphate charges of the
DNA backbone. Owing to the laminar flow and the diffusive mixing, different N/P
ratios and therefore different states of aggregation are observable along the outlet
channel. Accordingly, different time frames of the compaction reaction are accessible
by varying flow velocities and/or the observation position along the main channel.
From simulation data, local experimental conditions such as the velocity and the

concentration can be obtained at each position.
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Figure 7-3: Line scans perpendicular to the reaction channel at three positions
x =—-50, 25 and 75pm. Corresponding data are shown in (b)-(d). Dashed
and solid lines give the normalized concentration profiles cppis/cppisp and
cpna/Cpna.g, Fespectively.
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Figure 7-4: (a) Lines with constant /V/P ratio at each position. (b) Courses of the
Raman intensity ratio I(g,/I157¢ along the three equi-concentration lines
depicted in (a).
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d/N

| 1087/I 1576

Figure 7-5: Monitoring the DNA complexation along the streamline in the center of
the reaction channel (y = 0). The V/P axes has been inverted to allow for
improved comparability.

Experimental and simulation data are compared by analyzing line scans at specific
positions in the channel. For each line scan, the Raman signal is averaged over seven
lines. From Raman spectra the ratio of intensity of the two Raman bands at 1087cm™'
and 1576cm™" for pure (non-compacted) DNA is known to be /10s7/]1576= 1.1. Adding
PPI 4 molecules, the negatively charged phosphate groups are complexed by positively
charged dendrimer sites and the ratio of intensity of the two Raman bands decreases to
a final value of /,037/11576= 0.78. In Figure 7-3a, three positions x =—50, 25 and 75um
are marked by colored lines. Corresponding line scans are shown in Figure 7-3b-d.
Log7/11576 1s given by open circles, solid lines show the normalized DNA concentration
cona/2.5mgmL~', and dashed lines represent the corresponding course of the
normalized dendrimer concentration cppa/ IOmg‘mL_l.

Dendrimers are successively diffusing into the DNA stream and condensing to the
negatively charged phosphate groups of the DNA backbone. y-regions with a reduced
intensity ratio /0s7/11576 correspond to already complexed regions of the DNA stream.
Figure 7-3 shows that the decrease in intensity is directly correlated with changes in
concentrations owing to diffusion. The asymmetry in the reaction zone is due to
different diffusion rates of the two reagents. This is also reflected in the different
courses of normalized concentrations of DNA and PPI4. Whereas Figure 7-3d
(x =75um) shows a perfect match of concentration courses and Raman intensity ratio,

at x =25um (Figure 7-3c) slight deviations between experimental data and simulation

105



7. DNA Compaction: Dendrimers of Intermediate Size

(b) 1.2

1146

1.04

0.94

"1 087'”1576

0.8

0.7 4t
0.0 0.1 0.2 0.3 04 0.5 0.6

NIP

Figure 7-6: N/P dependence of the Raman intensity ratio I;ys7/11576 (b). Data sets are
obtained along the three streamlines depicted in (a).

are observable, which become more pronounce at x =-50um (Figure 7-3b). These
deviations are a result of the slight bulging of the more viscous DNA center stream into
the side channels as has been discussed above. For each of the three x-positions, the
final ratio of intensity /,0s7/11576 = 0.78 is reached at N/P = (0.55 £ 0.05). This finding
shows that experimental results as well as the numerical description are consistent.
Experimental and simulation data are further compared by analyzing physical
properties along different lines exhibiting identical N/P ratios at all positions. Three
such lines are shown in the inset picture in Figure 7-4 corresponding to N/P =0.04,
0.13 and 0.53. Since cpna exhibits only slight deviations from 2.5mg'mL_l at positions
analyzed, the lines are equi-concentration lines corresponding to cppy =0.3, 1 and
4mg‘mL'1, respectively. From the Raman image, the intensity ratio /yos7//157¢ at
positions along each line are extracted. Figure 7-4b shows the dependence of 7¢s7/1;576
on the position b along each line given in Figure 7-4a. For each N/P ratio, I1037/1 576 18
almost constant showing no systematic or significant changes. This finding indicates
that the experimental parameters employed here are such that the reaction rate of
PPI 4/DNA complexation is much faster than the observations and that the diffusion
time scale is much larger than the reaction time scale.

The evolution of DNA compaction mediated by PPI4 dendrimers can also be
monitored along different stream lines. In Figure 7-5, this is exemplarily shown along
the streamline in the center of the reaction channel. The Raman signal is averaged over
seven lines and plotted in dependence of the position along the streamline, i.e. the x
coordinate. Raman data are contrasted to the N/P ratio calculated at each position from
local DNA and PPI 4 concentrations. Figure 7-5 shows that the decrease in intensity is

directly correlated with changes in N/P and therefore with changes in concentrations.
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Following the center streamline, the final ratio of intensity 7jos7//1576~0.78 is not
reached in the observed reaction area.

To analyze the evolution of DNA complexation in more detail, in Figure 7-6b further
data obtained from analyzing DNA complexation along two additional streamlines
(depicted in Figure 7-6a) are presented. Data obtained along all three streamlines cover
the whole range of /1037/11576¢ = 1.1 ... 0.78 and are consistent to each other collapsing
on a single curve. According to results from line scans perpendicular to the reaction
channel, /1037/11576~ 0.78 is again found to correspond to N/P = 0.55. Although PPI 4
dendrimers are continuing to diffuse into the DNA stream, the intensity ratio /1s7//1576
remains constant indicating that the maximum amount of accessible phosphate groups
is complexed by dendrimer amine groups. The fact that an excellent agreement for all
analyzed positions is found that emphasizes the validity of the assumptions made for
the simulations.

Altogether, the experimental system can be well described by finite element
simulations. The diffusive mixing leads to a stable reaction gradient, which induces the
complexation. The complexation can be directly visualized by a decrease in Raman
intensity ratio coinciding with a dramatic increase in the solution viscosity. To obtain
structural information of formed PPI4/DNA aggregates, small angle X-ray

microdiffraction is used.

7.2. X-ray microdiffraction measurements of PPl 4

induced DNA compaction

Small angle X-ray scattering plays a prominent role as a characterization technique for

biomaterials and biological objects in microfluidic systems'® '’

since it probes
relevant length scales (on the order of nm). In particular, spatially resolved
microfocused X-ray scattering® in hydrodynamic focusing microdevices provides new
perspectives in studying interaction dynamics of DNA under tunable conditions.
Previously, rich phase diagrams of stable PPI 4/DNA* and PAMAM 4/DNA
complexes™ have been reported, identified using X-ray diffraction. However, the use of
synchrotron radiation can damage the sample and, typically, bulk samples are prepared
in advance and require large amounts of expensive biomaterials. Perhaps most
importantly, bulk experiments are not amenable to online variation of DNA
condensation conditions as are those reported here. Using hydrodynamic focusing

microdevices, the width of the focused DNA stream can be adjusted by the ratio of
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Figure 7-7: Close-up schematics of the evolution of dendrimer induced DNA
compaction in a hydrodynamic focusing device (bottom). Representative
2D X-ray images recorded along the reaction channel are shown. The
simulated velocity field (top) is shown for comparison. Relevant length
scales are annotated.

flow rates of the main channel and the side channels. Therefore, mixing and
concentration distributions in the reaction channel can be adjusted by changing the
width of the hydrodynamically focused DNA stream as well as flow velocities in all
channels. Consequently, interaction dynamics depending on the concentration
distribution can be spatially separated in steady state flow.

Structural information can be obtained from the effective structure factor S, which is
obtained by revising the scattering intensity /(g) by the normalized intensity of a dilute
sample. Qualitatively, peaks of the structure factor at distinct ¢ positions can be
interpreted as “Bragg reflections” from planes of particles separated by a certain mean

nearest-neighbor distance d ~ ¢

7.2.1. PPl 4/DNA mesophase formation

In a first set of SAXS experiments,”” a 10mgmL™" DNA solution is injected in the
main channel with a mean velocity of upna= 100;,Lm's'1 and 20mg'mL'1 PPI 4
dendrimer solutions are added to the side channel with a mean velocity of
uppis = 4'upna. The well defined, purely diffusive mixing of components reduces the

likelihood of the creation of kinetically trapped phases. Experimental conditions are
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Figure 7-8: Radial averaging (a) and azimuthal integration along the peak ¢, (b) for
the same positions x along the microchannel revealing preferential
orientation at y =190°. Baseline intensities are annotated on the right-
hand side (dotted lines).?"”

chosen to result in a final charge ratio N/P < 6 at the furthest measurable point of the
device (x = 3mm). A lateral scanning of the sample allows for spatially resolved small
angle X-ray diffraction experiments along the microfluidic channels. The positional
accuracy of absolute x and y coordinates in the microdevice is on the order of the beam
size (20pum). CCD images are collected with exposure times of 30—120s per position.

Representative X-ray diffraction patterns of PPI4 induced DNA condensation
measured at different distances x from the confluence center are shown in Figure 7-7
(bottom). It is important to note that all images reveal oriented diffraction rings. Owing
to a concurrent orientation during the assembly process in microflow, the
characterization of biomolecular materials, which are difficult to crystallize and
normally form liquid-crystalline structures, is significantly improved.’” ®* ® This is a
clear advantage of using flow to assemble dendrimer/DNA complexes. Qualitative

differences (i.e. in the peak width and in the azimuthal orientation) between these

images are readily seen.
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Figure 7-9: The real space distance d of the 2D square lattice (a) and the degree of
preference Ay showing good agreement with the calculated strain rate

& (solid line) in dependence of the x position along the microchannel.

A quantitative evaluation of Raman data obtained from measuring the non-equilibrium
DNA compaction under hydrodynamic focusing conditions shows the enormous benefit
to our understanding of comparing experimental results to simulation data.
Accordingly, flow velocity and concentration profiles in the hydrodynamic focusing
device are again modeled using parameters consistent to results presented in chapter 5.3
and 7.1.2.%'° The simulated velocity field is exemplarily shown in Figure 7-7 (top).
Small angle X-ray diffraction data plotted in terms of the reciprocal vector g and
obtained via a radial integration of the raw image data are given in Figure 7-8a." Plots
of X-ray data in the figures are offset for clarity. Baseline values of intensity for
azimuthal integrations are included in the data plots in Figure 7-8b.

Starting at the confluence center of the microchannels (x =y =0), a single peak at
go=2.0nm" is identified (lowest curve in Figure 7-8a). Moving the observation
position towards larger x, which corresponds to larger N/P ratios, the go-peak is shifted
towards smaller ¢ values and a second peak g, is concurrently acquired. The ratio
q1 =2 ‘qo of the two peak positions is consistent with a columnar mesophase with in-
plane square symmetry.

The lattice constant d of such a unit cell is related to the peak position g¢ using the

relation d = 2m/qo. An increase in the lattice spacing d is obtained at observation points
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flow direction g

Figure 7-10: Schematic representation of the microdomain orientation in the region
of maximum strain.

further downstream. This can be understood by the incorporation of additional
dendrimers within the PPI4/DNA condensate. The increase in d (obtained
experimentally) is shown in Figure 7-9a to overlay remarkably well with N/P values
provided by finite element simulations (solid line in Figure 7-9a) as a function of the
measurement position x in the device. These data are consistent with previously
reported bulk X-ray diffraction measurements,” citing a 2D columnar lattice of
PPI 4/DNA condensates for N/P values 2 < N/P < 6. The precise diffusive mixing of
components in flow uniquely allows visualizing an increase in d over the entire range
of columnar mesophases explored here.

The mesoscale alignment of macromolecular assemblies is not easily achieved using
standard sample preparation methods. However, an alignment in flow is comparatively
straightforward using the setup reported here. At the confluence of the microchannels,
the main stream is focused and fluid elements are accelerated. Owing to this
extensional flow, DNA molecules as well as dendrimer/DNA assemblies experience an
additional hydrodynamic stress, which leads to an orientation along the flow direction.
Scans of the intensity along the azimuthal angle y on the ring of the go-peak at different
channel positions x are shown in Figure 7-8b. Moving from x =0 along the reaction
channel, all X-ray scans of dendrimer/DNA assemblies show a strong preferential
orientation along the flow direction (y=+90°) down to a position x =3000um.
According to the discussion in chapter 5.3.1, such a superimposed hydrodynamic stress,
which can be experienced up to several 1000pm downwards the reaction channel, is
expected for experimental situations characterized by a significantly higher viscosity of
the main channel solution compared to side channel streams.

The extensional flow leads to a favored orientation of DNA macromolecules parallel to
the applied stress (Figure 7-9b). The degree of orientation can be quantified as the full

width at half maximum of the azimuthal peaks Ay. Figure 7-9b clearly shows a
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minimum value of Ay, corresponding to the highest extent of material orientation, at a
position x =300um. Remarkably, this behavior is quantitatively predicted in the

calculation of the strain rate & =0u/dx (solid line in Figure 7-9b) that is calculated

from the simulated velocity field given in Figure 7-7 (top). This indicates that the strain
rate, which describes mechanical effects on the material under flow, can accurately
describe the phenomena of supramolecular alignment within microdevices.

The extensive alignment of PPI 4/DNA assemblies in the region of high strain rate
enables the visualization of further details regarding the 2D columnar lattice. At
x=300pum and 400um, two additional local maxima at y ~ 0° and 180° can be found
(red arrows in Figure 7-8b). This additional weak orientation perpendicular to the flow
direction provides interesting insights into the response of a 2D phase of long chain
DNA molecules to external stress. The majority of PPI4/DNA microdomains are
oriented parallel to the flow direction. In the region of maximum strain rate however, a
concomitant orientation of some microdomains perpendicular to the flow direction
occurs. This is most likely due to structural restrictions imposed by the long DNA
strands and the square symmetry of the mesophase (schematically represented in
Figure 7-10). The observed decrease in the intensity for x > 1000um is puzzling. Two
phenomena are assumed to account for this decrease: firstly, a disintegration of formed
complexes might have taken place owing to the strong increase in the dendrimer
concentration, and, secondly, experimental inadequacies might have resulted in the fact

that the X-ray beam did not fully hit the hydrodynamic focused DNA jet any more.

7.2.2. Resolving initial steps of mesophase formation

In Figure 7-8, the peak at x = Oum corresponds to initial stages of DNA compaction
and shows an asymmetrical profile. Owing to the absence of higher order peaks, the
detailed structure cannot be ruled out. Accordingly, initial stages of DNA compaction
leading up to the charge neutral or isoelectric point characterized by N/P=1.8
(pH =8.5)> are conducted by increasing the velocity of the DNA solution to
UDNA = 200;,tm's'1 and simultaneously reducing dendrimer solution velocities to
uppis = 3/2'upna. Access to this regime is significant because the assembly of DNA
containing mesophases varies as a function of the overall charge ratio, conforming to a
physical description of charge inversion.”''

X-ray scans along the x- as well as the y-direction within the microchannel device are
shown in Figure 7-11. Owing to flow properties in microchannel devices, analyzing the

compaction along x- and y-direction correspond to each other. However, along the y-
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Figure 7-11: SAXS profiles of the early stages of PPI 4 mediated DNA compaction
obtained at different x positions along the main channel (y = 0) (a), and

at different y positions perpendicular to the main channel (x =0) (b).

The presence of a peak at ¢, is annotated by red arrows.””

direction the evolution of DNA compaction takes place on a compressed length scale.
At the center of the confluence of the microchannels (x =y =0), corresponding to
minute dendrimer concentrations, X-ray pattern appear to be a convolution of multiple
peaks with limiting peak positions go,~ 2.0nm™ and gg,~ 2.3nm™". Moving to higher x
or y values (Figure 7-11a and b, respectively), and therefore to increased dendrimer
concentrations, the peak at go, becomes dominant and features around g¢q, disappear.

Additionally, the peak position g, is slightly shifted to smaller ¢ values. Eventually, a
second peak ¢ =2 ‘goa (annotated by red arrows in Figure 7-11) is recorded, which

refers again to a mesoscopic columnar phase with 2D in-plane square structure. This is
surprising given that all measurement points are below the charge neutral point, where
there is an excess of negatively charged DNA relative to the amount of dendrimers.

The appearance of ¢o at low dendrimer concentrations — and therefore a surplus of
DNA — can be explained by a coexistence of two types of domains: firstly, positively

charged domains with an enrichment of dendrimers, and secondly, negatively charged
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side view ' front view

D depleted phase O enriched phase

Figure 7-12: Schematic representation of the two coexisting phases in the low
dendrimer regime: dendrimer-enriched (circle) and dendrimer-depleted
(square). Side view (top) is along the microchannel, and front view
(bottom) is a cross-section through the microchannel.

domains with a depletion of dendrimers. This is illustrated in Figure 7-12 from the side
(along channel) and front (channel cross-section). Dendrimer-enriched domains show a
columnar ordering of DNA molecules with intercalated dendrimers, having a spacing
doa=3.2nm (i.e. the square phase described previously). However, dendrimer-depleted
domains show an ordering of DNA with a spacing that can be calculated from the peak
position gop~2.3nm™ and that is dependent on the lattice used to describe the
mesophase. The diffraction peak at position gg, is proposed to be due to a DNA
columnar mesophase with a spacing d~2.7nm (determined by d=2mn/q), which
indicates a very dense DNA packing since it approaches the 2.5nm diameter of
hydrated DNA molecules. A similar peak at low N/P values was reported by Evans et

al.,”® in which case its striking resemblance to that of hexagonal small cation-induced

DNA bundles was noted. In this scenario, the lattice vector ay=4x/ ﬁ ‘g~ 3.2nm
reflects a unit vector of a hexagonal lattice with an interstitial area that is much too
small to accommodate a PPI 4 molecule (without requiring a significant molecular
deformation).

Regardless of the specific choice of the DNA lattice, in either case dendrimer
molecules do not directly bridge DNA strands. Dendrimer bridging of DNA strands can
be eliminated due to steric constraints: interstitial positions available to dendrimers in
either a square or hexagonal DNA lattice are too small to accommodate PPI 4
molecules. Dendrimers nevertheless play an important role in the assembly of a one-
component DNA mesophase, as is confirmed by experiments done on DNA solutions
without dendrimers that show qualitatively different X-ray patterns (chapter 5.2.1 and
5.3.3).
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Figure 7-13: N/P-dependence of the intensity ratio I,g;/I1576 obtained from Raman
measurements and Iy/l), obtained from X-ray microdiffraction
experiments.

The most reasonable model, by process of elimination, is one including domains rich
and poor in dendrimers. This is reminiscent of a scenario reported using DNA and
surfactants.”'? The close packing of DNA to length scales d ~ 2.7nm known to occur in
the presence of multivalent salts is considered to be a result of a balance of forces
acting to resist (e.g. bending, mixing entropy) or favor (e.g. counter-ion fluctuations,
hydration) condensation.”"® For the presented measurements, no additional salts have
been explicitly added but a balance of similar forces is likely at play. The two-phase
dendrimer/DNA model is corroborated by a vanishing of dendrimer-depleted domains
(g0a< g < qob) With a concurrent domination of square dendrimer/DNA mesophases at

increasing values.

7.2.3. Comparison with confocal Raman measurements

The evolution of the non-equilibrium structure formation can be monitored in terms of
the intensity ratio Iow/lp, Of the two Bragg reflections at g, and gp.. Observed X-ray
pattern can be interpreted in terms of a structural transition of PPI 4/DNA complexes
from dendrimer depleted microdomains to dendrimer enriched microdomains with
square in-plane symmetry. A coexistence regime of the two phases is observed for
positions x <1000um. In order to correlate structural information from X-ray

microdiffraction experiments to the N/P ratio, finite element simulations are performed
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according to flow conditions used in chapter 7.2.2 in order to resolve initial steps of
mesophase formation.

In Figure 7-13, the ratio of intensity /y,/lo, of the X-ray diffraction peaks at go, and gop
is plotted versus N/P and contrasted to the ratio of intensity /,037/;57¢ obtained from
confocal Raman measurements (Figure 7-6). Comparing the two data sets shows that
the vanishing of dendrimer-depleted domains with increasing N/P is associated with an
increased complexation of negatively charged phosphate groups by dendrimeric amine
groups. On a molecular level, the onset of the square columnar mesophase seems to
correspond to a complete complexation of all (accessible) DNA phosphate groups by

dendrimeric amine sites at N/P = 0.55.

7.3. DNA compaction by dendrimers of intermediate

size and charge — a generalized description

The dynamic assembly of DNA compaction induced by PPI 4 dendrimers has been
studied in great detail in chapter 7.1 and 7.2 showing PPI 4/DNA mesophase formation.
Utilizing hydrodynamic focusing devices, it is possible to access — for the first time in a
controlled manner — very low N/P ratios. Surprisingly, in such regions of excess DNA a
coexistence of densely packed mesophases containing DNA only and mesophases
consisting of PPI4 and DNA 1is observable. The question arises in how far this
unexpected structure formation is only specific to the PPI 4/DNA interaction and to
what extend it represents a general feature of the interaction between dendrimers of an
intermediate size and charge and DNA.

To address this issue, X-ray microdiffraction measurements of DNA compaction
induced by two additional dendrimers of intermediate size and charge, namely PPI 3
and PAMAM 3, are performed. According to results presented in chapter 6, PAMAM 3
dendrimers possess a similar charge and size as PPI4 dendrimers, whereas PPI 3
dendrimers are significantly smaller and possess only half of the charge of PPI 4.
Representative X-ray diffraction patterns of PAMAM 3 and PPI3 induced DNA
condensation are shown in Figure 7-14 and Figure 7-15, respectively. The scattering
intensity is plotted in terms of the reciprocal vector ¢g. Plots of X-ray data in the figures
are offset for clarity.

2D columnar mesophases of PAMAM 3/DNA are identified for different charge ratios
using microfocused X-ray diffraction. For small N/P ratios, a single broad peak at a

position ¢o~ 1.8nm™ is observed. This corresponds to the regime of excess DNA. At
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Figure 7-14: (a) SAXS profiles of PAMAM 3/DNA mesophases at different /N/P ratios.
(b) SAXS profiles of initial stages of PAMAM 3 mediated DNA
compaction at different x-positions along the outlet channel.

higher N/P ratios, the go-peak is shifted towards smaller ¢ values and becomes more
prominent. A second peak ¢; is concurrently arising. Analog to PPI4/DNA

mesophases, the relation g =2 'qo of the two peak positions is consistent with a
columnar mesophase with in-plane square symmetry. An increase in the lattice spacing
dpamams 1s obtained with increasing N/P ratio. According to the discussion in chapter
7.2.1, this can be understood by the incorporation of additional dendrimer molecules
within mesophases.

Utilizing a hydrodynamic focusing microflow device enables to pinpoint reaction
dynamics at low charge ratios below the charge neutral point, where DNA is in excess
of dendrimers. A 5SmgmL™ DNA solution is injected in the main channel with a mean
velocity of upna = 300um's’l and IOmg'mL’l PAMAM 3 dendrimer solutions are added
to the side channels with a mean velocity of upamams = 2 upna. Figure 7-14b shows the
evolution of PAMAM 3/DNA mesophase formation at different positions along the
reaction channel corresponding to different N/P ratios. Mesophase formation analog to
the one observed for PPI 4 induced DNA compaction is found. X-ray patterns again
appear to be a convolution of multiple peaks. The limiting peak positions are
goa~ 1.8nm™ and gy~ 2.3nm™. According to findings reported for the PPI 4/DNA
structure formation (chapter 7.2.2), increasing the PAMAM 3 dendrimer concentration
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Figure 7-15: (a) SAXS profiles of PPI 3/DNA mesophases at different N/P ratios.
(b) SAXS profiles of the initial stages of PPI3 mediated DNA
compaction at different y-positions perpendicular to the reaction
channel.

results in a more dominant peak at g, associated with a disappearance of features

around qo,. Additionally, the peak position qo, is slightly shifted to smaller g values.

The second peak at g; = V2 ‘goa refers again to a mesoscopic columnar phase with a 2D
in-plane square symmetry.

Figure 7-15a shows SAXS profiles obtained from PPI 3/DNA mesophases at different
N/P ratios. A single peak at a position go~2.2nm" is observed, which is shifted
towards smaller ¢ values and becomes more prominent with increasing N/P. As known

53,214 X-ray diffraction patterns of PPI 3/DNA mesophases are strikingly

from literature,
similar in g position and profile to the peak seen with polyamines spermine and
spermidine complexing DNA. Accordingly, low-molecular dendrimers with only a few
cationic groups and fragmentarily developed architecture are assumed to compact DNA

similarly to such conventional polyamines. Polyamine/DNA complexes exhibit a
hexatic structure with lattice constant of e.g. a, =4x/ \/gqo =3.0nm for
spermidine/DNA.*"> PPI 3/DNA complexes are likely to have the same structure giving
a real space DNA-DNA distance of approximately 3.1nm. However, in the absence of

well defined higher order diffraction peaks, it cannot be ruled out a distorted hexagonal

structure.
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The formation of a mesophase with hexatic in-plane symmetry indicates a change in the
DNA compaction mechanism from an electrostatically driven, partial adsorption of
DNA chains on the oppositely charged dendrimer nanospheres, to a like-charge
attraction, where low generation dendrimer molecules play the role of environmental
parameters.'” However, X-ray diffraction measurements in a hydrodynamic focusing
device (upna = SOOpm‘s'l, Uppiz = 600um's’1, CDNA = Smg'mL'l, PP = IOmg'mL'l)
performed in the low N/P regime show qualitatively the same evolution of a two-phase
dendrimer/DNA complex structure as has been observed for PPI 4 and PAMAM 3
dendrimers. SAXS profiles given in Figure 7-15 unravel a convolution of multiple
peaks with limiting positions go.~2.1lnm" and g¢o,~2.4nm” (corresponding to
doa = 3.0nm and dop, = 2.6nm). With increasing N/P, features around gop, corresponding
to dendrimer depleted domains, disappear and a concurrent domination of the
dendrimer enriched domains around g, is observable.

The results obtained from PPI 3, PPI4, and PAMAM 3 induced DNA compaction
suggest that the observed compaction mechanism characterized by a coexistence of
dendrimer depleted and dendrimer enriched domains represents a general feature of the
interaction between dendrimers of an intermediate size and charge and DNA.
Moreover, data obtained from PPI 3/DNA complexes indicate that this alternate route
of DNA compaction in the low N/P region should actually be observable when

studying DNA compaction mediated by conventional polyamines.

7.4. Conclusions

In summary, the potent combination of microfluidics with confocal Raman microscopy
and small-angle X-ray microdiffraction allows for detailed insights into the evolution of
dendrimer induced DNA compaction. The diffusive mixing in microchannels provides
tunable reaction conditions with defined changes in local concentrations. This allows
for acquiring of experimental data at any desired NV/P ratio. A major advantage of the
experimental setup is the acquisition of multiple N/P data points on a single device
while using extremely small amounts of material without concern (due to the
continuous flow of materials) for radiation damage.

Employing chemically sensitive confocal Raman microscopy, molecular interactions of
DNA and dendrimers are studied. The fact that the negatively charged phosphate
groups along the DNA backbone are found to be the main targets of dendrimer amine
groups reflects the electrostatic nature of the dendrimer induced DNA compaction.

Furthermore, combining high resolution 2D confocal Raman data and finite element
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simulations indicates that experimental parameters employed here are such that the
diffusion time scale is much larger than the reaction time scale.

2D columnar mesophases are identified for different N/P ratios using microfocused X-
ray diffraction. The mesophase lattice spacing d and the degree of orientation Ay
correspond to values of N/P and the strain rate &, respectively, both of which are
calculated using finite element simulations. An added benefit of the experimental setup
is the resulting alignment of mesophases transverse to the flow direction in the
microdevice.

Moreover, for the first time, access to very low N/P ratios in a controlled manner is
enabled, where a coexistence of DNA/DNA and dendrimer/DNA interactions appears
to occur. Generally, DNA is considered to condense in biological systems via

- . 1,8,193,211,216
multivalent salts or proteins. "™ 7"

Most surprising, our results indicate that in an
undercharged (low N/P) regime it is possible that DNA condensation occurs without
direct contact to such materials. Comparing Raman and X-ray data shows that the
vanishing of dendrimer-depleted domains with increasing N/P is associated with an
increased complexation of negatively charged phosphate groups by dendrimer amino
groups. The complexation of a maximum amount of (accessible) phosphate groups is
corresponding to the (full) emergence of the columnar mesophase with the in-plane
square symmetry at N/P = 0.55.

The consistency of X-ray data obtained from DNA complexes with three different
types of dendrimers suggests that the observed compaction mechanism at low N/P
ratios represents a more general feature of DNA compaction. This mechanism may also
exist in biological cells, which are dense and contain a variety of surrounding protein
aggregates. In addition, the stages of DNA packing and ejection in bacteriophage are a
subject of considerable biophysical interest and involves a dense packing of DNA

suggestive of the assembly found here for low N/P values.?"’
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8. DNA COMPACTION:

DO DENDRIMERS MIMIC HISTONES?

DNA compaction in vivo has to account for a multitude of different task. Hence, the
structure of chromatin is very sophisticated and still widely unknown.'®** Up to now,
the architecture of the 30nm fiber and the higher order assemblies of chromatin have
not been elucidated, nor have the forces that drive their formation been identified. In
order to unravel the structure of chromatin, several researchers have performed in vitro
studies of nucleosome core particles (NCP) organized in crystals and

22,218-220
mesophases.”™

In particular due to the fact that supramolecular organization in
dense assemblies is the result of a tight packaging of particles into a regular
arrangement driven only by the search for an energetically favorable mode of
interaction between neighboring particles, it is widely believed that crystal packing
may reflect some important aspects of inter-nucleosome interaction in vivo.*'® 220222
However, the most obvious difference between chromatin on the one hand and NCP
crystals or mesophases on the other hand is the fact that all individual nucleosomes are
connected in chromatin by the linker-DNA, while they exist as individual, unconnected
particles in NCP crystals and mesophases.

In this chapter PAMAM dendrimers generation 6 with dimensions and charges well
comparable to those of the histone core are used to compact DNA. Owing to the
significant higher charge and size of PAMAM 6 compared to dendrimers of lower
generations, a changed organization of PAMAM 6/DNA complexes is expected
including in particular local wrapping of DNA around the dendrimers. However, a
direct prove of such a wrapping scenario is still missing. In particular, comparing

structural details of the organization of PAMAM 6/DNA and NCPs may help to retain
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some important characteristics of the multiple interactions and possible supramolecular
organizations in chromatin. It is important to point out that the PAMAM 6/DNA
system with no added salt represents the model system of lowest possible complexity
(only artificial “proteins”, only monovalent ions, no additionally added salt, no other
organic compounds) that can possibly be employed to mimic DNA/histone interactions.
From a more fundamental point of view, macroion/polyelectrolyte complexes are a
common pattern in chemistry, physics, and biology.””> *** According to their high
importance, there are a significant number of theoretical studies on the topic reported in

7919 However, the number of experimental papers cited by theoretical

literature.
physicists is limited to only a few experimental studies. Therefore, experimental results
on PAMAM 6/DNA interactions are expected to be an important contribution to the
field. Moreover, dendrimer/DNA complexes are currently extensively used for DNA

. 162, 225, 226
transfection. ’

To clarify fundamental aspects of involved transfection
mechanisms, e.g. the observed generation dependence of transfection efficiency or the
varying sensitivity of incorporated DNA to nuclease digestion, it is essential to
investigate the structure of dendrimer/DNA complexes at a molecular level and to
obtain new insights into formed supra-molecular structures. This may also serve to

improve the design of new non-viral gene transfection vectors.

8.1. Initial states of PAMAM 6/DNA complex formation

In a first attempt to access the PAMAM 6/DNA complex formation, a set of
synchrotron X-ray microdiffraction experiments are performed in flow using a
hydrodynamic focusing device with a channel depth of 300pm and a width of 150um.
A semi-diluted aqueous DNA solution with a concentration of cpna = 7.5mg'mL'1 is
injected in the main channel with a mean flow velocity of upna = 0.009um's'1. The
DNA stream is initially hydrodynamically focused by injecting pure water from the
side channels with a velocity of us4e = 2.5upna. After establishing a stationary flow,
PAMAM 6 dendrimers are continuously added to both side streams. Dendrimer
concentrations in the side channels are adjusted to 35mgmL™". The lamellar flow
conditions inside the microchannels allow for a purely diffusive mixing of components
resulting in a final charge ratio of N/P =11 after complete mixing. All solutions are

adjusted to pH = 8.5. According to chapter 6.2, at this pH about 50% of all primary
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Figure 8-1: (a) Finite element simulations showing the flow field (upper part) and
the DNA concentration distribution (lower part). (b) x-dependence of
local V/P ratio at a position in the middle of the outlet channel (y = 0).

amino groups are charged, whereas all tertiary are uncharged. The total charge of the
molecule is about 150e” whereas the radius of the dendrimer is Rps(pH = 8.5) = 3.0nm.

8.1.1. Finite element simulations

The physical conditions inside the microchannels are modeled by finite element
simulations of the experimental situation (chapter 2.3). A detailed comparison of the
simulation and the experiment allows for an improved understanding. According to
simulations and results presented in chapter 5.3 and 7.1, the diffusion constant of
PAMAM 6, Dpg, and the viscosity of formed PAMAM 6/DNA assemblies, 77complex, are
the only unknown parameters in the simulation. Due to reasons discussed in what
follows, imaging of PAMAM 6/DNA complex formation in microflow was impossible
as hence was an experimental determination of these two parameters. However, results
obtained from analyzing dendrimer/DNA complexes in microflow, show that the
viscosity of the formed DNA complexes is about three orders of magnitude higher than
the viscosity of water, 77complex = 10° ‘Twater- Lhis value seems to be largely independent

59, 104 .
’ Moreover, obtained values for the

of the exact nature of compaction agents.
diffusion constants of all compaction agents are close to values obtained from the
Stokes-Einstein relation in water. Accordingly, simulations are performed using
Tcomplex = 103'77water and Dpe= 7.510 " m?s!. Obtained results are presented in
Figure 8-1a showing the flow field (top) and the local DNA concentration (bottom).
Figure 8-1b gives the x-dependence of the local N/P ratio at a position y =0 in the

middle of the outlet channel.
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Figure 8-2: X-ray diffraction patterns obtained in flow at different positions x in the
middle of the outlet channel (y=0). Data are contrasted to the
diffraction pattern obtained from a bulk sample of N/P = 0.5 (red).

8.1.2. X-ray microdiffraction measurements in flow

Subsequently to the channel intersection, the interaction of dendrimers with DNA can
be monitored along the outlet channel. A lateral scanning of the sample allows for
spatially resolved small angle X-ray diffraction experiments along the microfluidic
channels. The positional accuracy of absolute coordinates in the microdevice is on the
order of the beam size (20um). CCD images are collected with exposure times of
30—120s per position. Representative X-ray diffraction patterns of PAMAM 6 induced
DNA condensation measured at different distances x from the confluence center are
plotted in terms of the reciprocal vector ¢ and shown in Figure 8-2. Plots of the X-ray
data in the figure are offset for clarity.

X-ray pattern are composed of several overlapping peaks indicating a coexistence of a
multitude of different microdomain structures. Figure 8-3 demonstrates that the
decomposition is successfully made by assuming Lorentzian peak shapes. Best fitting
the data yields corresponding peak positions ¢ and correlation lengths Lc = 2n/Aq. In
Figure 8-4, the dependence of the peak positions ¢ on the position x along the outlet

channel is given. A progressive shift in peak position starting from ¢~ 0.35nm™
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Figure 8-3: Decomposition of X-ray diffraction patterns by fitting with Lorentzian
functions demonstrated for two representative data sets.
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Figure 8-4: Dependence of the peak position ¢ on the position x along the outlet
channel. The inset picture gives the x-dependence of d = 2r/q.

towards higher ¢ values is observed. This increase in ¢ corresponds to shorter DNA-
DNA distances, d. For x > 12mm, X-ray profiles exhibit only a single peak indicating
that all PAMAM 6/DNA microdomains are of the same structure. From the large
variety of structures observed for PAMAM 6/DNA complexes, it seems reasonable to
conclude that the apparent limitation of structural types observed in bulk samples is in
reality a reflection of the experimental difficulty in the characterization of less stable
intermediate phases of a shorter range order.

Figure 8-5a gives the dependence of the correlation length Lc on the position x along
the outlet channel. Starting from Lc = 110nm, the correlation length is significantly
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Figure 8-5: (a) Dependence of the correlation length L. on the position x along the
outlet channel. (b) Dependence of the correlation length in terms of
DNA repeats, q/Aq, on x. For comparison, the value obtained from bulk
measurements (N/P = 0.5) is given.

reduced with increasing x to Lc~ 19nm. In order to account for comparable data,
Figure 8-5b shows the x-dependence of the correlation length given in terms of DNA
repeats, Lc/d =¢q/Aq. Although the correlation length is significantly reduced with
changing the observation position, the degree of correlational order seems to stay
relatively constant at g/Ag = 5. Strikingly, this implies that although the correlation
length is depending on the lattice spacing, the degree of correlational order is not. At
x =~ 4mm, microdomains with a significantly reduced degree of correlational order of
q/Aq = 2.4 emerge. Moving the observation position further down the outlet channel, a
transition takes place towards the less positionally ordered phase at 4 <x < 7mm. For
x > 7mm, only microdomains with the reduced positional order are observed.

In Figure 8-2, X-ray diffraction profiles obtained in flow are contrasted to profiles
obtained from a PAMAM 6/DNA bulk sample at N/P=0.5 (red). At N/P=0.5,
PAMAM 6/DNA complexes give rise to a single broad correlation peak at
g =1.12nm™". When analyzed with polarization optical microscopy, PAMAM 6/DNA
complexes of this composition reveal an optically (weakly) birefringent pattern. This
indicates that the DNA chains in the complex are orientationally ordered. It is hence
reasonable to designate the observed mesomorphic structure at N/P=0.5 and the
corresponding phases observed in flow as nematic liquid-crystalline. The packing lacks
long-range positional order as the correlation peak is broad. From g/Ag = 1.9, it can be
deduced that intermolecular positional ordering exists only between nearest neighbors.
The positional ordering of the bulk sample is close to that observed in the microchannel

at x> 7mm. This can be readily seen in Figure 8-5b, where values of ¢/Ag
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corresponding to the nematic phases observed in bulk measurements are given for

comparison.

8.1.3. Reaction limited structure formation

In chapter 7, dendrimers generation 3 and 4 with an intermediate size (3-4nm) that is
conveniently between that of small polyamines (spermidine, spermine) and histone
octamers are used to compact DNA. At low N/P ratios, a coexistence of dendrimer
enriched and dendrimer depleted domains has been observed. Although it is not
possible to rule out the exact nature of PAMAM 6/DNA complexes formed in flow,
observed X-ray patterns can not be described in terms of a coexistence of such
domains.

Performing measurements in flow allows for time-resolved access of dendrimer/DNA
interactions. Comparing experimental results with finite element simulations performed
for dendrimers generation 3 and 4 shows that ongoing reaction processes are very fast
and only limited by the dendrimer diffusion (chapter 7). Most notably, using the larger
PAMAM 6 dendrimers this is no longer the case.

In Figure 8-1b, the x-dependence of the local N/P ratio is given at y = 0 showing that
for positions x > 1.3mm, complete mixing of reactants is achieved. Accordingly, the
final complex composition of N/P = 11 is maintained until the end of the outlet channel
at x = 14mm. This distance corresponds to a time of 1210s. Contradictory to this fact,
Figure 8-2 shows that the structural evolution of PAMAM 6/DNA complexes extends
over the whole length of the outlet channel. Moreover, X-ray patterns observed at the
furthest measurable position of the device, x=14mm, are apparently rather
corresponding to the one observed from bulk complexes with a composition of
N/P=0.5.

One may speculate that a value according to the Stoke-Einstein relation overestimates
Dps. However, it is not possible to establish a concentration gradient in the middle of
the outlet channel, which extents over the whole length of the device, by varying the
dendrimer diffusion constant within physically reasonable limits. This strongly
indicates that, compared to the smaller dendrimers generation 3 and 4, the kinetics of
phase transitions observed for PAMAM 6 and DNA along the outlet channel are
particularly slow and not diffusion limited any more.

Studying PAMAM 6/DNA complex formation in microflow reveals multiple
intermediate phases and a complex transition behavior with a coexistence of multiple
phases. This strongly resembles the case of protein folding, where the condensation

process also exhibits multistage dynamics.”’ The multitude of different stages
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observed during the complex formation may directly reflect the fact that the long chain
DNA molecules have to overcome several energetic and entropic bottlenecks in order
to find their optimal organization on the dendrimer surface. This clearly indicates a
fundamental change in the DNA compaction mechanism with increasing size of the
compaction agent. In what follows, bulk measurements are employed in order to
unravel the interaction mechanism of PAMAM 6/DNA.

8.2. Unraveling the interaction mechanism

8.2.1. Form factor of PAMAM 6/DNA entities at pH =8.5

In order to elucidate the nature of PAMAM 6/DNA interaction, the first point to
determine is the shape and the dimensions of the scattering entities. Such information
can be obtained by analyzing the corresponding form factor. For sufficiently diluted
samples, the scattering intensity is considered to be free from any detectable inter-
particle effects (equation 6-3). SAXS measurements of such solutions may yield the
form factor of the scattering entities (chapter 6.2). Therefore, a dilute sample with a
solute mass fraction of w/w = 0.05-0.1% and a complex composition of N/P =2 has
been analyzed at pH = 8.5. It is important to notice that a precipitation of complexes
from solution can occur. This leads to a further reduction of the PAMAM 6/DNA mass
fraction in the supernatant. Taken advantage of the fact that dendrimer/DNA complexes
— contrary to protein/DNA complexes as discussed in chapter 9.4.3 — are insensitive to
high dose X-ray irradiation, all measurements are taken at ambient temperature with
exposure times of 3600-7200s. The 2D SAXS images are azimuthally averaged to
produce 1D intensity profiles /(q) for scattering vector values in the interval
[0.26nm™,2.08nm™]. In addition, the background from the pure solvent is also
collected. After normalization of the scattering data, corresponding background data
are subtracted. The result is shown in Figure 8-6.

In a first attempt to estimate the overall shape and size of PAMAM 6/DNA entities, the
experimental data are fitted with the scattering intensity expected from objects of a
simple geometry. The scattering entities have been approximated by assuming an
overall spherical (R =3.8nm), cylindrical (R =3.8nm, H =2.8nm), and an ellipsoidal
(4= B=4.1Inm, C = 3.0nm) shape, respectively. The dimensions of the model particles
have been adjusted to yield best fits to the experimental data. Calculated X-ray patterns
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Figure 8-6: SAXS data obtained from a dilute PAMAM 6/DNA solution with a
complex composition of N/P=2 at pH =8.5. Data are fitted with the
scattering intensities expected from objects of simple geometry (a) and
according to the fuzzy sphere model, which has been used to describe
the dendrimers (b).

are given in Figure 8-6a showing that none of the three geometries give accurate results
for the whole observable ¢ range. In Figure 8-6b, experimental data are also fitted to
the fuzzy sphere model discussed in chapter 6.2. Best results are obtained assuming a
particle radius of R = 3.5nm and a surface fuzziness of o= 1.6nm. Although this model
is successfully characterizing dendrimers in solution, it does not allow for a reasonable
description of the PAMAM 6/DNA scattering entities. Therefore, all assumed models
are incapable to describe the experimental data properly over the whole observable ¢
range. However, from the fact that the PAMAM 6/DNA X-ray pattern can be well
approximated for initial scattering vector values ¢ < 0.8nm™, it can be concluded that
above fits at least offer a rough estimate of the overall particle dimensions. Independent

of the assumed geometry, particle dimensions are clearly larger than those of a single
PAMAM 6 dendrimer (Rps = 3.04nm).

8.2.2. Determination of the pair distance distribution function

In order to obtain a real-space representation of the scattering data, the pair distance
distribution function p(r) is calculated. p(r) gives the probability of finding a pair of
small elements at a distance » within the entire volume of the scattering entity. Hence,
the approximated pair distance distribution function p(r) provides information about the
conformation of scattering entities. A Fourier transformation connects the measured

scattering intensity /(q) to p(r):"" ***
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Ig)=47] pn 2@ 4, (8-1)
0 qr

In principle, p(r) and I(g) contain the same information. However, a real-space
representation is often more intuitive and information about the particle shape and
conformation are more easily deduced by straightforward visual inspection of p(r).”
Direct Fourier transformation requires scattering data from ¢ =0 to infinity.
Experimental data /(g), however, contain only a finite number of points in an interval
[gmin, ¢max]- The precision of these measurement points is determined by the
corresponding statistical errors as well as by systematic errors, in particular due to
instrumental effects (finite beam size, divergence,...). In addition, an appropriate
background correction is of significant importance.””

Due to the experimental precision and the finite experimental range of scattering
vectors, it is not possible to derive p(r) by a direct inverse Fourier transformation.
Therefore, small angle scattering data treatments have been developed for the purpose
of extracting the maximum available information about analyzed systems. An indirect
Fourier transformation (IFT) method of reciprocal space scattering data into real space
is able to minimize the effects of missing data.”” **° The result of these calculations are
a smooth fit to the smeared data, a desmeared scattering function, and the pair distance
distribution function p(r). Since p(r) directly reflects errors due to concentration effects
(negative oscillations around the maximum distance) and insufficiently removed
scattering background (small increase near » = 0), IFT offers the possibility to minimize

these influences on the course of p(r).>"

Here, the program GNOM is used to evaluate p(r) from recorded SAXS curves.’® **?
After subtraction of the background and the averaged solvent (water), GNOM reads in
1D scattering curves possibly smeared due to beam divergence and instrumental
distortions. The smeared data can be corrected for instrumental broadening by
numerical desmearing with the measured beam cross-section profile. The theoretical
aspects of this method — i.e. the main equations relating the scattering intensity to the
distribution functions and the description of smearing effects — and its experimental
applications are discussed elsewhere.”® 76229 232233

From the sampling theorem, predictions can be made about the minimal and maximal
length scale, 7min and 7max, Which can be resolved in real space by IFT of a certain data

set with scattering vector values in the interval [¢min, gmax] and a step width of Ag:

roo< Al orr < (8-2)
q qmin
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Figure 8-7: (a) Experimental data recorded from PAMAM 6/DNA fitted using
GNOM. (b) Corresponding pair distance distribution function p(r) of
PAMAM 6/DNA calculated with GNOM.

rmin = or rmin :L (8-3)
NAq I max

However, for most cases, it has been shown that

o (8-4)
9 max
provides a better estimation of Frin. 2> Here, gmin = 0.26nm™" and Gmax = 2.08nm’" are the
limiting factors. Corresponding upper and lower resolution limits are 7max ~ 15.0nm and
Fmin =~ 0.5nm, respectively.
In Figure 8-7a, the GNOM fit to the experimental data is given showing good
agreement. Figure 8-7b shows the calculated pair distance distribution function p(r).
p(r) displays a bell-shaped course with a stretched tail at higher » values. The maximum
is situated at » = 3.9nm. Bell-shaped p(r) functions are known from globular particles
with the position of the maximum corresponding to the particle radius R. The stretched
tail, which extends over approximately 4nm, is indicative of an elongated structure with
typically skewed distributions for larger 7.
Since p(r) is zero for distances larger than the particle dimensions, p(r) can account for
the maximum extension Dy,.x of the scattering entities. However, for the calculation of
p(r), GNOM requires an estimation of Dpax. Although the choice of maximum particle
radius is somewhat subjective, its choice affects the calculated distributions only
slightly. It has been shown that an overestimation of the true particle dimension does

not lead to significant changes in p(r), whereas underestimation of Dy, leads to strong
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oscillations of p(r).231 An approximate estimate of D,y is usually known a priori and
can be iteratively refined.

The maximal particle extension is determined to Dyax = 12nm. The value clearly lies
below the theoretical upper resolution limit 7, of the IFT method. In these
experiments, relatively long DNA chains have been used (chapter 5). Therefore, it is
important to note that the D, value extracted from p(r) corresponds to the maximal
overall diameter of the “compact part” of the scattering entities, i.e. the entity formed
by the dendrimer and the stretch of DNA with that it interacts (chapter 8.2.3). Due to
the relatively low fraction of scattering mass present in the DNA tails compared with
the central part, the tails contribute only marginally to the scattering intensity and are
not accounted for by Dy,.x. Similar observations are reported in literature for NCPs.?*
With a height of Hncp=1Inm and a radius of Rycp=3.75nm, NCPs and
PAMAM 6/DNA scattering entities possess similar dimensions. Moreover, histone
octamers (net positive charge of 142e") and PAMAM 6 at pH = 8.5 carry a comparable
amount of positive charges. Therefore, a comparison of both seems reasonable. In order
to compare the PAMAM 6/DNA scattering entities to NCPs, the program CRYSOL*
is used to calculate the scattering intensity /(g) of an ideal solution of NCPs from the
crystallographic coordinates published by Harp et al. (protein data base file
leqz.pdb).**

In Figure 8-8a, the corresponding /(g) curve is scaled to the same intensity at the origin,
1(0), as I(q) of PAMAM 6/DNA in Figure 8-7. Figure 8-8b shows the corresponding
pair distance distribution function p(r). Exhibiting a bell-shaped distribution with a
stretched tail at high r values, p(r) obtained from PAMAM 6/DNA entities and NCPs
share common features. However, there are obvious differences, e.g. for NCPs the
maximum of p(r) is situated at »=4.3nm. Analogue to PAMAM 6/DNA scattering
entities, a maximal particle extension of Dy,x = 12nm is observed.

As p(r) corresponds to the distribution of distances r between any two scattering
elements within a particle, it also offers an alternative way of calculating the radius of

gyration R,: 70

Dmax
J. p(r)ridr
2
R, = - (8-5)
2 J- p(r)dr
0
Compared to the Guinier approximation, the use of IFT yields more reliable results

since it is less sensitive to the data cut-off at small angles.””” Obtained values for the
radii of gyration are R,(PAMAM 6/DNA) = 3.3nm and R,(NCP) = 3.7nm.
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Figure 8-8: (a) Scattering intensity of a dilute NCP solution calculated from the
crystallographic data (protein data base file 1eqz.pdb) using CRYSOL.
(b) Corresponding pair distance distribution function p(r) of NCPs
calculated with GNOM.

With R, calculated from the IFT data for PAMAM 6/DNA at hands, it is possible to
compare the result from this model-independent approach to those obtained from fitting
the experimental data with the scattering intensity expected from particles of simple
geometry (R, =3.0-3.1nm, Figure 8-6a). Although PAMAM 6/DNA entities are of
similar dimensions as these particles, the R, value obtained from the p(r) analysis is
about 10% larger, independent of the assumed geometry (spherical, cylindrical, and
ellipsoidal) of the scattering entities. This indicates that — contrary to the assumed
simple geometries — PAMAM 6/DNA scattering entities contain protuberances, which
must contribute to an increase of R, compared to the values obtained from the smooth
model objects.”*’

8.2.3. Ab initio modeling of PAMAM 6/DNA entities at pH =8.5

Recently, small angle scattering data based modeling approaches allow for computation
of low-resolution structural models of randomly oriented biological macromolecules in
solution.” Since up to now high-resolution crystallographic data are not available for
most biological systems, visualization with such low resolution models is of significant
importance. Here, the program DAMMIN> ** is used to establish low-resolution bead
models of the 3D shapes of PAMAM 6/DNA scattering entities in solution. Using
compactness and connectivity constraints, models are exploited ab initio from the

experimental SAXS data without needing any a priori structural information. With the
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Figure 8-9: Superposition of three final configurations obtained from independent
runs. The dashed sphere gives the search volume.

GNOM output file as input, DAMMIN starts with a spherical search space of
R = Dyax/2 filled with N = 2000 densely packed beads (dummy atoms) of a radius of
Ryead = 0.4nm, which completely encloses the particle. Simulated annealing is used as a
global minimization algorithm that finally achieves a particle configuration matching
the SAXS data. Annealing yields stable results for different, random starting points.
The shape is recovered in an arbitrary orientation and handedness, the enantiomorph
yielding the same scattering curve.”

The program RASMOL™® is adopted for the graphical representation of the obtained
bead models. Figure 8-9 gives a superposition of final conformations of three
independent runs. Results yield very similar compact solutions for different starting
approximations. Averaging the results is used to further refine the solution. Such a
strategy is a legitimate procedure to accumulate overall information and to achieve a
sufficient degree of reliability because of the limited resolution of the SAXS
experiments and the unsafe of 3D averaged information from specimens in solution.”*
The reconstructed shape obtained from averaging of six independent runs is illustrated
in Figure 8-10. The bead model restored by the shape determination program
DAMMIN matches the observed I(¢) data in the angular range ¢ < 1.4nm™, whereas the
program is not able to fit the high g portion of the experimental scattering pattern
accurately (Figure 8-10a). However, it still provides a fair approximation of the overall

appearance of the scattering entities.*” >’
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Figure 8-10: (a) PAMAM 6/DNA X-ray profile fitted with GNOM and DAMMIN,
respectively. (b)-(d) ab initio bead model of the scattering entities
performed using DAMMIN. Grey circles give the spherical search
volume (R = Dy,,,/2)

The bead model yields positive proof of a DNA wrapping scenario. Compared to
dendrimers employed in chapter 7, the tendency to maximize the charge matching
drives the DNA chains to (partially) wrap around the significantly larger and higher
charged PAMAM 6. In Figure 8-10, the most obvious structural feature of
PAMAM 6/DNA scattering entities is an ellipsoidal structure with a cross-section of
approximately apammmn = 7.5nm and a height of about bpammvin = 5.6nm. Due to its
dimensions and shape, the ellipsoidal structure is assigned to comprise the dendrimer
(2’ Rps = bpammin) and the tightly bound stretch of DNA (dpnat2 Rps= dpammin).
Assigning a dpna = 2.0nm hard-core diameter to the DNA,> these results suggest a
PAMAM 6 dendrimer radius of

R, = Apsnay ~ Doy ~ by =2 8nm. (8-6)

2

At pH = 8.5 — the solution pH used for PAMAM 6/DNA measurements — however, a
larger radius of Rps(pH =8.5)=3.04nm has been observed. This indicates that
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PAMAM 6 dendrimers shrink upon the interaction with the oppositely charged DNA.
The value of Rps estimated for the dendrimers in PAMAM 6/DNA complexes is close
to the radius of an uncharged dendrimer at pH = 12.5, Rps(pH = 12.5) = 2.7nm (chapter
6.4). The fact that PAMAM 6 dimensions in the complex are corresponding to those of
the uncharged dendrimer is in good agreement with results of Brownian dynamics
simulations of complexes formed by charged PAMAM 4 dendrimers and oppositely
charged linear polymer chains.**

The shape and location of the ellipsoidal structure comprising the dendrimer and the
tightly bound stretches of DNA is well recovered in all runs (Figure 8-9). However,
there is a relatively large uncertainty in the representation of the edges of the ellipsoid,
i.e. in the location of the DNA. Such an uncertainty is also observed for the two smaller
structures with a diameter of approximately 2nm. Due to their dimensions, both are
assigned as unbound DNA stretches. The occurrence of these uncertainties are not
surprising, given the fact that they are only a few percent of the model volume.”
According to theory, for spherical objects with dimensions and charges corresponding
to PAMAM 6 such a stable dendrimer-DNA complex, in which the polymer wraps

12 In addition, from

around the sphere, is generally expected on single particle leve
studying the competition of dendrimers and ethidium bromide binding to DNA,
wrapping of DNA around dendrimers has already been speculated to occur for
PAMAM dendrimers generation 7.2 Moreover, such a wrapping scenario can account
for the observed fundamental change in DNA compaction mechanisms with
significantly reduced reaction kinetics.

It is tempting to compare the averaged bead model of PAMAM 6/DNA scattering
entities to the structure of NCPs obtained from crystallographic X-ray diffraction data
(protein data base file 1eqz.pdb).>** In order to allow for direct comparison, Figure 8-11
shows the DAMMIN model of PAMAM 6/DNA scattering entities (a), the structure of
NCPs obtained from the crystallographic data (b), and a superposition of both (c). In
NCPs, a total of 146 base pairs are wrapped around the histone core in approximately
1.7 turns. From Figure 8-11c, it is possible to conclude that a reduced amount of DNA
base pairs is wrapped around PAMAM 6 in a way such that the dendrimer is not
completely encompassed by the DNA. According to the proposed structure of
PAMAM 6/DNA scattering entities, about 12nm of DNA (=35 base pairs) are adsorbed
on each dendrimer. Based on the derived bead model, a schematic representation of the
proposed structure of the PAMAM 6/DNA scattering entities is given in Figure 8-11d.
One can envision several different scenarios for the interaction of PAMAM 6

molecules and DNA. Netz and Joanny introduced different states of interaction
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Figure 8-11: Comparing the bead model of PAMAM 6/DNA and NCPs. (a)
PAMAM 6/DNA, (b) NCP, (c¢) superposition of (a) and (b), (d)

Schematic representation of the proposed structure of PAMAM 6/DNA
entities.
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between a polyelectrolyte and a charged nanosphere: point touching, adsorption of a
finite length of DNA on the nanosphere surface, and full wrapping.”*’ In addition, one
dendrimer may simultaneously bind to two or more different DNA chains. Such a
binding scenario may compact DNA to a higher degree, and it requires less bending of
the DNA double strand. Therefore, a multitude of slightly different conformations of
single scattering entities may contribute to the form factor.

Surprising in this context is the fact that the DAMMIN model indicates a rather specific
conformation. One may speculate that there are distinct energetic constrains that favor
such a rather specific wrapping path of the DNA around the PAMAM 6 dendrimers.
This is compatible with the observation of a highly ordered, 3D superstructure of
PAMAM 6/DNA complexes at high concentrations (discussed in chapter 8.3). The
presence of a significant amount of polydispersity would prevent an arrangement in
such a well defined 3D lattice. However, it is not self-evident that the scattering entities
and hence the observed form factor remain unchanged in dense complexes at higher

concentrations.

8.3. Exceptional structure of PAMAM 6/DNA

complexes

8.3.1. 2D and 3D hexagonal organization of PAMAM 6/DNA

complexes

The structural organization of PAMAM 6/DNA complexes at pH = 8.5 is studied using
samples with a solute mass fraction of w/w =2%. Owing to the higher mass fraction
used, complex precipitation from solution is observed for all samples. In order to
improve the quality of the X-ray patterns, scattering data are recorded from the
precipitate phase with a significantly higher solute mass fraction. In addition, the solute
mass fraction can be increased by centrifugation.

Figure 8-12 shows the X-ray patterns of PAMAM 6/DNA complexes at N/P=0.5
(bottom) and N/P =1 (top). As discussed in chapter 8.1.2, the broad correlation peak at
¢nem = 1.12nm™" corresponds to a nematic liquid-crystalline phase with a spacing of
dnem = 5.6nm. Increasing the dendrimer content, PAMAM 6/DNA complexes formed in
bulk at N/P =1 exhibit three small-angle Bragg reflections at ¢ =1.103, 1.907, and
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Figure 8-12: Small angle X-ray diffraction scans of PAMAM 6/DNA complexes at
N/P =0.5 and /P = 1. All reflections are indexed.

2.195nm™. These g-positions are in ratios close to 1 344 suggesting a 2D
columnar hexagonal organization of complexes. Consistently, the reflections are
indexed as (hk)=(10), (11) and (20). The 2D lattice constant is ay = 7.0nm.
Additionally, a broad reflection (dashed line) centered at gnem = 1.52nm™" is observed
(dnem = 4.1nm). This can be interpreted in terms of a coexistence of the 2D hexagonal
phase with a nematic phase. With increasing N/P, the broad peak at gnem disappears and
multiple peaks become evident, completing the transition of PAMAM 6/DNA
complexes from a (condensed) nematic phase to a long-range ordered liquid-crystalline
mesophase. In the 2D columnar hexagonal phase, PAMAM 6/DNA entities are
suggested to be piled up regularly into columns that form a hexagonal lattice. However,
entities are free to slide along the column exhibiting no intra-columnar correlation. The
hexagonal symmetry of PAMAM 6/DNA complexes at N/P = 1 does not correspond to
the square symmetry observed for DNA complexes formed with PPI4, PPI 5,
PAMAM 3 and PAMAM 4,** respectively (chapter 7). This change in symmetry is
believed to directly reflect the change in the DNA compaction mechanism associated
with increasing dendrimer generation to six.

Figure 8-13a shows the X-ray patterns obtained from PAMAM 6/DNA complexes at

N/P=4.5. At this complex composition, a maximum amount of eleven sharp
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Figure 8-13: (a) Small angle X-ray diffraction scans of PAMAM 6/DNA complexes at

N/P=4.5. All reflections are indexed. (b) Model calculations of the
scattering from PAMAM 6/DNA complexes exhibiting a 3D hexagonal
symmetry. In the case of degenerated peaks (e.g. (100) and (010)), only a
single label is displayed for the sake of clarity.

reflections are observed in the range of ¢ = 0.5-3.0nm™. The surprisingly large number
of Bragg reflections is indicative of the existence of a crystalline phase with a high
degree of positional order. The sufficient number of reflections in the well resolved X-
ray diffraction pattern makes it possible to unambiguously identify a 3D hexagonal
lattice. The lattice constants are ay = 6.4nm and cy = 12.6nm. Bragg reflections are
indexed in Figure 8-13a (upper curve and inset).

Figure 8-13b shows a model calculation of the expected scattering from a
PAMAM 6/DNA complex of the assumed 3D hexagonal symmetry with the form
factor defined in chapter 8.2. The structure factor peaks are taken to be Lorentzians
with fixed width of Ag=0.04nm™. Separate peak amplitudes are used to mimic
obtained experimental scattering profiles. A good agreement with the experimental X-
ray profile is obtained. It is important to notice that assuming the proposed 3D
hexagonal lattice can account for a consistent indexation of all observed reflections.
Moreover, no reflection expected from such a 3D hexagonal lattice is missing in the
recorded diffraction pattern. The fact that the width of the diffraction rings is about

constant for all Bragg reflections is advising crystalline ordered domains, since for a
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Figure 8-14: Schematic representation of the 2D columnar hexagonal (a) and 3D
hexagonal order (b) of PAMAM 6/DNA complexes at N/P=1 and 4.5,
respectively. (¢) and (d) show the top and the side view of the 3D
hexagonal order, respectively.

liquid-crystalline-like organization (which would also yield concentric rings) the rings
would smear out for higher ¢ values. From the full width at half maximum Ag of the
(100) reflection, the correlation length Lc=2n/Ag of the system can be estimated.
Taking into account the experimental resolution of 0.03nm™, the correlation length is
roughly L¢ = 650nm.

A schematic representation of the 2D columnar hexagonal and 3D hexagonal
arrangement of PAMAM 6/DNA at N/P=1 and 4.5, respectively,is given in
Figure 8-14. It is important to notice that the used DNA molecules are highly
polydisperse in chain length (chapter 5). Thus, the 3D ordering of PAMAM 6/DNA
seems to accept such a significant amount of polydispersity in DNA length. However,
the formed PAMAM 6/DNA entities seem to be relatively monodisperse as are the
dendrimers (chapter 6).

8.3.2. 2D to 3D structural transition

In Figure 8-15, the structure factor of PAMAM 6/DNA complexes of compositions in
the range of N/P=1-4.5 are shown. It is important to point out that the form factor
shown in Figure 8-7a is exhibiting only minor and unsystematic changes with
variations of the complex composition in the studied range of 2 < N/P <4.5. This can
be interpreted in a way that the scattering entities composing the complexes are not
changing their morphology significantly with N/P but rather rearrange.

Increasing the amount of incorporated dendrimers and hence positive charges, the X-

ray patterns given in Figure 8-15 indicate a prominent structural transition of
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Figure 8-15: Structure factors of PAMAM 6/DNA complexes of compositions in the
range of N/P=1-4.5.

PAMAM 6/DNA complexes in the range of 1 <N/P<2. The scattering pattern at
N/P =2 exhibits five sharp Bragg reflections that are incompatible with the 2D
columnar hexagonal order at N/P =1. With further increasing the dendrimer content
(2<N/P<45), PAMAM 6/DNA complexes show gradual changes evolving towards
the 3D hexagonal order observed at N/P =4.5. The number of Bragg reflections is
continuously increasing up to a maximum of 11 observed at N/P = 3.25.

Assuming a monophasic structure at N/P = 2, there are two possible interpretations of
the observed changes in lattice symmetry, namely 2D rectangular or 3D orthorhombic
organization. Rectangular phases sometimes are also called pseudo-hexagonal and
crossover from the one symmetry to the other is not unusual.*** From the pattern at
N/P =3.25, the lattice structure can be ruled out to be body-centered orthorhombic.
Due to the low information content of small angle X-ray scattering from particles in
solutions, the exact space group can — of course — not be determined unambiguously
from the data presented in Figure 8-15. However, observed Bragg reflections are best
compatible to the space group 12,2,2,.

In Figure 8-16, all observed Bragg reflections can be indexed within such lattice
symmetry with unit cell parameters ap = 10.9nm, bp = 6.3nm, and co = 12.4nm. For
N/P <3.25, some peaks can only be indexed with difficulty within such lattice
symmetry. For all N/P values the low-index (101) peak of the orthorhombic lattice is
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Figure 8-16: Structure factor of PAMAM 6/DNA complexes at N/P = 3.25. Observed
reflections are indexed according to a body-centered orthorhombic unit
cell.

missing in the experimental diffraction pattern. However, Figure 8-16 demonstrates
that for N/P > 3.25 this is the only discrepancy when indexing the Bragg reflections.
This finding may directly reflect slight distortions of the orthorhombic unit cell. The
fact that the consistency of calculated and observed Bragg reflections improves with
increasing N/P indicates an improvement of the lattice order of PAMAM 6/DNA
complexes.

In Figure 8-17a, values for the lattice parameters aop and bo of the rectangular in-plane
organization are given in dependence of the N/P ratio. Comparing orthorhombic lattice
parameter ap and hexagonal lattice parameters ap shows an initial change from
an(2D) =7.0nm to ap =6.5nm at 1 <N/P <1.5. Further increasing N/P yields only
minor changes indicating that the organization of PAMAM 6/DNA entities in the
(ao,bo)-plane stays almost unchanged. Moreover, this suggests that the transition
between the orthorhombic order at N/P =4 to the hexagonal order at N/P=4.5 is a

gradual one. Consistently, the ratio ao/bo=1.64-1.71 is very close to V3. This
indicates that the 3D hexagonal organization of PAMAM 6/DNA entities is only
slightly distorted.

The organization of PAMAM 6/DNA entities normal to the plane defined by ap and bo
is determined by the periodicity co. Values of co can be directly derived from the
position g, of the first peak in the diffraction pattern: co = 22n/q.. The additional factor

2 is due to the reflection conditions of a body-centered orthorhombic unit cell, which
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Figure 8-17: N/P dependence of orthorhombic lattice parameters a, b, and c. 2D and
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Figure 8-18: N/P dependence of the surface area per column Sc (a) and the volume of
the unit cell (b).

only allows even values /=2n (neN). In Figure 8-17b, possible values for the
parameter co are given for the different complex compositions. At N/P = 1.5, the onset
of intra-columnar correlations between neighboring PAMAM 6/DNA entities is
reflected by the observed periodicity of co=12.7nm. With increasing N/P, the
longitudinal order along the columns is further evolving and a 3D quasi-hexagonal
(orthorhombic) phase is fully established at N/P=2. This is consistent with the
observed changes of PAMAM 6/DNA organization in the (ao,bo)-plane. After reaching
its minimum value of co = 12.Inm at N/P = 2.5, the periodicity perpendicular to the
(ao,bo)-plane gradually increases until the 3D hexagonal order with ¢y =12.6nm is
fully established at N/P=4.5. The observed continuous small variations indicate

successive shifts in the molecular organization.
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Figure 8-19: Schematic representation of the structural transition from a 2D
columnar hexagonal to a 3D hexagonal organization of PAMAM 6/DNA
upon increasing /V/P via intermediate orthorhombic states.

From a geometrical point of view, lattice structures are characterized mainly by two
parameters: the cross section area Sc of the unit cell in the (ao,bo)-plane and the unit
cell volume Vc.*** Both quantities are displayed in dependence of N/P in Figure 8-18.
The transition from a 2D columnar hexagonal to a 3D orthorhombic order is directly
reflected by the significant change of Sc: Increasing N/P from 1 to 1.5, Sc is reduced by
15%. V¢ follows qualitatively the course of the lattice parameter co. Interestingly, both
Sc and V¢ exhibit global minima around N/P = 2.5.

8.3.3. Evolution of complex structure with time

All X-ray patterns presented in Figure 8-13, Figure 8-15, and Figure 8-16 were
recorded approximately 13 month after sample preparation. The experimental
conditions were designed to produce samples under equilibrium conditions in sealed
capillaries. However, a significant evolution of complex structures is observable with
equilibration time reflected in dramatic changes of the structure factor S(gq) = 1(g)/F(g).

In order to analyze this phenomenon in more detail, S(g) obtained from complexes with
a complex composition of N/P=4.5 after different equilibration times are given in
Figure 8-20. Immediately after preparation, the sample exhibits a SAXS pattern, which
is similar to that observed at N/P=1 in Figure 8-13a. The positions of the three
reflections around ¢ = 1.05, 1.79, and 2.07nm™, respectively, indicate a 2D columnar
hexagonal organization with a lattice constant of a;; = 6.9nm. A coexistence of the 2D
hexagonal phase with a nematic phase is indicated by the broad peak at

Grem = 1.51nm™. However, there is an additional peak at ¢.= 1.13nm™" with a
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Figure 8-20: Structure factor of PAMAM 6/DNA complexes (N/P = 4.5) measured at
different times after sample preparation.

significantly higher full width at half maximum of Ag =0.21nm™ (indicated by the red
arrow in Figure 8-20). The peak at ¢ = 1.05nm™ corresponds to the average distance
between columns, whereas the peak at g.=1.13nm™ may correspond to the average
spacing between PAMAM 6/DNA entities in a column. Accordingly, this may be
indicative for the onset of an organization of PAMAM 6/DNA entities in a 3D ordered
phase.

After 10 month of equilibration time, the diffraction pattern is completely different
exhibiting six Bragg reflections. The positions of these reflections are incompatible
with both a 2D and a 3D hexagonal organization. S(q) rather corresponds to diffraction
patterns obtained from PAMAM 6/DNA complexes with 2 < N/P <3.5 after 13 month
of equilibration (chapter 8.3.2). The transition from 2D columnar hexagonal to 3D
hexagonal lattice is completed 13 month after sample preparation.

From the data presented in Figure 8-20, it is not possible to be certain that the evolution
of PAMAM 6/DNA structure formation is finished after 13 month. It seems more likely
that equilibrium values have not been reached yet. Despite possible changes of lattice
constants, the highly ordered 3D hexagonal lattice symmetry is expected to be
preserved. The experimental data presented in Figure 8-20 show that the structural
organization takes place on surprisingly long time scales of several months. This is
consistent with structural organization time scales known from nucleosome core
particle (NCP), where equilibration times of more than 17 months have been
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reported.”"” However, such a long structural organization time makes it impossible to

access the complete evolution of PAMAM 6/DNA structure formation in flow.

8.4. Tuning DNA wrapping

In chapter 6.4, it has been shown that it is possible to control surface charge density of
dendrimers by varying the solvent pH. Such a change is expected to affect the
organization of the DNA on the dendrimer surface owing to the electrostatic origin of
dendrimer/DNA interactions. Moreover, this should result in changes of both the shape
and the size of PAMAM 6/DNA entities. This chapter is dedicated to the analysis of pH
induced effects on the conformation of PAMAM 6/DNA entities and their organization

in complexes.

8.4.1. pHinduced PAMAM 6/DNA complex structure transitions

Figure 8-21 shows X-ray patterns recorded from PAMAM 6/DNA complexes formed
at different pH conditions. All data are recorded from samples with a fixed DNA to
dendrimer concentration ratio of cpna/cps = 0.2. However, owing to the pH induced
variations in dendrimer charge, all samples possess the different N/P ratios given in
Figure 8-21. All samples have been equilibrated for 13 month and more. Data are offset
for clarity.

The scattering curves presented in Figure 8-21 exhibit significant differences. This
indicates that changing pH results in a dramatic modification of the complex structure.
For pH = 11-14, all primary and tertiary amino groups of PAMAM 6 dendrimers are
uncharged. Therefore, the formation of any DNA-dendrimer complexes is not expected.
Consistently, the X-ray pattern recorded at pH =14 does not exhibit any Bragg
reflections. Instead, the scattering curve is similar to those obtained from semi-dilute
DNA solutions (chapter 5.2).

Reducing pH results in charging the dendrimers and therefore in an electrostatic
attraction of both components. However, the electrostatic attraction is balanced by the
elastic energy of the DNA. Corresponding X-ray patterns show that the arising
interaction between DNA and dendrimers leads to the formation of PAMAM 6/DNA
mesophases. At pH =10, PAMAM 6/DNA mesophases exhibit two reflections at

¢g=1.03 and 1.83nm™. The ratio 1 13 of the two peak positions suggests a 2D
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Figure 8-21: Scattering intensity I(¢) of PAMAM 6/DNA complexes at different pH
values. Arrows indicate weakly pronounced structural features.

columnar hexagonal organization of complexes with an inter-columnar distance of
an = 7.0nm. Consistently, the reflections are indexed as (kk) = (10) and (11). The large
full width at half maximum Ag)=0.25nm™ of the (10) reflection indicates that the
ordering is restricted to small domains, which likely coexist with unorganized domains.
This is supported by the fact that peak intensities are low. A further reduction of the pH
value to pH = 8.5 induces a transition from the 2D columnar hexagonal phase to the 3D
quasi-hexagonal phase discussed in chapter 8.3. Corresponding unit cell parameters are
ao =10.9nm, bo = 6.3nm, and co = 12.4nm. Successively, X-ray pattern recorded at

pH = 7.8, exhibit three reflections at ¢ = 0.98, 1.70, and 1.97nm™". These ¢-positions are

in ratios close to 1 :+/3 :4/4 . Accordingly, the complex structure is transformed back to
a 2D columnar hexagonal ordering, however with a slightly modified lattice spacing of
ay = 7.4nm.

At neutral pH conditions, the protonation of all primary amine groups is completed,
whereas all tertiary amine groups are unprotonated. Corresponding X-patterns of
PAMAM 6/DNA complexes are not exhibiting any Bragg peaks. This indicates that
there is no long range order present in the samples any more. However, the scattering
intensity I(q) exhibits a downturn for low g values (¢ <0.6nm™). As discussed in

chapter 5.2 and 6.2, this reveals the existence of interactions between
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Figure 8-22: X-ray scattering pattern of three aqueous solutions of PAMAM 6/DNA
of different mass fraction recorded at pH=S5.5. A fixed complex
composition of N/P = 1 is used for all data sets.

the scattering entities, which modify the corresponding form factor F(g) in the low ¢

. 159,234
region.'> >

For higher ¢ values, /(g) almost corresponds to F(g).

Inter-particle interactions become stronger at lower pH conditions, where the tertiary
amino groups are continuously protonated. This is reflected by the more pronounced
downturn in the low ¢ region. In addition to the loss of long range correlational order,
starting at pH = 7, the course of /() is significantly modified. In particular, the slope
for 0.6nm™ < ¢ < 1.3nm™ is significantly decreased and a minimum around ¢ ~ 1.3nm’"
is observed. These features indicate that PAMAM 6/DNA entities increase in size and
gain a more compact conformation with increasing dendrimer charge. This is analysed

in detail in the following chapter.

8.4.2. Form factor of PAMAM 6/DNA entities at low pH

In Figure 8-22, X-ray patterns of aqueous PAMAM 6/DNA solutions obtained at low
pH conditions (pH = 5.5) and a fixed complex composition of N/P =1 are shown. As
discussed in chapter 2.2, X-ray scattering from dilute solutions of organic
macromolecules is usually of very low intensity, in particular for larger scattering

angles and hence higher ¢ values. The quality of the X-ray patterns can be improved by
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Figure 8-23: Form factor of PAMAM 6/DNA scattering entities at pH=15.5 and
pH =8.5. Data are contrasted to the scattering curve obtained from
NCPs.

increasing the solute mass fraction w/w. However, increasing w/w also modifies the
course of the X-ray patterns, in particular in the low g region.

According to observation of PAMAM 6/DNA complexes at pH = 8.5, a precipitation
from solution can occur. Recording scattering data from the supernatant is again used
to diminish inter-particle effects. In Figure 8-22, for all measured mass fractions
(w/w 2 0.5%), the scattering intensity /(g) exhibits no Bragg reflections but a
significant downturn for low ¢ values. This reveals the existence of net repulsive
interactions between PAMAM 6/DNA entities. With increasing PAMAM 6/DNA mass
fraction, this downturn is more pronounced directly reflecting the effect of stronger
inter-particle interactions on the scattering intensity.

Figure 8-22 shows that although inter-particle effects on the scattering intensity are still
present at the lowest mass fraction of w/w=0.5%, they are already significantly
reduced and shifted to lower ¢ values. Corresponding scattering data are used as an
approximation of the (ideal) form factor. Consequently, to prevent any effects of the
downturn at small ¢ values, the calculation of the pair distance distribution function
p(r) and the determination of the radius of gyration R, are performed using the range
g >0.32nm™. In order to improve statistics in the high ¢ region, where inter-particle
effects can reasonably be neglected even at higher sample concentrations, the form
factor data obtained at w/w = 0.5% are spliced with corresponding data of higher mass
fraction (w/w = 2.0%). The resulting X-ray pattern is given in Figure 8-23.

In Figure 8-23, the X-ray pattern recorded at pH=15.5 is contrasted to the curve
recorded at pH = 8.5. Scattering intensities of PAMAM 6/DNA recorded at different
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pH exhibit very distinct courses and do not superimpose. In particular, the increased
slope at low ¢ values and the minimum around ¢ ~ 1.3nm™, which is observed only for
the data recorded at low pH conditions, suggest a noticeable conformational
modification of PAMAM 6/DNA scattering entities.

In addition to the X-ray patterns obtained from PAMAM 6/DNA, in Figure 8-23 the
scattering curve of NCPs is given as a solid line for comparison. In order to enable
better comparability, all data sets are normalized to their values at ¢ =0.32nm.
Contrary to the observed differences between PAMAM 6/DNA scattering entities at
different pH conditions, the experimental scattering intensity of PAMAM 6/DNA at
low pH and the calculated intensity of NCPs extracted from the crystallography data
exhibit remarkably similar scattering curves. The most prominent common feature is
the superposition of the scattering curves for ¢ <0.8nm™. In addition, the scattering
curve of PAMAM 6/DNA shows a minimum at ¢ ~ 1.3nm™, whereas for NCP the
minimum position is shifted to only slightly higher g values of ¢ =1.4nm™. Both
features indicate that PAMAM 6/DNA at low pH conditions and NCPs possess similar
overall shapes and sizes. However, there are — of course — differences in the fine
structure of the scattering entities of the two species. This is reflected e.g. by the slight
variation in the g position of the minimum and — more pronounced — by the shoulder at
g =1.02nm™", which is only present in the scattering curve of PAMAM 6/DNA at low
pH conditions.

For NCPs, it has been shown that a minimum around ¢ = 1.4nm™ is closely related to
the super-helical path of the DNA wrapping around the histone octamers.”*® The
disappearance of this feature, which has been experimentally observed for NCPs with
modified histone tails, is the signature of a change in the super-helical path of the
DNA.**® The absence of the minimum has been shown to directly reflect a partial
detachment of the DNA.**® This is in agreement with observations of PAMAM 6/DNA
scattering entities at high pH conditions, which do not exhibit any pronounced minima
and where the DAMMIN model showed only partial DNA wrapping (chapter 8.2).

8.4.3. p(r) and Ry of PAMAM 6/DNA entities at low pH

The X-ray pattern given in Figure 8-23 is used to calculate the pair distance distribution
function p(r) with GNOM. Figure 8-24a shows that the resulting GNOM fit is able to
describe the experimental data properly over the whole observable ¢ range. Figure
8-24b gives p(r). The experimental data allow access to scattering vector values in the

interval ¢ € [0.32,2.34]. According to equations (9-3) and (9-5), this corresponds to
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Figure 8-24: (a) GNOM fit to the experimental data obtained from PAMAM 6/DNA
at low pH conditions. (b) Calculated pair distance distribution function

pr).

lower and upper resolution limits in real space of 7min= 0.4nm and rpax = 10nm,
respectively. The relatively small value of ry.x 1s owing to inter-particle effects, which
limit the applicable ¢ range to ¢ >0.32nm™. The maximal particle extension is
determined to Dmax = 11nm. This value is slightly higher that the theoretical upper
resolution limit 7« of the IFT method.

In order to perform any in-depth analysis of the conformation of PAMAM 6/DNA
entities at low pH, the obtained pair distance distribution function is compared to that
of PAMAM 6/DNA entities at pH=8.5 and NCPs (Figure 8-25). p(r) of
PAMAM 6/DNA entities at low pH conditions displays an asymmetric bell-shaped
course with a maximum at » =4.3nm. The slightly skewed distribution for » > 4.3nm
indicates a rather cylindrical shape. p(r) of PAMAM 6/DNA at low and high pH differ
significantly. The fact that the maximum position of the bell-shaped course is shifted to
slightly higher » values indicates larger scattering entities at low pH conditions. In
addition, the significantly less pronounced tail at high » values suggests a more
compact overall shape. This is indicative for an altered DNA wrapping scenario: owing
to the increased surface charge density of PAMAM 6 at pH =5.5, a larger stretch of
DNA is adsorbed on the dendrimer surface. With Dy,.x = 11nm, maximal extensions of
PAMAM 6/DNA entities at pH = 5.5 are in reasonable agreement with Dy« & 12nm
observed for both PAMAM 6/DNA entities at pH = 8.5 and NCPs.

Consistently to /(g), the course of p(r) of PAMAM 6/DNA entities at low pH exhibits a
remarkable similarity to that of NCPs with only slight deviations for » > 7.5nm. The
radius of gyration R, has been calculated from the p(r) functions. Lowering pH, the

value of R, is increasing to R, = 3.8nm. This value is very close to the experimental
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Figure 8-25: Pair distance distribution function p(r) of PAMAM 6/DNA at pH =5.5
contrasted to p(r) obtained from PAMAM 6/DNA at pH=8.5 and

NCPs.

value obtained for NCPs (R, = 3.7nm). The fact that the pair distribution functions and
the radii of gyration of both samples are nearly identical supports the conclusion that

both entities are very much alike.

8.4.4. Ab initio modeling of PAMAM 6/DNA entities at low pH

In order to resolve the 3D shape of PAMAM 6/DNA entities at low pH conditions and
to estimate the amount of DNA wrapped around the dendrimers, the program
DAMMIN>* is used to establish low-resolution bead models. In order to improve the
reliability of the model and to further refine the solution, averaging of results obtained
from independent runs with random initial conditions is used. The shape of the
structure is well recovered in all runs.

A graphical representation of the reconstructed shape is given in Figure 8-26. Figure
8-26a shows that the bead model matches the observed I(g) data in the whole
experimental g range with good accuracy. Therefore, the model provides a fair
reproduction of the shape of the scattering entities. Consistent with suggestions based
on the course of p(r), the bead model shows a cylindrically shaped particle with almost
circular cross-section. The particle diameter is estimated to apavvin = 10.8nm, whereas
its height is about bpammin = 6.6nm. The resolution of PAMAM 6/DNA entities is

sufficient to unambiguously determine a pH induced transition of the structure of

PAMAM 6/DNA entities.
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Figure 8-26: DAMMIN model of PAMAM 6/DNA scattering entities at pH = 5.5.

Assigning again a dpya = 2.0nm hard-core diameter to the DNA,™ these results suggest
a PAMAM 6 dendrimer radius of

Ry ~ Apamay — 2 dpyy ~ b p sy —33nm. (8-7)
2 2

Consistent with observations of PAMAM 6/DNA entities at pH = 8.5 in chapter 8.2.3,
this value is slightly smaller than the radius of PAMAM 6 dendrimers
(Rps(pH = 5.5) = 3.55nm) determined in chapter 6.4. Therefore, one can conclude that
independent of pH conditions dendrimers seem to shrink upon the interaction with the
oppositely charged DNA.

In Figure 8-27, the obtained averaged bead model of PAMAM 6/DNA scattering
entities at low pH conditions is compared to the structure of NCPs obtained from
crystallographic X-ray diffraction data (protein data base file 1eqz.pdb).”° Analogue to
Figure 8-11, Figure 8-27 shows the DAMMIN model of PAMAM 6/DNA scattering
entities (a), the structure of NCPs obtained from the crystallographic data (b), and a

superposition of both (c). Consistent with results obtained from the corresponding pair
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Figure 8-27: Comparison of PAMAM 6/DNA scattering entities and NCPs. (a)
PAMAM 6/DNA, (b) NCP, (c¢) superposition of (a) and (b). (d)

Schematic representation of the proposed structure of PAMAM 6/DNA
entities.
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PAMAM 6
radius in solution Ry, 3.55nm 3.04 nm
radius in complex Ry, 3.3 nm 2.8 nm
total charge O, 405 e* 160 e*
contribution of primary amino groups O, 256 e* 160 e*
contribution of tertiary amino groups O 149 et 0et
surface charge density %, 1.6-1.9 et/nm? 1.46 e*/nm?
DNA
absorbed amount of bp 135 bp 35bp
absorbed length L 46 nm 12 nm
diameter d;;, 2 nm
line charge density 7, 6 e’/nm
persistence length ;2% 50 nm
covered dendrimer surface area 4 92 nm? 24 nm?
absorbed charge Op;, 270 e 70 e
local overcharging (Orq,/ApecZpe) 1.0-1.3 e/nm? 1.46 e/mm?
bending energy £, 62kT 22kT

Table 8-1: Characteristics of PAMAM 6 dendrimers and DNA at pH=5.5 and
pH =8.5.

distance distribution functions p(r), the similarity in size and shape of PAMAM 6/DNA
and NCP is striking.

Based on the derived bead model, a schematic representation of the proposed structure
of the PAMAM 6/DNA scattering entities is given in Figure 8-27d. In NCPs, a total of
146 base pairs are wrapped around the histone core in approximately 1.7 turns.
Figure 8-27¢ suggests that a similar amount of DNA base pairs is wrapped around
PAMAM 6. Therefore, the DNA length associated to PAMAM 6 increases significantly
with reduction of pH. Contrary to high pH conditions, the dendrimer seems to be
completely encompassed by the DNA. Principle parameters derived from the bead
model are listed in Table 8-1. For comparison, corresponding values obtained at
pH = 8.5 are given.

At pH = 8.5, attractive electrostatic interactions of the two components are not strong
enough to completely overcome the elastic counterbalances and to induce a complete
DNA wrapping. As a consequence, the charge density of = 1.46¢"/nm results in an

adsorption of an approximately 12nm long stretch of DNA. A charge density of about
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1.6-1.9¢"/nm at pH = 5.5 is needed in order to enable a complete wrapping of the DNA
in approximately 1.7 turns corresponding to 46nm. Therefore, the presented results
show experimentally that a wrapping transition occurs from an adsorption of a finite
length of DNA to a full wrapping with increasing the valence of the spherical
macroion. This is in good agreement with theoretical studies on the interaction of a
spherical macroion and a linear, oppositely charged polyelectrolyte using the linearized
Poisson-Boltzmann theory.” 2**2%7

For a semi-flexible polyelectrolyte with a certain bending rigidity and therefore a finite
persistence length Lp, the chain bending upon adsorption onto a sphere surface
disfavors wrapping. Two effects are included in Lp, namely the mechanical bending
rigidity of the uncharged chain and the electrostatic repulsions of like-charged chain

247,248
segments. 7

With the parameters in Table 8-1 at hands, it is possible to estimate the
bending penalty, which has to be overcome by adsorption energies in order to enable a
wrapping of the determined stretches of DNA around the sphere. The DNA bending
energy £y, around a PAMAM 6 sphere can be considered in terms of 7 according to
following equation:***

E, L,L,

= . (8-8)
kT Z(RP()C + dDNA /2)2

Variables in equation 8-8 are chosen to be consistent to those defined in Table 8-1.
Rpsctdpna/2 estimates the curvature of the DNA. Obtained results show that an energy
gain upon adsorption of approximately 6247 is needed in order to achieve a complete
DNA wrapping in about two turns around the dendrimer. However, obtained values
represent a lower estimate, since e.g. contributions due to twist and torsion of the
polyelectrolyte chain are neglected.

At pH = 5.5, the large amount of DNA adsorbed on the dendrimers leads to a strong,
overall overcharging of the spherical cation: The overall charge of the DNA adsorbed
on the PAMAM 6 surface exceeds the initial charge of the dendrimer, so that the net
charge of the entity changes sign. The phenomenon of overcharging of spherical
macroions complexed with oppositely charged, linear polyelectrolytes is well known in

. 240, 251
literature.”™

In the X-ray patterns, it is reflected by the strong inter-particle
repulsions, which are observed at all studied conditions as pronounced downturns in the
low g region. Consequently, these inter-particle repulsions prevent the organization of
long-range ordered complex structures. It is important to point out, that at pH = 8.5
overcharging effects are also present. However, they are only locally encountered, but

are more pronounced (Table 8-1).
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8.5. Relevance and future directions

Compared to histone cores, which are of rather cylindrical shape and possess a very
rough surface with specific binding sites for the DNA, the spherical and uniformly
charged PAMAM 6 dendrimers represent only a very rough approximation of the real
structure. Despite these facts, the cylindrically shaped, fully wrapped conformation of
PAMAM 6/DNA entities at pH =5.5 is strikingly similar in shape and size to the
structure of nucleosome core particles (NCPs). Therefore, the PAMAM 6/DNA system
clearly represents the simplest possible model system — no additional organic
components no added salt, only monovalent ions, monodisperse, spherical cations with
controllable charge densities —, which still captures the characteristic features of histone
core/DNA interaction. Consequently, one may conclude that at least for a simple
replication of the beads-on-a-string structure without paying attention to DNA
functionality, a specific arrangement of charged patches on the histone octamer is not
required.

To date, the next step of chromatin organization, the 30nm fiber, is widely unclear. The
exact architecture is still unknown as are the forces that drive the formation of the
30nm fiber. In order to elucidate its structure, several researchers have performed in
vitro studies of the NCP organization in crystals and mesophases.”” *'***° In this
context, it is important to accentuate the fact that — contrary to NCP crystals — in
PAMAM 6/DNA complexes, connecting (linker-)DNA strands are still present in the
structure. Therefore, the PAMAM 6/DNA system represents an ideal starting point
towards an experimental mimicking of the 30nm fibre, e.g. by varying salt
concentrations and/or adding linker-histones.

A first step towards an understanding of the organization of the 30nm fiber is to
understand the properties of complexes in solution. Therefore, one has to also consider
the interaction between different PAMAM 6/DNA entities. These interactions are in
particular relevant at small salt concentrations, where the screening length is large.**’
Consequently, results presented here yield information about both the nature of
PAMAM 6/DNA entities and the organization of formed complexes. Therefore, in
Figure 8-28 the schematic representation of the charge density dependent evolution of
PAMAM 6/DNA conformations is contrasted to that of corresponding complex
organizations (chapter 8.4.1). Since analyzing the complex interplay involved in the
organization of a beads-on-a-string structure is far beyond the possibilities of
simulations, experimental results obtained from simple model systems are expected to

be an important contribution to the field.
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Figure 8-28: Schematic representation of the different conformations of
PAMAM 6/DNA entities (top) and complex structures (bottom) in
dependence of the pH controlled dendrimer surface charge density 2.
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As a consequence of the DNA wrapping, an increased amount of DNA is directly
adsorbed on the dendrimer surface. Accordingly, a higher degree of DNA compaction
can be achieved. Tentatively, such more compact dendrimer/DNA complexes may
more readily penetrate cell membranes and more easily enter the cell cytoplasm.*** This
would provide an explanation for the enhanced gene transfection efficiency of larger
dendrimers compared to smaller ones.*> Moreover, the larger fraction of tightly bound
(adsorbed) DNA regions reduces their accessibility to nuclease digestion and enhance
DNA protection. Therefore, the wrapping scenario provides a plausible rationale for the
observed increased stability of DNA complexes with higher generation dendrimers

against nuclease digestion.

Following this line of argumentation, low pH conditions
may be better suited for the purpose of DNA delivery inside cells since a larger fraction

of DNA is wrapped around the dendrimer and therefore protected.

8.6. Conclusion

Results presented in this chapter clearly show that PAMAM 6 dendrimers, which
possess dimensions and charges comparable to those of the histone core, are able to
mimic histones. Despite its high degree of simplicity, the PAMAM 6/DNA system is
able to reproduce characteristic structural features of chromatin organization in vivo.
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The cylindrically shaped, fully wrapped conformation of PAMAM 6/DNA scattering
entities at low pH is remarkably similar in shape and size to the structure of NCPs. In
this sense, PAMAM 6/DNA entities can be view as artificial nucleosome core particles.
Controlling only the pH dependent dendrimer valence, it is possible to tune the
interaction of PAMAM 6 and DNA. A wrapping transition from an adsorption of a
finite length of DNA to a full wrapping has been shown to take place with increasing
the valence of the spherical macroion. Just as in the case of protein folding, studying
PAMAM 6/DNA complex formation in microflow reveals that the condensation
process exhibits multistage dynamics. Consistently, PAMAM 6/DNA interaction
kinetics are no longer diffusion limited and particularly slow. At low pH, the significant
overcharging of PAMAM 6 by the adsorbed DNA prevents establishing of long-range
ordered complex structures. Reducing the dendrimer surface charge density, however,
leads to the formation of highly ordered 3D hexagonal lattice structures. The
experiments presented in this chapter lay a foundation for future studies towards an
experimental mimicking of the 30nm fiber. Therefore, the simple PAMAM 6/DNA

model-system is expected to be a subject of considrable biophysical interest.
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9. DNA COMPACTION:

LINKER-HISTONES H1

Histones are the major protein component of chromatin. Structurally, one distinguishes
between two main categories of histones: “core” and “linker” histones. Core histones
(histones H2A, H2B, H3, and H4) are arranged as a globular octameric core. Around
these 146-180bp of DNA are wrapped in approximately 1% left-handed super-helical
turns forming nucleosomal core particles, which are connected by a variable stretch of
linker-DNA.**  The major function of histones of the HI family is to extensively
interact with linker-DNA. Hence, they are known as linker-histones. Despite the
common name, linker-histones are not related to core histones. In eukaryotic cells,
binding of linker-histones to the linker-DNA facilitates the shift of chromatin structure
towards more condensed, higher order forms (i.e. the 30 nm chromatin fiber).”* These
findings suggest that linker-histones are of central importance in genome organization
and regulation. Hence, numerous studies of the interaction of linker-histones with DNA
as well as of the interaction of linker-histones with nucleosomal core particles have
been reported. In addition to the endless primary research literature, a few tens of

review articles have been published on the subject in the last decade (e.g. 22 2% 216253

299y 1t is perhaps a measure of the complexity of the problem that titles of several

reviews end with a question mark (e.g. °% 20+2%),

Despite extensive studies, most basic questions such as linker-histone location and
function are still unanswered. Most surprisingly, so far there are no small angle
scattering studies available in literature probing linker-histone/DNA interaction
dynamics and structure formation on relevant molecular length scales. In this chapter,

the combination of microfluidics and small angle X-ray microdiffraction is used to gain
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new insights in linker-histone/DNA interaction dynamics and structure formation. In
particular, owing to the laminar flow conditions inside microchannels, additional
possibility to investigate the interaction process in a time-resolved manner is provided.
Moreover, the HI/DNA system is used to demonstrate some basic principles of
microfluidics employing complex fluids and to show in detail the significant
advantages for the characterization of complex fluids arising from the combination of

X-ray microdiffraction and microfluidics.

9.1. Structure and function of linker-histones

Linker-histones are some of the most abundant proteins in cellular nuclei. The linker-
histone family in higher eukaryotes is a heterogeneous family of highly tissue-specific,
basic proteins such as the histone H5 from nucleated erythrocytes of birds*®” and sperm
PL-I proteins®® which exhibit significant variations in sequence. However, most of
eukaryotic histones H1 share a similar tripartite structure consisting of a globular
domain flanked by relatively unstructured lysine-rich domains, a shorter amino-
terminal one and a longer, carboxyl-terminal one.**® Henceforth, these are referred to as
N-tail and C-tail (Figure 9-1a).

The structure of the globular domain (diameter 2.9nm),”

which is highly conserved
throughout all types of eukaryotic linker-histones,”® has been solved by X-ray
crystallography270 and NMR studies””" identifying it to be member of the winged helix
class of DNA-binding domains exhibiting three a-helices (Figure 9-1a). The globular

272 :
2 However, in contrast to

domain is the only Hl domain that is folded in solution.
other members of this class of proteins, the globular domain of linker-histones contains
a distinct, additional cluster of positively-charged amino acids. These form a second
DNA-binding location, on a side of the protein opposite to the primary DNA-binding
site.”” Linker-histones are known to attach specifically close to the entry and exit sites
of linker-DNA on the nucleosome core bringing together the two linker DNA
segments.”” 2** 27* Studies have shown that the globular domain is responsible for this
structure-specific recognition,””” most likely provided by the specific arrangement of
the two binding sites.”’® However, little is known about the specific details of this
important interaction, and several models for the exact positioning of linker-histones on
the nucleosomal core particle have been proposed.”’* 277"

Contrary to the evolutionary well conserved winged helix motif of the globular domain,

both linker-histone tails are extremely heterogeneous in length as well as amino acid
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globular domain

1 /
! two distinct DNA binding sites !
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Figure 9-1: (a) Schematic representation of H1 structure showing the globular
domain flanked by the N- and the C-tail. Additionally, a ribbon model
of the 3D structure of the globular domain is given.””” (b) Linker-histone
H1/linker-DNA interactions (bottom) mediate chromatin transition into
the 30nm fiber (right).

composition. The absence of an a-helical structure of the tails in aqueous solutions is
attributed to electrostatic repulsion between highly charged lysine side chains.
However, it has been shown that both tails of several linker-histone H1 subtypes
exhibit structure when exposed to helix-stabilizer (e.g. trifluoroethanol, HCIO4) and
attain optimum secondary and hence tertiary structure upon interaction with
DNA 280-286

Despite positioning along the nucleosomal core particle, it is not the globular domain
but rather the highly charged, C-tail that imparts to linker-histones their unique ability
to bind to linker-DNA.*"* 2" 288 Thys, the presence of the C-tail appears to be essential
for processes of chromatin folding and DNA compaction.”> 2** % In vivo, the absence
of this structural feature leads to greatly reduced chromatin binding.*”°

The functional and structural roles of the N-tail are still widely unclear.”®® In many H1
subtypes, the N-tail presents two distinct subregions.””’ The distal half is devoid of
basic residues, whereas the half immediately adjacent to the globular domain contains a
large amount of basic groups. The majority of studies available in literature agree that
N-tails bind to DNA rather poorly.** *** Even though the N-tail does not seem to be
essential for chromatin folding, this domain may be involved in the exact positioning
and anchoring of the globular domain.”®® Furthermore, there is a controversy in

literature about in how far N-tails may mediate head-to-tail interactions of neighboring
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linker-histones leading to a preferential HI-H1 association and therefore cooperative
binding to DNA.*?

It has long been believed that the function of linker-histones is primary an architectural
one helping to create higher order structures of the chromatin fiber.** Although a

263 there is

chromatin fiber lacking linker-histones is able to fold to a certain extent,
abundant evidence that the highly ordered chromatin compaction of the 30nm fiber is
only attained in the presence of linker-histones.”” ** ** From changes in chromatin
conformation observed at different salt concentrations, the mechanism of chromatin
compaction is assumed to be primarily electrostatic.'” *** Contributing to the free
energy of chromatin folding, linker-histones help to select a specific folding state from
among the set of compact states reached in its absence.”’

Moreover, being involved in the build-up of the 30nm fiber, which presumably limits
the access of the transcriptional machinery, linker-histones may function as generalized
repressors. Consistently, transcriptionally active chromatin is typically depleted in
linker-histones compared with inactive chromatin.®>**" However, experiments
performed in vivo indicate that linker-histones may regulate transcription at a finer
level by contributing to chromatin architecture and by participating in complexes that
either activate or repress specific genes.”** 2**3°! Besides their architectural and gene-
regulatory functions, recent reports indicate that linker-histones are involved in much
more fundamental cellular processes. Linker-histones have been shown to play a

304
and muscle

prominent role in cell ageing’”> DNA repair,’” apoptosis,
development.*®” This raises the possibility that biological functions of linker-histones
are more varied than previously imagined. However, all of these functions are believed
to be highly depending on H1/DNA interaction mechanisms.

Histone H1 has also been shown to condense DNA in vitro. 287396314

It has been argued
that HI/DNA complexes are a good model system for studying aspects of the
interaction of H1 with chromatin. The observation, that salt concentration effects are
remarkable in H1/DNA reactions, is suggestive of a nonspecific binding, mainly
controlled by electrostatic interactions analog to processes in vivo.’’® *'* HI/DNA
complexes observed by electron microscopy posses a unique tramtrack-like
conformation consisting of two DNA strands bridged by an array of protein molecules
and multiples of these.*®® This reflects the existence of the two distinct DNA binding
sites on the globular domain, apparently mirroring the situation at the H1 binding site
on the nucleosome. Although the molecular basis of HI/DNA condensation is not yet
clear, it is generally believed that understanding the way in which these proteins bind
DNA can help clarifying the still unresolved problem of how H1 bind to nucleosomal
structures in chromatin.?*. From a more general point of view, the HI/DNA system can

be regarded as a model for non-specific DNA-protein interactions.
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Figure 9-2: Real-time monitoring of linker-histone H1 induced DNA compaction in
a hydrodynamic focusing device. (a) Simulation results (top) and
birefringence data (bottom) close to the confluence region are
contrasted (upxs = 600um's™). The product of the complexation reaction
appears in the diffusion cone of side and main stream components due
to its highly increased viscosity. (b) Simulated H1 concentration profile
of the whole device (x =-200-12000pm).

In the following, the interaction of DNA with calf thymus linker-histone H1 (isolated
lysine rich fraction,’" Sigma-Aldrich GmbH, Taufkirchen, Germany) with a molecular
weight of M, =21.5kDa and 55 positive charges at physiological pH conditions®'* is
studied in hydrodynamic focusing devices. X-ray data are recorded at the beamline
ID10b at the ESRF (chapter 2).

9.2. Monitoring H1 induced DNA compaction in

microflow

Polarized light microscopy has widely been used to study DNA complexes, which are
known to be highly birefringent.”* ** ?!* The birefringence signal is increased upon
self-assembly of DNA complexes under conditions of alignment and elongation as can
be superimposed by using microflow devices. Consistently, combining microfluidics
with birefringence microscopy provides a fast and easy access to direct imaging of H1

induced DNA compaction. The hydrodynamic focusing device used here consists of
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two perpendicularly crossed microchannels having a depth of 300um and a width of
150pm. A semi-diluted aqueous DNA solution with a concentration of
cona = 2.5mgml is injected in the reaction channel and hydrodynamically focused by
two side streams of aqueous H1 solutions with a concentration of ¢y = IOmg'mL'l.
Data are acquired at three different flow velocities upna = 60, 150 and 600um's’1. The
flow velocities in the side channels are varied such that a flow velocity ratio
Usige/upna = 1 1s maintained. Hydrodynamic focusing experiments are performed at
physiological pH. According to the discussion in chapter 5.3.1 and 7.1.2, finite element
simulations of physical conditions inside the microchannels are performed and
compared to the experiment in order to elucidate the experimental situation.

For each flow velocity, two finite element simulations are performed. In order to
accurately determine relevant fit parameters, physical conditions in the microchannel
device are first simulated with high precision (i.e. high number of finite elements) for a
close-up region around the confluence area (x =-200-500um). The viscosity of the
formed HI/DNA assemblies’ 7compiex and the diffusion constant Dy; are used to match
the experimentally recorded shape of the hydrodynamically focused DNA stream and
of the formed H1/DNA assemblies. All other parameters such as channel geometry,
flow rates, and the viscosity of the DNA solution are known. Additional details on the
finite element simulations are given in chapter 5.3.1 and 7.1.2. In order to describe
physical conditions at positions further down the reaction channel, a second simulation
extending over the whole length of the device (x = -200-12000um) has been performed
using fit parameter values determined in the first set of simulations.

In Figure 9-2a, simulation data from the first set of simulations are exemplarily shown
for upna=600pums”’ and contrasted to corresponding experimental results.
Subsequently to the intersection, H1 molecules diffusive into the DNA stream and the
H1/DNA interaction can be observed along the outlet channel. The optically
birefringent pattern reflects that the DNA chains in the complexes are orientationally
ordered due to the superimposed flow. For direct comparison with experimental results,
the modeled velocity profile (arrow plot) in the hydrodynamic focusing device is
overlaid to the recorded birefringence image (bottom). In simulations, HI/DNA
complexes can be best visualized by utilizing the fact that a strong increase in local
viscosity is connected to the complexation reaction. According to the discussion in
chapter 7.1.2, insignificant deviations of simulation results from the experimentally
recorded shape are observed in the crossing area where the center stream is slightly
bulged into the side channels. These deviations result from the fact that simulations are
performed in two dimensions whereas the experimental system is affected by additional

walls at the top and the bottom of the device.'”
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Figure 9-3: Dependence of the N/P ratio on the position x along the outlet channel
(a) and the time 7 (b).

Apart from this detail, experiments and simulations show good agreement. The result
of the corresponding simulation over the whole range of the device is given in Figure
9-2b. Adjusting simulations to match experimental results yields information related to
the viscosity of HI/DNA condensates and the diffusion constant of linker-histones.
Independent of the flow velocity, throughout all simulations the viscosity of HI/DNA
complexes is fitted t0 77complex = 310° Twater = 2.7Pa’s. This result is on the same order of
magnitude as results known from other polymer hydrogels."”"” HI proteins are
successively diffusing through these highly viscous regions. A rather high diffusion
constant of Dy = 2-10%m?s! is found, which is close to the result one obtains from the
Stokes-Einstein relation (7giobular domain = 1.5n1m, Dsg = 1.7-10'10m2‘s'1) under purely
aqueous conditions. The magnitude of Dy; is directly and significantly affecting
calculated local H1 concentrations and therefore N/P ratios. The fact that a highly
consistent picture is evolving when combining the huge amount of recorded X-ray data
with simulation results allows for a validation of Dy; as will be discussed in chapter
9.3.1.

From simulations, local experimental conditions such as flow velocities and
concentrations can be obtained at each position. In Figure 9-3a, simulated N/P ratios
obtained for different flow velocities are given as a function of the position x along the
center of the outlet channel (y=0). Using hydrodynamic focusing microdevices,
mixing and concentration distributions in the reaction channel can be adjusted by
changing main and side channel velocities. Consequently, interaction dynamics and
DNA containing mesophase formation — both depending on concentration distributions
and therefore on the N/P ratio — can be spatially separated in steady state flow by
varying flow velocities and/or observation position along the outlet channel.

Experimental conditions are adjusted such that each position corresponds to a different
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complex composition. Flow velocities are varied to result in final charge ratios at the
furthest measurable point of the device (x = 12mm) of N/P<2.4, 3.3, and 5.1 for
upna = 60, 150, and 600um‘s"1, respectively. Local flow velocities can be used to
translate positional changes along each streamline into corresponding reaction time
coordinates 7.

Figure 9-3b shows the ¢ dependence of N/P. For larger ¢, N/P ratios collapse onto a
master curve. Deviations at initial time states reflect differences in the flow velocity
depending strain rate £=0u/0y, as will be discussed in chapter 9.4. These
experimental conditions are utilized to access relevant time states and complex
compositions. Moreover, the well defined, purely diffusive mixing of components
significantly reduces the likelihood of creating kinetically trapped phases. This is an

indispensable characteristic of this study.

9.3. Analyzing H1 induced DNA compaction

9.3.1. Structure of H1I/DNA mesophases

Spatially resolved small angle X-ray diffraction data are obtained at varying x-positions
along the main channel for three different initial flow velocities and plotted in terms of
the reciprocal vector g. The positional accuracy is on the order of the beam size
(20pum). Structural information can be obtained from the effective structure factor S
which is obtained by revising the scattering intensity /(g) by the normalized intensity of
a dilute sample. Qualitatively, peaks of the structure factor at distinct g-positions can be
interpreted as Bragg reflections from planes of particles separated by a certain mean
nearest-neighbor distance d ~ ¢™'.>'° In Figure 9-4, characteristic 2D diffraction images
are exemplarily shown for upxa = 150um's™. Plots of X-ray data obtained by radial
averaging of the 2D raw images are offset for clarity. Since DNA has a significantly
higher electron density than HI1 proteins, the DNA packing dominates the scattering
profile. At positions close to the channel intersection, X-ray pattern exhibit two
relatively sharp, overlapping Bragg reflections. The decomposition is successfully
made by best fitting two Lorentzian functions yielding peak positions ¢g; and ¢,. In

Figure 9-4, this is exemplarily shown for x = 100pum.
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Figure 9-4: Representative 2D X-ray diffraction images (right) obtained at
UpNA = 15()pm's'1 in the middle of the outlet channel (y = 0) at different
positions x and the extracted, radially averaged g-dependence of
scattering intensities (left).

In Figure 9-5a, the dependence of the peak positions ¢; and ¢, on the position x is given
for the data set recorded at upna = 150ums™. In order to elucidate their dependence on
time and complex composition, it is reasonable to plot quantities of interest versus ¢ and
N/P obtained from simulations. This is shown exemplarily for ¢; and ¢, in Figure 9-5b
and Figure 9-5c, respectively. Depending on the aim of the performed analysis, in what
follows data are plotted versus one of these three variables (x, ¢, and N/P). It is
important to stress the fact that using X-ray microdiffraction in combination with
microfluidics allows for experimentally accessing HI/DNA structure formation over a
wide range of NV/P ratios in a minimum of measuring time. Additionally, only small
quantities of normally very expensive biomaterials are needed. Plotting quantities
extracted from X-ray diffraction data obtained at different flow velocities against N/P
allows for collapsing all data onto a master plot showing their complex composition

dependence.
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Figure 9-5: Dependence of peak positions ¢, and g, on the position x along the outlet
channel (a), on the reaction time 7 (b), and on the /V/P ratio (c) shown
exemplarily for the data set recorded at a flow velocity of
UpNA = 150um's’1.

In Figure 9-6, this is demonstrated for peak positions ¢g; (lower curve) and g, (upper
curve) measured along the streamline in the center of the reaction channel (y = 0). The
three data sets obtained at upna = 60, 150, and 600;,tm's'l show good agreement with
deviations between different data sets of less than 0.01nm™. Local N/P ratios are highly
depending on the diffusion of H1 molecules. Accordingly, the fact that data obtained at
different velocities are in good agreement and collapse onto master curves validates the
determination of H1 diffusion constant in chapter 9.2. Moreover, it proves the accuracy
of the experimental method and the high degree of consistency between experiments
and simulations.

At low N/P ratios, peak positions of ¢~ 1.76nm™ and ¢>~ 1.90nm™ are observed. With
increasing N/P, ¢, and ¢, are simultaneously shifted toward lower ¢ values reading
their minima of ¢; = 1.73nm™ and ¢, = 1.88nm™", respectively, at N/P =~ 0.2. Following,
the peak position g; is monotonically moving towards higher g-values whereas ¢, is

leveling off at ¢, = 1.90nm™". Eventually, for N/P > 1.8, this corresponds to x > 2200pum
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Figure 9-6: Complex composition dependence of peak positions ¢, and ¢,.

in Figure 9-4, the peak at ¢, is disappeared leaving a single peak at ;. Associated with
the disappearance of the peak at ¢,, the remaining peak shows a maximum in g-position
at ¢y =1.78nm"'. With further increasing H1 concentration, ¢; is shifted to smaller ¢
values yielding ¢, =1.72nm™" at the furthermost observable position x = 13000um
along the reaction channel (N/P = 3.3).

Owing to the absence of higher order peaks, the detailed structure of formed HI/DNA
mesophases cannot be ruled out. This is mainly due to the fact that spatial constrains of
the beamline limited the observable g-range to ¢ <2.67nm’'. Furthermore, correlation
lengths of formed HI/DNA complexes are on the order of 10-70nm (discussed in
chapter 9.3.2 and 9.4.2). For systems with such a reduced long-range ordering,
scattering profiles often display only strong (100) and (110) reflections.’'

Structural organization in mesophases with square, hexagonal, or lamellar symmetry is
possible. PAMAM dendrimers generation 3 and PPI dendrimer generation 4 exhibit
mesophases with hexagonal in-plane symmetry and square in-plane symmetry (chapter

1, 214
7.2 and references > > "

). Possessing sizes and charges well comparable to these
dendrimers, it is seems reasonable to assume that DNA mesophases formed with H1
have a similar structure as the one observed for dendrimer/DNA, i.e. of hexagonal
or/and square symmetry. The (110) Bragg reflection of such a structure is expected at a
position ¢, -+2~2.43nm™, which is well situated in the accessible g-range and should

be therefore observable. Furthermore, minima of the form factor of the globular domain

which could account for the absence of the (110) refection are situated at 1.55 and
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Figure 9-7: Dependence of the lattice spacing 4 on N/P.

2.66nm™ and are therefore not expected to be of influence. Accordingly, from the
absence of a peak at this position, the in-plane structure of the mesophase exhibiting the
peak at ¢g; can be ruled out most likely to be a hexagonal one. Unfortunately, it is not
possible to narrow down the structure of the mesophase exhibiting the peak at g5.

Assuming hexagonal ordering, lattice spacing d can be calculated according to
following relation: d =47/ \/gq. In Figure 9-7, lattice spacings d; and d

corresponding to ¢; and ¢, are given and their dependence on H1/DNA complex
composition — expressed in terms of the charge ratio N/P — shown. Observed lattice
spacings are in the range of 3.8-4.2nm.

The complex interaction of H1 proteins and DNA resulting from specific H1 properties
is reflected by the unique structure of their assemblies. From electron microscope
experiments reported in literature, it is known that the interaction of H1 with DNA at
low ionic strength results in the formation of DNA double-fibers linked together by a

273, 307, 308, 312 This so called tramtrack

central core of linker-histone proteins.
configuration of HI/DNA complexes has an effective diameter of the double-fiber of
3.8nm,”” which is in good agreement with observed lattice spacings.

Strikingly, such tramtrack like linker-histone/DNA structures have been found with the
globular domain alone.’*® *'? Removal of the positive charge at either of the two DNA
binding sites at opposed sides of the globular domain impairs or abolishes the ability to
assemble complexes of such structure with DNA. Therefore, the tramtrack like
structure of HI/DNA complexes reflects the divalent character of the globular domain.

The fact that the most important requirement for binding of H1 seems to be the
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Figure 9-8: Dependence of the intensity ratio I,/I; of the two peaks at ¢, and ¢; on
the local /V/P ratio.

possibility of more than one simultaneous HI/DNA contact may explain not only the
tramtrack like complex structure involving two DNA strands braided together by H1
but also the preference of H1 for supercoiled over linear DNA . 307309312317 pioype
9-7 shows that both types of HI/DNA mesophase structures have a similar lattice
spacing throughout all complex compositions exhibiting changes smaller than 0.25nm.
This readily reflects the fact that it is the globular domain that primarily defines
distances between neighbouring DNA strands.*” >

In order to enable comparability with results in literature, it is useful to translate N/P
into mass fraction w/w of H1 to DNA. The X-ray data presented in Figure 9-7 exhibit a
maximal lattice spacing of both coexisting phases at N/P = 0.2 (w/w = 0.2). This is in
good agreement with the fact that for linear DNA molecules and low-salt conditions
small amounts of HI, w/w=0.15, produce complete incorporation of all DNA
molecules into extremely large aggregates.*”’

The observed X-ray patterns can be interpreted in terms of a structural transition of
HI1/DNA complexes from a microdomain structure giving rise to the peak at ¢, to the
other structure existing in the complex yielding the peak at ¢;. A coexistence regime of
the two phases is observed for low N/P ratios. In Figure 9-8, the evolution of the
structure formation is monitored in terms of the intensity ratio /,/I; of the two Bragg
reflections. The coexistence regime occurs over a relatively wide range of N/P ratios. It
is characterized by an overlapping of the two relatively sharp Bragg reflections at ¢,
and ¢g,. With increasing N/P, I,/1; is gradually reduced reaching zero at N/P = 1.8. This
is the complex composition at which the peak at ¢, is lost completely. The scattering is
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further on characterized by a single peak at g, that both shifts to lower g values and
broadens in g with a further increase of N/P.

Combining X-ray microdiffraction and microfluidics allows for time-resolved access to
linker-histone/DNA structure formation dynamics. The observed X-ray patterns
indicate that the interaction of H1 with DNA is clearly a two step process. First,
H1/DNA interaction results in the formation of microdomains yielding the peak at g».
After binding, a successive rearrangement of molecules in the formed complexes
results in a structure yielding the peak at g;. This conformational transition can be
monitored in terms of the intensity ratio 5/, of the two peaks.

The coexistence region is ending at N/P = 1.8, which corresponds to 15bp of DNA per
each HI molecule. This is in good agreement to the excluded binding site determined
from sedimentation titration binding data using radioactively labeled linker-histones.*'®
Linker-histones have been found to bind up to a binding density of one protein
molecule per 10-13bp (N/P = 2.5-1.9), upon which the DNA lattice is saturated. The
excluded binding site has been shown to be relatively independent of salt concentration
in the range of cqy = 14mM-350mM.*'* *'® Results obtained from the presented X-ray
microdiffraction experiments, which have been performed at conditions of no
additional salt added, agree well to this finding. Moreover, the observation that each H1
protein binds to 15bp of DNA agrees remarkably well with results from nuclease
digestion of chromatin, which show that each linker-histone protects approximately

A.% 12 The exact nature of the two step

10bp from each end of the chromatosomal DN
process of HI/DNA interaction is discussed in chapter 9.3.3.

The experimental setup does not allow to fully distinguish between reaction time and
composition dependent effect. In Figure 9-3b, the dependence of N/P on the reaction
time ¢ is given for all three flow velocities. For flow velocities of u = 150pm's™ and
600pm's”, N/P ~ 1.8 is reached for ¢~ 2.5s. For u = 60pm's” this complex composition
is only reached at t=4.1s. As mentioned in chapter 9.2, the deviations are due to
different velocity dependent strain rates. However, although the reaction time is almost
doubled for = 60um's”, a vanishing of the peak at g, is only observed for ¢>4.1s.
This indicates that the complexation mechanism of HI1 and DNA is rather diffusion
limited. This is in good agreement with observations of similar sized dendrimer

reported in chapter 7.
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Figure 9-9: N/P dependence of ¢i/Aq; and ¢,/Aq,. Corresponding values of
dendrimer/DNA complexes are given by the grey box for comparison.

9.3.2. Microdomain sizes of H1/DNA complexes

In addition to peak positions, average in-plane microdomain sizes of HI1/DNA
complexes can be determined from the full width at half maximum Ag of the reflections
at ¢; and ¢» (Figure 9-4). The microdomain size is corresponding to a typical
correlation length Lc = 2n/Aq. In order to ensure comparability, it is useful to analyze
q/Aq, which corresponds to the correlation lengths given in terms of the lattice spacing,
q/Aq = Lc/d. The N/P-dependence of qi/Aq; and ¢./Ag, are shown in Figure 9-9. A
clear dependence on the flow velocity of both ¢qi/Aq; and g./Aq; is observable. This will
be discussed in detail in chapter 9.4.

At low N/P ratios in the coexistence region, g»/Ag» is significantly higher than q1/Aq;
exhibiting values of 15-23 (Lcx = 48-73nm) and 5-9 (L¢; = 19-33nm), respectively.
With increasing N/P, g,/Aq, shows a strong decrease starting around the charge neutral
point characterized by N/P = 1. For all three flow velocities, maximal values ¢g;/Aq; = 6,
7 and 9, respectively, are found at N/P = 1.8 when the feature at ¢, is disappeared. This
finding is consistent with the evolution of the ratio of intensity /»//; shown in Figure
9-8. Parallel to the observed shift in peak position ¢; to smaller ¢ values with further
increasing H1 concentration, microdomain sizes are decreasing to about 4d at the latest
recorded complex composition (N/P = 3.3).

Giving g/Aq allows for comparison of HI/DNA microdomain sizes to values obtained
from dendrimer/DNA complexes. Compared to linker-histones, PPI generation 4 and

PAMAM generation 3 dendrimers have a similar size and charge (chapter 7). This is
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readily reflected in the fact that their DNA complexes have similar lattice spacings

(dppia = 3.1-3.6nm, dpamams = 3.8-4.3nm, dy; = 3.8-4.2nm). At comparable strain rates
(é,, ~1-2s"") and charge ratios (M/P=1), PPI4/DNA and PAMAM 3/DNA

complexes exhibit microdomain sizes of approximately 23'd and 274d, respectively.

These values are comparatively close to those of g»/Ag, and differ significant from

ql/Aql.

9.3.3. Linking H1 structure to function

H1 proteins act as electrostatically driven linker-molecules. At low N/P ratios, a two
step reaction process is observable. Both types of H1/DNA mesophases coexist
exhibiting significant differences in correlation lengths of Lc, =2.5-3'L¢;. Since both
types of mesophases experience identical experimental conditions (N/P,¢,...) in the
coexistence regime, it is most suggestive that a conformational change of the DNA is
occurring during the transition from one HI/DNA mesophase structure to the other.
Compared to other (globular) cationic compaction agents of similar size and charge,
e.g. dendrimers, the substantial difference between these and linker-histones is the fact
that linker-histones possess highly charged tails. Moreover, although the globular
domain is essential for HI/DNA interaction, it is the C-tail that imparts to HI its DNA
binding ability by braiding together the two DNA strands to which the globular domain
is bound. Therefore, it seems obvious to assume that the tails are inducing the
conformational change of the DNA upon binding. Independent of the assumed model
of underlying interaction mechanisms, many studies reported in literature indicate that
such a conformational transition of the DNA is indeed involved in HI/DNA
interaction,>'* 318320

Both linker-histone tails, which are unfold in solution, exhibit structure when exposed
to helix-stabilizer (e.g. trifluoroethanol, HCIO4) and attain optimum secondary and
hence tertiary structure upon interaction with DNA.?**?% Experimentally, structures of
282 Therefore, the

presented experimental X-ray data suggest that the conformational transition of HI tails
280-286

a turn and of a helix-turn motif have been determined by NMR.
— in particular of the C-tails — from their rather extended conformation in aqueous
solution to their fully folded state upon interaction with DNA is the motor for the
observed conformational phase transition of HI/DNA complexes. In the first step of the
non-equilibrium structure formation, H1 proteins bind to DNA unspecifically

maintaining their rather extended tail conformations from solution. This leads to the

176



9. DNA Compaction: Linker histones H1

o)l

——DNA j—n

Figure 9-10: Schematic representation of the H1/DNA interaction. In a first step, H1
molecules bind unspecificly to DNA with extended tails. In a second
step, H1 tails fold upon interaction with DNA, distorting and bending
thereby the DNA structure.

formation of complexes with microdomain sizes well comparable to those known from
dendrimer/DNA complexes. However, interacting with DNA alleviates for the
associated entropic penalty loss and consistently a transition of the extended tails to
their folded structure occurs. This two step binding mechanism of H1 to DNA is
schematically shown in Figure 9-10. The coexistence of the two mesophase structures
can therefore be explained by assuming two types of microdomains, one including
linker-histones with still rather extended tails, the other comprising already completely
folded tails.

The HMG-box protein fold (HMG: high-mobility group) has been proposed to be the
most appropriate candidate template for modeling the C-tail.**' According to this
structural feature, linker-histone tails are speculated to completely wrap around the
DNA distorting thereby the helical structure.”** ***?** Such a DNA bending as well as
an unwinding of supercoiled DNA has been observed upon the interaction with linker-

. 283,325
histones.”"™

Consistently, the two different conformational forms of DNA
correspond to undistorted DNA and distorted, bended DNA due to completely
encompassing of the DNA chain by folded C-tails. Moreover, one can speculate that
the significantly larger microdomain size of HI/DNA complexes yielding the peak at ¢»
is directly reflecting the rather undistorted and unbended nature of incorporated DNA
chains. Complete saturation of all DNA binding sites with H1 corresponds to a
complex conformation comprising only fully folded tails, which is observed at
N/P = 1.8 (15bp per H1).

This appears reasonable since folded tails leave more unoccupied space along the DNA
chains. After the charge neutral point characterized by N/P =1, a further increase of
N/P leads to a positive overcharging of HI/DNA complexes. Figure 9-9 shows that

after N/P = 1.1 (28bp of DNA per each H1 molecule; w/w = 1.2), the correlation length
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Figure 9-11: Degree of orientational order Ay; in dependence of the x-position. Solid
lines represent the strain rate £ inducing the preferential orientation.

Note that the ordinate representing Ay, is inverted.

of microdomains with extended tails is rapidly reduced. This may indicate that the
increasing electrostatic repulsion between neighboring H1 molecules affects the folding
of C-tails. Compared to binding of linker-histones to nucleosomal core particles in
vivo, it may be likely that tails of core histones are interacting with H1 tails and induce

thereby the transition to a folded state.

9.4. Demonstration of certain fundamental principles

of microfluidics encountered for complex fluids

In chapter 9.3, the combination of small angle X-ray microdiffraction and microfluidics
has been used to analyze the interaction of linker-histones with DNA and to gain new
insights in linker-histone/DNA structure formation. In turn, the HI/DNA system can be
used to demonstrate certain basic principles of microfluidics, which one encounters
when using complex fluids. Moreover, it is used to demonstrate in detail the significant
advantages for the characterization of complex fluids provided by combining X-ray

microdiffraction and microfluidics.
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Figure 9-12: Time dependence of the degree of orientational order Ay, and strain rate
& (blue lines). Solid lines represent fits to data using first order

exponential decay functions. Note that the ordinate representing Ay, is
inverted.

9.4.1. Flow induced orientation of biomaterials

Owing to the acceleration of fluid elements at the confluence of main and side
channels, DNA molecules as well as HI/DNA assemblies experience hydrodynamic
strain, which induces an orientation of formed microdomains. In Figure 9-4,
representative 2D X-ray diffraction patterns are shown. At positions x close to the
confluence area, pattern clearly reveal oriented diffraction rings. However, moving
down the reaction channel, a loss in orientational order is readily seen. The
hydrodynamic focusing setup enables one to follow the entire orientational dynamics of
microdomains from the inception of flow-induced orientation to the fully
orientationally relaxed biomaterials. By changing flow velocities and/or observation
position, it is possible to characterize changes in the orientational distribution of
microdomains with hydrodynamic strain and to simultaneously vary complex

composition.

179



9. DNA Compaction: Linker histones H1

© H1/DNA microdomain

L] x
Xinax = 300mM
L v L . P
v ~
microdomain orientation orientational relaxation
£#£0 éx0

Figure 9-13: Schematic representation of microdomain orientation and successive
orientational relaxation along the outlet channel.

Scans of the intensity along the azimuthal angle y on the rings of the peaks at ¢ and ¢»,
respectively, both reveal a strong preferential microdomain orientation along the flow
direction (y = £90°), i.e. DNA molecules align parallel to the applied strain. The degree
of orientation can be quantified as the full width at half maximum Ay, and Ay of
azimuthal peaks ¢; and ¢, respectively. Figure 9-11 shows the dependence of Ay, on
the position x along the reaction channel for the three different flow velocities. Since
Ay, exhibits a qualitatively identical behavior, data are not shown. The degree of
orientational preference Ay; for each data set is contrasted to the effective strain rate
(solid lines of corresponding color), which describes mechanical effects on the
biomaterials under flow. The hydrodynamic strain rate & =0v/0x is calculated from
simulated velocity fields given in Figure 9-2 exemplarily for upys = 600pum's™.
Beginning at the confluence of main and side streams, local strain rates increase.
Remarkably, the position of maximum strain rate is situated independent of applied
flow velocities at Xmax = 300pum (Figure 9-11). Maximal strain rate values are &= 0.6s7,
1.6s", and 7.0s” for the three different initial flow velocities of upna = 60, 150 and
600pm's™, respectively.

In order to elucidate the dynamics of the orientation process, in Figure 9-12 for each
flow velocity the time dependence of Ay, is shown. Corresponding strain rates are
given for comparison. Owing to different flow velocities, for each data set xmax
translates into a different reaction time featuring maximal & and — associated with this
— maximal degree of orientation (¢s0 = 1.6s, t;50 = 0.8s, and #6090 = 0.2s). After having

reached its maximal value, the strain rate decays exponentially to zero. The length of
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the time interval Af in which an effective strain rate is active depends on the flow
velocity. The higher the flow velocity is the narrower A¢ and so much the better the
effective strain can be regarded as momentary perturbation acting on the biomaterials
in flow. This can be readily seen in Figure 9-12. The magnitude of the orientation
inducing hydrodynamic strain rate is highly depending on initial flow velocities as
therefore is Ay;. The initial fast rise in the preference of microdomain orientation
occurs simultaneously with &. Maximal preference of orientation corresponds to
minimal values of Ay;=27° 38° and 42° found for initial flow wvelocities of
upna = 600, 150 and 60pm's™, respectively. After the orienting influence is removed,
the system relaxes. Figure 9-13 gives a schematic representation of the process of
microdomain orientation and the successive orientational relaxation.

The orientational relaxation dynamics of microdomains can be described by a first
order exponential decay function with a single characteristic relaxation time z (solid
lines in Figure 9-12), which is derived from each data set: 7 =(3.70 £ 0.14)s;
Tiso = (2.08 £ 0.19)s; 7500 = (2.02 £ 0.15)s. Orientational relaxation times for initial
flow velocities of upna =150 and 600ums” are in excellent agreement, only the
relaxation time determined for upna = 60um's’1 shows deviations from z=2s. The
observed deviation in relaxation time for this slowest flow velocity can be explained by
the fact that the time interval Az, in which the microdomain orientation inducing
hydrodynamic strain is active, is strongly increasing with reducing velocity. Therefore,
the hydrodynamic strain is not behaving as a momentary perturbation of the system any
more and Ay, is rather following the decay of & than exhibiting an unperturbated
relaxation process (Figure 9-12c). From the fact that obtained relaxation times for
initial flow velocities of 150pum's™ and 600pum's™ are in excellent agreement, it can be
concluded that the decay of & is not playing a decisive role in the relaxation process

any more.

9.4.2. Strain induced variations in microdomain size

In addition to peak positions, average in-plane microdomain sizes for HI/DNA
complexes can be determined by investigating the full width at half maximum Aq of the
reflections at ¢; and ¢, (Figure 9-4). As discussed in chapter 9.3.2, it is usefull to
analyze correlation lengths Lc given in terms of the lattice spacings d: Lc/d = q1/Aq.
Figure 9-14 shows ¢i/Ag; in dependence of the N/P ratio. Since ¢./Ag, exhibits a
qualitatively identical behavior, data are not shown. Plotting ¢;/Ag, against N/P is
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Figure 9-14: Dependence of Aq; on complex composition /V/P. Solid lines are guides to
the eyes only.

expected to allow for collapsing of data collected at different flow velocities onto a
master plot reflecting the HI/DNA complex composition dependence of ¢;/Ag;. In
Figure 9-14, however, such a behavior is only partly observable: Although all three
data sets are following similar courses and are exhibiting analog systematic changes,
their absolute values are significantly different and obviously depending on the
magnitude of the flow velocity.

At N/P = 0.2, q1/Aq; reaches maximal values for all flow velocities. This is exactly the
complex composition at which minimal values of ¢; and ¢, are found (Figure 9-6).
Following, for all three flow velocities maximal values of ¢i/Ag;= 6.4, 7.8 and 9.1,
respectively, are found at N/P = 1.8 when the feature at ¢, is disappeared. This finding
is consistent with the evolution of the ratio of intensity /»//; shown in Figure 9-8.
Parallel to the observed shift in peak position g; to smaller g values with further
increasing H1 concentration, ¢g;/Aq; is increasing to its values ¢i/Aq, = 4.4 at the final
complex composition (N/P = 3.3).

Besides their dependence on complex composition, Figure 9-14 shows a clear and
systematic dependence of ¢;/Aq; on the flow velocity. Throughout all N/P ratios, qi1/Aq;
1s increasing with increasing strain rate. This is indicative for a strong correlation of
microdomain size and strain induced orientation, which is superimposed to the N/P
dependence of ¢i/Aq;. In order to discuss this phenomenon, in Figure 9-15 ¢1/Aq; is
given in dependence of the position x along the reaction channel since local strain rates

are intrinsically depending on x and not on N/P (chapter 9.4.1). The abscissa is divided
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Figure 9-15: Dependence of Ag; on the position x along the reaction channel. The
black arrow indicates the position of maximum strain rate é‘max . The

dashed lines mark positions corresponding to /V/P = (.2. Blue points are
used toL; in Figure 7-16.

in a way that access to variations in ¢;/Aq; at positions x < 2000um is improved. As
expected, data sets are not showing parallel changes any more. At N/P = 0.2, qi/Aq,
exhibits maxima due to its complex composition dependence as can be readily seen in
Figure 9-14. Consistently, ¢1/Ag; adopts maximal values at corresponding x-positions
marked with dashed lines in Figure 9-15. However, ¢1/Aq; obtained from all three data
sets develops an additional maximum at the position of maximum strain rate,
Xmax ~ 300um, which is indicated by the arrow in Figure 9-15. For the data set recorded
at upna = 150um's™, both maxima due to the N/P dependence of HI/DNA complexes
and due to hydrodynamic strain are coinciding at xmax = 300pum (green dashed line and
arrow in Figure 9-15). The superposition of both effects is responsible for the fact that
the data set recorded at upna = ISOum's'l exhibits similar ¢q;/Aq; values as the data set
recorded at the higher flow velocity upna = 600pum's™. The last maximum observed a
different position for each curve reflects the position where the feature at ¢, is
disappeared.

These findings provide interesting insights into the response of a 2D mesophase of long
chain DNA molecules to external strain. The strain rate induced extensive alignment of
HI/DNA assemblies’ leads to an increase in ¢qi/Ag; with applied external strain. In
order to quantify for the strain effect on ¢;/Aq;, only data points that accomplish the

following conditions must be considered: Firstly, in order to account for compositional
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Figure 9-16: Dependence of the microdomain size on the maximal strain rate
superimposed. Data from bulk measurements are given for comparison.

changes in ¢1/Aq;, considered data points must be recorded from H1/DNA complexes
exhibiting similar N/P ratios for all three data sets. Secondly, no hydrodynamic strain
must be active any more and the complexes have to be already sufficiently relaxed, i.e.
Ay1 =90° Only data points marked blue in Figure 9-15 fulfill both conditions
simultaneously exhibiting N/P =1.9-2.0 and Ay, = 78°-80°. In Figure 9-16, q1/Aq; are

given in dependence of the maximum strain rate. Data points at &, > 10s™ are

obtained from data sets recorded at initial flow velocities of 1000, 2000, and
4000pm's”, which are not as comprehensive as the three data sets discussed to this
point. In addition, g/Aq recorded from a bulk sample with a composition of N/P =2.5 is
shown. Figure 9-16 shows that already a low maximum strain rate of 0.6s™ at
u=60ums" results in a dramatic effect the on microdomain size: ¢;/Aq; more than
doubles. With increasing strain rate, ¢i/Aq: is continuously increasing up to

&,.. ~10s™". Further increasing the strain rates has only minor effects. The fact that it

is possible to significantly improve the correlation length of biomaterials by
superimposing external strain is a clear advantage of using flow to assemble such
materials. In the context of X-ray diffraction analysis, this phenomenon can be utilized
to improved the characterization of biomolecular materials, which are difficult to

crystallize and normally form liquid-crystalline structures °” %%,
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Figure 9-17: (a) SAXS profiles of HI/DNA bulk complexes at different N/P. (b) SAXS
profiles of successive measurements at a fixed position (V/P = 2.5).

9.4.3. Bulk measurements of HLI/DNA complexes

As a contrast to the X-ray microdiffraction measurements in flow, additional X-ray
measurements on H1/DNA bulk samples have been performed in quartz glass
capillaries using the in-house setup. Figure 9-17 shows representative small angle X-
ray scattering data (chapter 2.2).

In Figure 9-17a, X-ray diffraction patterns of complexes with N/P ratios ranging from
N/P=1-11 are given. For all data sets, exposure times of two hours have been used.
Time-resolved X-ray diffraction measurements of HI/DNA structure formation showed
that HI/DNA interaction is a two step process. This was reflected in the X-ray pattern
by a transition from two peaks at g, and ¢; to a single peak at g;. Despite significant
variations in complex composition, X-ray diffraction patterns of the bulk samples are
almost unchanged exhibiting a single, broad peak at ¢; = 1.76nm™ . This demonstrates a
principle limitation of bulk sample analysis. In order to gain new insights in HI/DNA
interaction, time-resolved access to a broad range of reaction states seems
indispensable.

In Figure 9-17b, SAXS profiles of successive measurements at a fixed position are
given (N/P=2.5). With each repeat, the observed peak is gradually reduced in
intensity. After a total exposure time of six hours, the peak is almost vanished.
Therefore, SAXS profiles in Figure 9-17b clearly demonstrate that HI/DNA samples
experience a significant degradation due to the X-ray irradiation during measurements.
Although the flux of the synchrotron X-ray beam is about 10° times higher compared to
that of the in-house setup, the very short times of less than 0.1s (upnxa = 60um's’1), in

which the biomaterials are exposed to X-ray irradiation in flow, avoid sample damage
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efficiently. Accordingly, the radiation level at which the biomolecular samples exhibit
significant degradation (red curve in Figure 7-17b) are about 3-36 times higher (for
upna = 60-600pm's’) compared to those HI/DNA complexes experience in
microfluidic experiments. Therefore, performing X-ray diffraction measurements in
flow allows overcoming this fundamental restriction.

Despite extensive study, it is surprising that so far there are no studies published in
literature probing linker-histone/DNA interaction dynamics and structure formation by
small angle X-ray diffraction. I believe that the fundamental restrictions associated with
X-ray measurements of bulk samples demonstrated above are one of the main reasons
for this.

9.5. Conclusions

Combining X-ray microdiffraction and microfluidics, for the first time, small angle X-
ray scattering measurements of HI1/DNA complexes have been reported. The
experimental setup allowed accessing HI1/DNA structure formation dynamics.
Observed X-ray patterns indicate that the interaction of H1 with DNA is a two step
process: an initial unspecific binding of HI proteins to DNA is followed by a
rearrangement of molecules in the formed complexes. Consistent with a multitude of
studies in literature, obtained X-ray diffraction data indicate that a conformational
transition of the DNA upon binding of H1 is involved in HI/DNA interactions. The
results presented in this chapter suggest that the conformational transition of the linker-
histone tails from their rather extended conformation in aqueous solution to their fully
folded state upon interaction with DNA are most likely responsible for the
conformational phase transition of HI/DNA complexes. This kind of rearrangement is
most likely necessary to determine the curvature and the path of initial parts of linker-
DNA at the entry/exit point of the nucleosome. I believe this finding to have a direct
bearing on the understanding of chromatin fiber folding into higher order structures.

Moreover, the H1/DNA system has been used to demonstrate the effect of
hydrodynamic strain on complex fluids and to directly follow the orientation and the
orientational relaxation of microdomains. The fact that it is possible to improve the
correlation length of biomaterials by superimposing strain is a clear advantage of using
flow to assemble such materials. In the context of X-ray diffraction analysis, this
phenomenon can be utilized to improve the characterization of biomolecular materials,

which are difficult to crystallize and normally form liquid-crystalline structures.
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10. SUMMARY

In summary, the potent combination of microfluidics with small-angle X-ray
microdiffraction and confocal Raman microscopy allows for detailed insights into the
evolution of dendrimer and linker-histone induced DNA compaction. In particular, the
laminar flow conditions inside microchannels provide the possibility to investigate
interaction processes in a time-resolved manner. Diffusive mixing in microchannels
creates tunable reaction conditions with defined changes in local concentrations.
Multiple experimental data are therefore aquired at any desired complex composition
on a single device, while consuming extremely small amounts of material and without
any concerns for radiation damage. The fact that it is possible to improve the
correlation length of biomaterials, by superimposing stress, is a clear advantage of
using flow to assemble such materials, which normally form liquid-crystalline phases.

The major obstacle for performing X-ray diffraction measurements directly on a
microfluidic chip was the lack of cheap, tunable, and robust devices with thin, low-
absorbing and low-scattering windows. Therefore, the successful development of such
X-ray compatible microfluidic devices is a central aspect of the present work. The
newly developed microflow foils now place researchers in an advantageous position to
approach important biophysical questions regarding biomatter self-assembly and
interactions in a variety of environments. It is anticipated that microflow foils will
provide a robust and affordable approach not only to continuous flow X-ray
microdiffraction, but also in micro total analysis systems (“pn-TAS”) and bioassays.
Here, two different classes of compaction agents have been studied: dendrimers of

varying generation and linker-histones HI.
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Dendrimers, which are a unique class of precisely engineered, highly branched
macromolecules, can be viewed as compact, spherical objects with a smeared surface
region. In order to precisely control and understand dendrimer induced DNA
compaction, it is of crucial importance to first characterize the compaction agent.
Therefore, dendrimer properties have been analyzed in detail. In particular, the
phenomenon of charge-induced dendrimer swelling has been experimentally quantified
for PPI and PAMAM dendrimers and over a wide range of generations. The results
clearly show highly predictable, charge-induced changes in dendrimer conformation.
Therefore, the discrepancy between theory and experiments that existed in literature up
to now is eliminated. Moreover, the observed response of dendrimers to superimposed
electrostatics can be generalized to all types of dendrimers.

Through the variation of dendrimer size and charge, the entire spectrum of naturally
occurring condensation agents is bridged, ranging from small cations, such as
spermine/spermidine encountered in viruses, to the much larger histone proteins, in
eukaryotic cells. Therefore, dendrimers are perfectly suited to study DNA compaction
and to mimic the influence of electrostatic interactions on DNA compaction in vivo. In
particular, the dynamic assembly of DNA condensates by cationic dendrimers with
sizes and charges situated between that of small multivalent organic cations and larger
histone-like proteins is analyzed. Performing measurements on the 2D columnar
mesophase formation in flow for the first time enables access to very low N/P ratios in
a controlled manner. Most surprising, our results indicate that in an undercharged
regime it is possible that DNA condensation occurs locally without direct contact to
cationic compaction agents. The consistency of results obtained from DNA complexes
with three different types of dendrimers suggests that the observed DNA compaction
mechanism at low N/P ratios is a general phenomenon and may also exist in biological
cells.

PAMAM dendrimers generation 6 have dimensions and charges comparable to those of
the histone core found in chromosomal DNA packing. The observed interactions with
this dendrimer of increased size and charge are in strong contrast to those of DNA and
smaller cations. Just as in the case of protein folding, studying PAMAM 6/DNA
complex formation in microflow reveals a DNA condensation process that exhibits
multistage dynamics. Consistently, interaction kinetics at high pH conditions
(pH = 8.5) are found to be particularly slow and the organization of PAMAM 6/DNA
in a highly ordered 3D hexagonal lattice takes place on remarkably long time scales of
years.

The principle organization of the DNA chain on the PAMAM 6 surface includes local
wrapping of DNA around the dendrimers and is primarily determined by the pH

dependent dendrimer valency. Increasing dendrimer charge density from 1.46¢"/nm’
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(pH = 8.5) to about 1.7¢"/nm? (pH = 5.5) results in a transition from a state, where only
a finite length of DNA is adsorbed on the dendrimer surface in approximately half of a
turn to a full wrapping of DNA in approximately two turns. The cylindrically shaped,
fully wrapped conformation of PAMAM 6/DNA entities at low pH is strikingly similar
in shape and size to the structure of nucleosome core particles (NCPs). In this sense,
PAMAM 6/DNA entities are excellent biomimetics of NCPs. Consequently, one may
conclude that at least for a simple replication of the beads on a string structure without
paying attention to DNA functionality, a specific arrangement of charged patches on
the histone octamer is not required. The uniform spherical charge distribution of the
“artificial protein” results in a structurally analogous packing of DNA. An important
point is that for PAMAM 6/DNA entities, connecting (linker-)DNA strands are still
present in the structure. Therefore, the PAMAM 6/DNA system represents an ideal
starting point towards an experimental realization of the 30nm fiber (e.g. by adding
linker-histones).

The importance of investigations of DNA condensates is not only relevant from a
fundamental point of view. These structures are also extensively used for the delivery
of therapeutic genes to living cells. Owing to the increased fraction of DNA, which is
tightly bound, the wrapping scenario provides a plausible rationale for the increased
stability of DNA complexes with higher generation dendrimers against nuclease
digestion. This is a predominant issue reported in literature. Following this line of
argumentation, low pH conditions are better suited for the purpose of DNA delivery
inside cells since a larger fraction of DNA is wrapped around the dendrimer. In this
scenario, the DNA is also protected. Therefore, results presented in this thesis are
believed to contribute in the field of biotechnology towards the construction of new
vectors for DNA gene delivery.

In addition to dendrimers, linker-histone H1 proteins are also used to compact DNA.
Exploiting the powerfull combination of X-ray microdiffraction and microfluidics
allows for the first time to gain access to HI/DNA structure formation dynamics.
Observed SAXS patterns clearly show that the interaction of H1 with DNA is a two
step process: an initial unspecific binding of H1 proteins to DNA is followed by a
rearrangement of molecules in the complexes. Results suggest that the conformational
transition of the linker-histone tails from their rather extended conformation in aqueous
solution to their fully folded state upon interaction with DNA is responsible for the
conformational phase transition of HI/DNA complexes. This kind of rearrangement is
most likely necessary to determine the curvature and the path of initial parts of linker-
DNA at the entry and exit points of the nucleosome.

The systems studied in this thesis are inherently significant to the fields of biology and

biotechnology. The results reported here are expected to have a direct bearing on the
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understanding of chromatin fiber folding into higher order structures. The underlying
concepts and techniques may be generalized and used to experimentally access

additional relevant biophysical problems and to realize new biomimetic systems.
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11. APPENDIX

11.1. List of Abbreviations

Apsc

A shape

apa
671 > 6_12
ayg

ao

Arel

bo

co

adenine

scattering amplitude
dendrimer surface are covered by DNA

overall shape contribution to the scattering
amplitude

acceleration

fit parameters

fit parameters

hexagonal lattice spacing

orthorhombic unit cell parameter
relative weighing factor

contour length of a curved microchannel
orthorhombic unit cell parameter

orthorhombic unit cell parameter
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c concentration

Cmain concentration of the main stream

Cside concentration of the side stream

Cs salt concentration

cH hexagonal lattice spacing

C cytosine

d spacing/distance

dpNa average distance between DNA molecules

dn diameter of the in-house laser beam

ds diameter of the synchrotron laser beam

dpna diameter of the DNA

De Deborah number

Dinax maximum particle extension

E electric field

Ey amplitude of the electric field

Ey bending energy

e Euler number

e, e elementary charge

f focal distance
body force density

o functionality of dendrimer branches

fe functionality of the dendrimer core

F force

F single particle scattering function, form factor

Fshape scattering contribution of the overall shape

Fiiob scattering contribution of internal density
fluctuations

G guanine

number of generations

h Planck constant

microchannel height

H height of a particle
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I

1 Anti-Stokes
I Stokes

Ioc

J

k

[

Niot
Noiob
N, seg

{min

g max

Qmax

(scattering) intensity
intensity of the Anti-Stokes scattering
intensity of the Stokes scattering

scattering intensity with glassy carbon
diffusion flux

Boltzmann factor

typical length scale of a system
Bjerrum length

adsorbed DNA length

correlation length

persistence length

mass

molecular weight

number of positively charged amino groups divided
by the number of negatively charge phosphate

groups

number of monomers/atoms/particles
total number of segments

number of blobs

number of segments per blob

number of Shannon channels
surface area

dipole moment
pressure

pair distance distribution function
molecular chain length

momentum transfer, scattering vector
modified scattering vector
minimal g-value

maximal g-value

maximum dendrimer charge assuming complete

protonation
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Qtot
O
QIII

Obna

Vmin
Vmax

ri

Rps

Rpec

Re

Sc

Uo
Umain
Uside
V
Ve
Vo

Vwater

w

total dendrimer charge at a certain pH value
charge of protonated primary amine groups
charge of protonated tertiary amine groups
charge of the (adsorbed) DNA

position of the center of mass
(radial) distance

minimal resolvable length scale
maximal resolvable length scale

position of monomer i

radius
radius of PAMAM 6 dendrimers
radius in the PAMAM 6/DNA complex

radius of gyration

Reynolds number

interparticle scattering function, structure factor
unit cell cross section

time

perturbation time constant
temperature

thymine

fluid velocity
initial velocity
velocity of the main stream

velocity of the side stream

volume
unit cell volume
volume of uncharged dendrimers

molecular volume of a water molecule
microchannel width
Weissenberg number

direction in space

position x exhibiting maximal strain rate

direction in space
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Tcomplex
Nmain

Nside

x

K

2ps

P

TDNA

direction in space

polarizability

aspect ratio
correlation length of density fluctuations

full width at half maximum of an azimuthal

intensity distribution

full width at half maximum of a radial intensity

distribution
dielectric constant

strain rate

maximal strain rate

density correlation function

viscosity
viscosity of formed complexes
viscosity of the main stream

viscosity of the side stream
azimuthal angle

inverse screening length
wavelength

wave number

Flory-Huggins parameter
density

standard deviation of the Gaussian distribution

modeling the surface fuzziness of dendrimers

surface charge density of a dendrimer
surface charge density of PAMAM 6

relaxation time

polymer relaxation time

line charge density of DNA
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Wyib

8CB

APD

CRL
CRYSOL
DAMMIN

DNA

ESRF

GC

GNOM
HI,H1°, HS5

H2A, H2B, H3, H4

IFT

KSK
NCP
PAMAM
PDB
PDMS
PMMA
PPI
RASMOL
SAS
SANS
SAXS

scattering angle
advancing contact angle

frequency

vibrational frequency

n-octyl-4-cyanobephenyl

avalanche photo diode

compound refractive lense

program used to determine /(g) from PDB data

program used for ab initio modeling scattering

entities

deoxyribonucleic acid

European Synchrotron Radiation Facility
glassy carbon

program used to calculate p(r)
linker-histones

core histones

indirect Fourier transformation
Kapton-Steel-Kapton

nucleosome core particle
poly(amido-amine)

protein data base

poly(dimethylsiloxane)
poly(methylmethacrylate)
poly(propylene-imine)

program used to display DAMMIN models
small angle scattering

small angle neutron scattering

small angle X-ray scattering
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