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Introduction and goals of the thesis

Introduction

Nanoparticles for drug delivery

Nanoparticles for drug delivery applications gained increasing attention in the last 100 years.
In 1906 Paul Ehrlich proposed his inspiring idea of a magic bullet, e.g. a drug that selectively
and intrinsically finds infected cells inside an organism. This work can be regarded as the
starting point of a novel strategy in drug-based medicine, and colloidal drug carriers seem to
be a promising approach to reach Ehrlich’s optimum of a targeted drug therapy.'” By now a
myriad of different nanocarriers of inorganic or organic origin with various types of surface
modifications are under scientific investigation to reach Ehrlich’s goal.>* But independently

of the used material some general properties are discussed for all colloidal drug carriers:

First, nanoparticle based drug delivery systems are often used to increase the applicable dose
of drug compounds.”® Especially, new developed small molecule drugs often suffer from a
high hydrophobicity and a poor solubility and are therefore difficult to administer
therapeutically.” Here, the administration in combination with a nanoparticle construct can be
used to elevate the dose up to a therapeutically relevant concentration.™ In the case of a
completely new class of therapeutic substances, such as proteins and nucleic acids,
nanoparticles are thought to be a necessity for a therapeutic use at all. Nucleic acids and
thereof especially small interfering RNA (siRNA) more recently gained increasing attention

as potential therapeutic agents.*'® Usually those materials cannot be injected directly into the
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blood stream of an organism, because they strongly evoke immunogenic reactions or they are
degraded by endogenous mechanisms. Additionally, their high negative charge limits the
permeability through biological membranes. Here, smart packing strategies are necessary to
protect the siRNA cargo and to screen the negative charges.'' Those requirements can be
provided by nanoparticle constructs. In this context so called non-viral vectors on the basis of
polycationic compounds such as poly(ethylene imine) or cationic lipids seem to be a

promising approach, although the toxicity of polycations is always a concern.'*"*

Second, nanoparticles are able to improve the risk-to-benefit ratio of highly effective drugs,
for example chemotherapeutics. Ideally, drug carriers transport a high drug concentration and
accumulate only at the desired target sites, either by active or by passive targeting.'*
Consequently, healthy tissues and cells would be preserved and unwanted side-effects are

reduced.

But, in fact the real situation for a “magic bullet” is much more complex. The fate of a
nanoparticle formulation inside an organism is subject to various complex processes and
several physiological barriers have to be overcome until the final site of action is reached
(Scheme 1)."' For example, upon injection into the blood stream serum proteins are adsorbed
to the nanoparticle surface and some of them, the so called opsonins, lead to the elimination
of nanomaterials from the circulation by macrophages.'>"” After escaping the blood vessels
through the endothelial tissue, nanoparticles are facing the extracellular matrix, which fills the
space between single cells, gives each tissue its specific shape and mechanical resistance and
regulates signal transduction processes.'® The extracellular matrix consists of a variety of
different biomacromolecules, such as proteins, proteoglycans and glycosaminoglycans and
most of them are highly charged.'” As a consequence electrostatic filter effects are known to
exist, hindering the mobility of nanoparticles and at the end reducing their therapeutic
efficiency.**?'

4
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Scheme 1 Inside an organism a colloidal drug carrier has to overcome several physiological
barriers. All of them are affecting the efficiency of the transported drug molecules and are

mainly affected by the physicochemical properties of the carrier’s materials.

After reaching the desired target, the various endocytosis mechanisms of living cells resemble

another effective barrier for the efficiency of colloidal drug carriers.”** In the absence of a

2427 28,29

ligand that mediates the uptake by cells, size” ', shape and charge’®? of the
nanoparticles are the most important parameters influencing endocytosis. And finally, the
release out of the endosomal system of human cells is critical for the efficiency of a drug

molecule, because of chemical degradation processes occurring inside the lysosomes. >’

All of the processes mentioned above are mainly influenced by the physicochemical
properties of the colloidal carrier and they highly affect the final drug activity. Additionally,
some effects, such as the protein adsorption, apply also for other drug delivery devices or
routes of administration, for example drug loaded implants or the local administration into the
desired tissue. Hence, a deep understanding of the interactions between the used materials and
the biological counterparts is of highest importance for the design of potent drug delivery
systems. Thin film technologies, such as the Layer-by-Layer (LbL) strategy, which easily
adjust the physicochemical parameters, are ideal tools to investigate these interactions at the

nano-bio interface.
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Advantages and properties of LbL thin films

The LbL technology is a well-established method for thin film surface modifications based on
the stepwise self-assembly polymers. Thin films are commonly defined as coatings on a flat,
curved or structured substrate with a thickness below 0.1 pm. In general, the physicochemical
properties of the coated substrate differ from the uncoated material for example by their
electrical, optical, magnetic or biological properties.*® Hence, thin film modifications are a
favored tool in all areas of materials science. The ancestor of the LbL. method was introduced

in 1966 with a publication of Iler describing multilayers consisting of charged nanoparticles.’’
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Scheme 2 lllustration of the basic LbL protocol. A) The original dipping procedure with
polyelectrolyte solutions and washing steps leads to B) “fuzzy nanoassemblies” meaning that
the polymer charges are overcompensated to form a loopy conformation (Reprinted from

Decher. Reprinted with permission from AAAS.)
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Decher and coworkers probably were inspired by these early findings and enlarged this
strategy to polyelectrolytes about 30 years later, opening a whole new field of research.’®*°
The original LbL protocol was described as an immersion procedure of a charged solid
surface, e.g. a glass microscope slide, which was dipped into either the solutions of positive or
negative charged polymers. Rinsing steps were performed in between to avoid aggregation of

the oppositely charged polyelectrolytes.** After several repetitions a polymer thin film is

adsorbed on the surface with a thickness of only several nanometers (Scheme 2).

The strength of the LbL strategy becomes evident among comparison of the technique with
other available strategies for thin film modifications, e.g. the Langmuir-Blodgett technique
(LB) and the self-assembled monolayers (SAM). The LB-technique transfers amphiphilic
molecules from an air-water interface by immersion or emersion of a substrate, leading to

mulitlayers which are comparable to biological membranes.”*'

But, LB films require
specialized equipment, the so called LB-trough, and are limited to amphiphilic building
blocks.*! In comparison, SAM consist of organic molecules which spontaneously take on an
ordered, but monolayered, conformation on a substrate, e.g. as the binding of alkylthiols on
gold surfaces.** But, usually multilayers are not available with SAM modifications. Hence,

the applicability of both methods is very limited, due to their specific technical and chemical

requirements.

In comparison, the LbL strategy has some seminal advantages and properties. The most
important strength is its flexibility concerning the applied materials. Only a minimal surface
charge has to be present to apply an LbL coating and substrates of almost any size and
shape.’** Additionally, a myriad of charged synthetic and biological polymers and other
colloids are available as coating materials.** The coating process itself does not require any
advanced facilities, but nevertheless automated equipment and other film deposition
techniques, such as spray-coating” and spin-coating, were developed to increase the output.

7
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The LbL technique is not limited to -electrostatic interactions only. Hydrophobic
interactions®, hydrogen bonding™ and even covalent strategies, such as click-chemistry®,
were found to be suitable for the LbL deposition. Altogether a huge set of building blocks was
developed over the last 25 years which made the LbL method suitable for almost every

application in almost every scale.

Table 1 Building blocks for the design of LbL multilayers.

Film growth mode**’

Coating conditions lons and pH*"*?

Solvent polarity>**

43,55,56

Dipping
Spray-coating®
Deposition technique
Spin-coating*®

Microfluidics/Flow Systems®’

Electrostatic>®
Hydrophobic™
Attraction forces
Hydrogen-bonding™

Covalent®®®!

Macroscopic substrates*®
Microparticles /-capsules®®
Substrate materials

Nanoparticles®*

Free-standing films®

Synthetic polyelectrolytes*

Natural polyelectrolytes®”®

Coating materials
Nucleic acids and proteins***"!

Nanoparticles®*’>"
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An overview, without any claim for completeness, is shown in Table 1 to give an impression
on the extent of LbL opportunities. Hence, LbL often is an ideal tool for the design of
advanced materials not only for a biomedical or a drug delivery application. The by far most
investigated LbL multilayer systems are electrostatic multilayers consisting of natural or
synthetic polyelectrolytes. The formation forces, kinetics and the internal structure of those
polyelectrolyte multilayers (PEM) have been extensively reviewed by von Klitzing ' and just
the most important facts for the understanding of electrostatic multilayer structures are

mentioned here.

First, it is important to know that polyelectrolytes usually do not behave as rigid building
blocks with interactions only between neighboring layers. Hence, the expression “Layer-by-
Layer” is somewhat misleading. Furthermore those systems have to be regarded as entities of
flexible and mobile chains, which rather can be seen as a sponge or a crosslinked network.”*
Lavalle and coworkers described an in-and-out diffusion model, where a polyelectrolyte
species is able to diffuse freely inside the polyelectrolyte film.” The direction of its diffusion
changes with the charge of the next polymer layer and this results in the so called
“exponential growth” of multilayers.” In general, the fabrication conditions have a major
impact on the final multilayer properties. Minimal changes lead to rather different thin films
with specific internal conformations of the polyelectrolyte chains. For example, the type of
counterion associated with the polyelectrolytes highly affects the constitution of adsorbed
polymer chains (Scheme 3). Large anions with a comparable small hydration shell, e.g.
bromide ions, lead to a coiled polymer conformation and a higher layer thickness. The
exchange of bromide ions against fluoride led to a four times lower multilayer thickness, due

to a flat and stratified polyelectrolyte conformation.
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Scheme 3 The type of counterion has an

A
_ impact on the internal conformation of the
l d multilayer. A) In case of a large anion with a

"""" comparable small and weakly bound
coiled hydration shell, the polymer chains take on a
coiled conformation, leading to a higher

multilayer thickness. B) Small counterions
— with a larger hydration shell, lead to a flat

o - D) = Id and stratified polymer conformation and a
@ g v low multilayer thickness.(Reproduced from

@ von Klitzing™ with permission of the Royal
: Society of Chemistry)

.. o

Although multilayers of polyelectrolytes are usually called “electrostatic”, the main driving
force for the formation of those thin films is a gain in entropy, due to the release of
counterions.’® But, it was also shown, that next to electrostatic attraction other forces such as
hydrophobic interactions between the used polymers play a major role as well.”” Small
variations of the coating conditions lead to an altered film thickness and density. Here, the
most important variable is the salt concentration of the applied polyelectrolyte solutions.”’
The introduced counterions screen the charges of the polymer backbone and lead to more
coiled polymer structures, which results in thicker multilayers.”’ Dubas and Schlenoff showed
a linear correlation between ionic strength and multilayer thickness for
poly(diallyl diammonium chloride)/poly(styrene sulfonate) multilayers in the range of 107
and 2 M NaCl.”' In case of weak polyelectrolytes the pH of the polymer solution has a similar
effect and can also adjust the charge density of a polymer chain, leading to an increased
multilayer thickness over a narrow pH range.”™” Elzbieciak et al showed that depending on
the applied pH of a weak polyelectrolyte not only the internal conformation of a multilayer

but also the outer appearance, was altered significantly.”> At pH 6, the surface topography was
10
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smooth with only minimal heights, whereas at pH 10.5 the surface roughness highly increased

and sharp surface structures became visible.>

The challenge for the design of future LbL based drug delivery systems is to correlate the
findings on the internal structures and their deposition conditions to the desired applications in

terms of drug release and interactions at the nano-bio interfaces.

Layer-by-Layer strategies for the design of drug delivery systems

Due to its mild fabrication conditions in an aqueous medium, LbL was early discovered as a
potential tool to design novel biomedical materials and drug delivery devices.® Here, three
different applications have to be mentioned: The fabrication of LbL coated implants, of

hollow microcapsules and of coated nanoparticles.

The coating of medical implants is probably the easiest way for an LbL modification in a
biomedical context, due to the macroscopic size of the template. The group of Hammond
strongly works on the in vitro and in vivo use of LbL coated metal implants with different
kinds of small-molecule drugs incorporated into the thin film, e.g. several antibiotics, such as
gentamicin or ciproflaxin, and non-steroidal anti-inflammatory drugs.*® Due to the integration
of those charged or non-charged drugs into separated polyelectrolyte layers a time-dependent
control of the drug doses and a sustained release of the different therapeutic agents over up to
four weeks was achieved.*™®' In contrast, Jewell and Lynn investigated the transfection of
plasmid DNA with LbL films on glass surfaces and showed the successful of expression of
enhanced green fluorescent protein after 48 h.**® Furthermore, they proposed that coating of
vascular stents with this approach might lead to a gene-based treatment of cardiovascular

. . 84
diseases in the future.

11
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In the field of particle-based drug delivery systems Mohwald and coworkers invented the
principle of LbL coated microparticles to form hollow drug containing microcapsules.®**’
This approach was further improved by de Geest and Caruso, but it still suffers from the large
size of the applied microparticles which cannot be endocytosed by most of the human
cells.®***7 But, more recently LbL microcapsules were found to be a promising approach for

the mild and adjuvant-free delivery of vaccines.***

Smaller particle cores in the nanometer scale results in functional particles that fit to the size
limits of cellular uptake mechanisms.”> Hence, the size as a prerequisite for the design of
future nanomedicines for the treatment of cancer, infectious diseases and others, can be met
by LbL coated nanoparticles.”” But, in contrast to the coating of microparticles, LbL
modifications on nanoparticles are technical challenging due to their high tendency towards

6391 were shown to be stable enough to resist

aggregation. But especially gold nanoparticles
the coating and washing steps of an LbL procedure and probably became the most common
used core material.”> Nevertheless, other nanomaterials of organic or inorganic origin were
also used as LbL templates.” Based on LbL coated gold nanoparticles, Elbakry et al. designed
a drug delivery system for nucleic acids based on a gold nanoparticle core which is coated
with the polyelectrolyte poly(ethylene imine), PEI, and siRNA (Scheme 4).®* PEI was chosen
because of its known transfection capability and consequently the transfection efficiency of
this siRNA delivery system was reported in 2009.°* Here, it was shown that by the use of only
a single siRNA layer, close to 800 siRNA molecules could be delivered by a single 16 nm
small nanoparticle; a prove for the high loading dose of LbL coated particle designs.**
Additionally it was shown that by changing the amount of polyelectrolyte layers, the charge

state of the final delivery system affected significantly the delivery efficacy. In a second

publication the size of the drug delivery system was tuned by the size of the initial gold

12
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nanoparticle core in a range of 20 to 80 nm, what also had a major impact on the particle

uptake and the transfection efficiency.”’

negative »”
surface ligand 1" polymer layer
MUA PEI

AuNP MUA-AuNP

nd

X 2" polymer layer
a siRNA

PEI-AuNP SiRNA/PEI-AuNP PElV/siRNA/PEI-AUNP

Scheme 4 LbL coating of gold nanoparticles with PEI and siRNA (Reprinted (adapted) with
permission from Elbakry et al.®*. Copyright (2009)American Chemical Society)

In the last years further comparable examples of LbL modified nanoparticulate delivery
systems were published. The group of Hammond strongly forces the in vivo feasibility of LbL
coated nanoparticles. They showed that the stability and clearance of LbL coated quantum
dots strongly depends on the amount of coated bilayers, but they also proved the passive
targeting of a tumor in a mouse model.”* Deng et al. designed nanoparticles for the codelivery
of an anticancer drug and siRNA with a single particle design, based on coated
liposomes.”The combination of the two therapeutic agents was beneficial, as the siRNA
targeted a drug-resistance protein and therefore enhanced the efficiency of doxorubicin by 4—

fold.”

Despite those promising examples several issues concerning the therapeutic application of
LbL coated nanoparticles still remain. A major disadvantage is the high stability of the

electrostatic multilayer shell, leading to a low drug release. To overcome these limitations the

13
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properties of the LbL films have to be improved and understood in more detail. Hence, in the
next future it would be necessary to connect these findings to the distinct requirements of drug

delivery applications.

14
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Goals of the thesis

The main goal of this thesis was to get a deeper insight into the interactions between LbL thin
films and their biological counterparts in terms of a drug delivery scenario. Especially if
applied in a drug delivery approach, various processes, such as the adsorption of proteins, the
association with cells or the interaction with extracellular matrix are unavoidable. All together
are influencing the efficacy of a delivered drug compound or are altering the LbL structure

itself.

The coating of nanoparticles is challenging, due to their tendency towards aggregation.
Hence, an improved protocol for the coating of gold nanoparticles had to be developed, first
(Chapter 2). During the surface modification of colloids, their characterization, concerning the
particle size, is always a concern. Especially in the case of gold nanoparticles some
peculiarities have to be considered, when applying dynamic light scattering for the
determination of the hydrodynamic diameter. Hence, the characterization of nanoparticle sizes

and the calculation of the molar concentration of gold nanoparticle suspensions was addressed

in Chapter 3.

All these findings led to a detailed study about various LbL coated gold nanoparticles at the
nano-bio interface. In Chapter 4 different series of three polycations, poly(allylamine
hydrochloride), poly(ethylene imine) and poly(diallyl diammonium chloride) were coated on
gold nanoparticles and their LbL deposition behavior on macroscopic surfaces was

investigated. Additionally, the impact of the LbL deposition mechanisms on the surface

15
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topography was evaluated and at the end the interactions of those LbL coated nanoparticles
with cell culture medium and its impact on the cell association behavior was further

highlighted.

As described above, LbL systems on a macroscopic scale can also be interesting for
biomedical applications. Hence, the internal constitution of different multilayer conformations
and its impact on the permeability for small molecule drugs was compared using an approach

based on Foerster resonance energy transfer (Chapter 5).

Concerning the different barriers colloidal drug carriers have to overcome on their journey to
their cellular site of action, the extracellular matrix is known to have an important influence.
Effective filter mechanisms, especially known for the basal membrane, highly reduce the
activity of systemically administered drug delivery systems. But also the interstitial
connective tissue, with its main component collagen I, can be assumed to limit the mobility of
nanoparticles. This question is addressed in Chapter 6, where the mobility of LbL coated

nanoparticles and polyelectrolytes in a collagen I model matrix is described.

Altogether, this thesis gives further details on the interactions of LbL coated materials at the
nano-bio interface and wants to highlight the capabilities of multilayers, with a special focus

on the design of drug delivery devices.

16
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Synthesis and characterization of gold nanoparticles

This chapter contains experimental results obtained from collaboration with another institute

of the University of Regensburg.

Cooperation with Prof. Dr. Reinhard Rachel, Centre for Electron Microscopy at the Institute

for Anatomy: Transmission electron microscopy images (Figure 3).
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Abstract

Gold nanoparticles are a fascinating colloidal material with distinct optical properties. Due to
their facile and size-specific synthesis, they were often used in biomedical and drug delivery
applications. But especially in the case of bio-interaction studies a profound knowledge of the
particle size and the molar concentration of the nanoparticle suspension are of utmost
importance. This is due to the fact that interactions between a nanomaterial and biological

counterparts are highly influenced by the physico-chemical properties of the colloid.

Usually, dynamic light scattering (DLS) is applied for the determination of the hydrodynamic
diameter of nanoparticles, which is presented as size distribution functions. In this chapter it is
shown, that DLS at a 173 ° scattering angle led to a false measurement artefact in the case of
citrate-reduced gold nanoparticles. Control experiments with transmission electron
microscopy (TEM) proved that this artefact could be neglected. Furthermore, it is presented
that the hydrodynamic diameter and the absorption of the gold nanoparticles could be used to
calculate the molar extinction coefficient, which is the basis for the use of Lambert-Beer’s
law. Hence, combining two common analytical methods, DLS and Vis-spectroscopy, the
molar concentration of a gold suspension became available, which is a requirement for any

quantitative experiment at the nano-bio interface.
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Introduction

Gold nanoparticles are a fascinating colloidal material and are suitable for a magnitude of
applications.' Due to their intense red color, they are famous as stains for glass windows and
were first synthesized by Faraday in 1857.% In case of biomedical research, gold colloids are

.. . . . 4 . 5 . 6.7
promising candidates for hyperthermic therapies”, as biosensors™ or as drug carriers™".

There are several different synthetic routes for their fabrication available, resulting in different
sizes and shapes of gold colloids.® Among them, the most widespread bottom-up procedure is
based on the gold salt tetrachloroauric(Ill) acid (HAuCly) and the reducing agent trisodium
citrate (Na3Cit), which also serves as the stabilizing ligamd.9 With this protocol gold
nanoparticles of a size range between 20 and 60 nm become available. Although this reaction
is well known and often applied, the underlying formation mechanism is still not fully
elucidated.'® Hence, depending on the reaction conditions, several variations of the classical
nucleation-and-growth model'"'> have been reported during the last years.">"'® Most of them
are variations of the classical nucleation-and-growth model as it was defined by LaMer
(Scheme 1)."? Here, after the nucleation step, which is the formation of particle clusters out of

monomers'?, larger particles are formed either by Ostwald-ripening or by coalescence.
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LaMer Burst Nucleation Growth Mechanisms

M+ Cation
Ostwald P A . Monomer ®
- 5

Ripenin ‘ ‘ C'”s’:e‘; ®

Coalescenced® e @ ‘
Time - % ..

Multiple domains

Single Domain

Concentration

Scheme 1 Classical stages of a nucleation-and-growth mechanism. After LaMer nucleation,

small clusters undergo either an Ostwald-Ripening or a coalescence step. (Reprinted

1
I 0

(adapted) with permission from Thanh et al™". Copyright (2014) American Chemical Society)

The Ostwald-ripening is characterized by the dissolution of small nanoparticles in favor of
insoluble larger particles.'” Whereas, coalescence describes the aggregation of small particles
into larger species without a specific orientation.'® But independent on the reaction
mechanism, the synthesis of nanoparticles always leads to a distribution of different particle

sizes, which requires proper characterization.

Among several available techniques, transmission electron microscopy (TEM) and dynamic
light scattering (DLS) are the two most popular methods for the characterization of gold
nanoparticle size distributions. TEM is a visual technique and hence also gives a qualitative
result on the shape and constitution of the colloid, despite the statistical analysis of particle

. 19,20
s1zes

. In case of metal nanoparticles, such as gold nanoparticles, the visualization requires
no special sample preparation such as contrast agents, due to the high electron density of the

material.”' But the technique requires expensive instrumentation and is often only available as

an addition to a more facile particle sizing method.

Therefore, DLS became a straight-forward method for the size-measurements at the

nanoscale. Here, the scattering profile of the colloid in a liquid medium is recorded, which
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requires only a few minutes of measurement time. Based on the Stokes-Einstein-equation, the
mobility of the particles due to Brownian motion and hence the changes in the scattering
patterns are correlated to the particle size.” It is important to remember that for DLS, the
particles are assumed to be spheres and that the a correlation function is used to generate a

size distribution.????
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Scheme 2 Examples for the three available particle size distributions gained from a DLS
measurement. The volume and the number distribution are derived from the intensity
weighted distribution. A profound evaluation of the results of all three distributions is
necessary to conclude the correct particle size of the sample.(Reproduced from Zetasizer User

Manual®, Copyright (2009) Malvern Instruments)

After a DLS measurement, three different size distributions are available, which have to be
evaluated carefully (Scheme 2). The most fundamental one is the distribution by intensity.>* It
is often discussed whether this distribution overweighs larger particle species, because the
scattering intensity is proportional to the sixth power of the particle diameter. Hence, in a
sample containing a small and large nanoparticle species, the signal for the large particles

results in a high signal, while the one of the smaller particles might disappear at all.”
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An often used alternative is the number-weighted size distribution, where the particles are
actually presented as their relative amount on the total sum of the particles. This distribution
can easily be compared with the results obtained from microscopic methods, such as TEM,
where a statistical analysis of the images is performed.** But, as the number distribution in
DLS is derived from the intensity distribution this presentation might lead to incorrect
results.”® The same problem is also addressed for the volume distribution of nanoparticles.

In case of studies on nano-bio-interactions, the determination of the correct nanoparticle
science is of utmost importance. For example, the association and uptake of nanoparticles by

living cells are mainly determined by the physico-chemical parameters of a colloid.*

In this chapter it is shown that a profound knowledge of the differences between the available
size distributions is necessary to get a correct interpretation of the size of gold nanoparticles.
It is further beneficial to compare the results obtained from a DLS measurement with an
imaging method, such as TEM, to exclude any effects, such as multiple scattering problems or
solvent effects, disturbing the accuracy of the DLS technique. This was investigated by
synthesizing gold nanoparticles of different sizes, following their characterization by DLS and
TEM. At the end, a solution is presented to calculate the molar extinction coefficient of gold
nanoparticles based on their optical properties. This procedure is of high interest for
experiments at the bio-nano-interfaces, where the molar concentration of particle suspensions

has to be known.
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Materials and Methods

Materials

If not otherwise stated all chemicals were purchased from Sigma-Aldrich Chemical Company
(Tauftkirchen, Germany). Ultrapure water was obtained using a Milli-Q-System (Merck

Chemicals, Schwalbach, Germany).

Methods

Gold nanoparticles were synthesized with the citrate reduction method developed by Frens
and Turkevich, whereby the ratio between the gold precursor and the reduction agent was
varied."**® Hence, to a boiling solution of 0.1% (w/v) gold(Ill) chloride (CAS 27988-77-8,
339.8 g/mol)a variable amount of a 1% (w/v) aqueous sodium citrate trihydrate (CAS 6132-
04-3, 294.1 g/mol, Merck KgGa, Darmstadt, Germany) solution were added under vigorous
stirring. These conditions were kept for 10 min until the red color of the colloidal gold
appeared. The reaction mixture was chilled to room temperature slowly and the gold

nanoparticles were used for characterization as prepared.

The size of the gold nanoparticles was determined with transmission electron microscopy.
Therefore, the gold nanoparticles were air-dried on a carbon-coated copper grid and imaged
with a Philips CM 12 transmission electron microscope (Philips, Eindhoven, The
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Netherlands). Here, the particle diameter was analyzed by image analysis using ImageJ 1.45s
software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland,

USA, http://imagej.nih.gov/ij/, 1997-2014).

The hydrodynamic diameter was determined by dynamic light scattering using a Zetasizer
Nano ZS (Malvern Instruments, Herrenberg, Germany). For all size measurements concerning
the calculation of gold nanoparticle concentrations 173 ° backward scatter in general purpose
mode was applied and the maximum peak of the intensity distribution is always stated. If

indicated the scattering angle was changed to forward scatter at 12.8 °.

Vis spectrometry (UVIKON 941, Kontron, now Goebel Instrumentelle Analytik,
Au/Hallertau, Germany) was used to determine the absorbance of the colloidal gold in order

to calculate the extinction coefficients and the AuNP particle concentration.

The calculation of the extinction coefficients was previously reported.”’ Therefore, gold
nanoparticles of five different sizes were synthesized and the obtained particle concentration

was calculated.

Equation (1) gives the amount of gold atoms per spherical nanoparticle, N, of a distinct size
with ¢ as the density of bulk gold in a face-centered cubic (c = 19.3 g/cm3) and M as the

atomic weight of gold (M =197 g/mol).

(1
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The molar concentration, C, of synthesized nanoparticles was calculated with equation (2),
where Ny, 1s amount of gold atoms, which were added to the reaction mixture, V is the

volume of the reaction mixture in liter and N is Avogadro's constant.

_ Ntotal
NV N,

2

Based on this molar concentration a dilution series was performed and its absorption at
506 nm was measured. The slope of the linear regression of absorption versus concentration
was the molar extinction coefficient, €. The natural logarithm of € was plotted against the
logarithm of the particle size to give a linear fit. The obtained linear regression function could
be used to calculate all further ¢ for gold nanoparticle suspensions of a known size and its

concentration could be calculated with Lambert-Beer’s law.

39



Chapter 2

Results and Discussion

Gold nanoparticle synthesis

Gold nanoparticles are a well investigated colloidal material with fascinating properties.! The
classical and most often used synthesis procedure is the Turkevich citrate-reduction method,
where the precursor salt HAuCly is reduced to elemental gold by sodium citrate (Na;Cit) upon

formation of gold nanoparticles.'

Frens reported in the early 1970's that the size of the resulting particles can be adjusted by the
ratio of the precursor salt and the reducing agent.”® Doing this, gold nanoparticles between 20
and 50 nm were obtained and upon variation of HAuCl4:Na3;Cit up to a 10-fold molar excess
of the Na;Cit an interesting trend was observed (Figure 1). The hydrodynamic diameter of the
nanoparticles first decreased with increasing amount of the reducing agent, but turned back to
larger particles for ratios larger than 1:5 (Figure 1). Hence, the upper and lower size limits of
the resulting particles were determined. Particles smaller than 20 nm were not obtained by
further increasing the amount of Na;Cit. Additionally, synthesizing particles larger than
60 nm was troublesome, because of a deficit of Na3zCit. As Na;Cit is not only the reducing
agent but also the stabilizing ligand of the final particles, a low amount of this compound is
critical for the colloidal stability and therefore the tendency against aggregation increased.
Nevertheless, gold nanoparticles beyond these size boundaries are available by other synthesis
routes. For example, the Brust-Shiffrin method is a two-phase synthesis leading to particles

smaller than 10 nm.*® Alternatively particles of lower sizes can be obtained by a stronger
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reducing agent such as sodium borohydride.*” On the other hand, larger gold nanoparticles are
available with different seeding-growth strategies, where a particle species of a smaller size is
added to the reaction mixture to further grow to larger sizes.’® But as the gold nanoparticles
synthesized here were intended for the use as Layer-by-Layer substrates and cellular studies,

an available size window between 20 and 60 nm agreed well with the experimental

necessities.
60 . . .
Figure 1 The resulting size
0] ©® of gold nanoparticles
£ ° depended on the ratio of
% 40 - the gold precursor,
E o HAuUCI, and the reducing
o [
£ 30 1 agent, NasCit. A transition
e * point of the size trend
& 20+ ¢ .
o occurred at the ratio of
o
£ 10 1:5, which is due to a
changing reaction
0 T ] ; mechanism.
1:1 1:5 1:10

Molar ratio HAuCl,:Na,Cit

To explain the unusual trend of the sizes available by the citrate-reduction method, one has to
consider the underlying reaction mechanism, which is still under scientific discussion.
Especially the role of NasCit is still unclear.'® Polte et al. proposed a four-step mechanism,
where the precursor is consumed over time and particles develop in a classical nucleation-
and-growth mechanism."” But, here the particles would get smaller with increasing amount of
Naj;Cit, because of the increasing formation of starting nuclei.' Hence, a further function of

citrate has to be considered and Ji and Peng showed that Na;Cit also has an important impact
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on the pH of the reaction mixture.'® At a distinct pH threshold the reaction mechanism most
likely changes from nucleation-and-growth to a nucleation-aggregation-smoothing
mechanism.'® This change of the reaction mechanism appeared also at a precursor to citrate

ratio of approximately 1:5 and confirms the observed phenomenon.'®

Characterization of gold nanoparticles

A facile and reproducible method for the size characterization of nanoparticles is dynamic
light scattering, which is also called photon correlation spectroscopy. Here, the number of
scattered photons is correlated with the diffusion coefficient and hence the size of the
nanoparticles, which is presented as size distribution curves or histograms. Two intensity

distributions of two different gold synthesis (Syn A and B) are shown in Figure 2A4.

For a single species of spherical particles also a single peak in DLS corresponding to their
hydrodynamic diameter was assumed. But instead, two maxima were found, indicating a
second particle species to be present. The maxima of the main peak were 31.7 nm (Syn A)
and 54.4 nm (Syn B), respectively, and the second maxima were found at 1.6 nm and 4.7 nm,
respectively. But the use of the intensity distribution has some typical drawbacks, such as the
tendency to overweigh larger particles. Hence, the number distribution is more commonly
used instead. But in this case, it made no sense to convert the intensity distribution into the
number-weighted values. The obtained number distribution showed only the lower weight
maximum between 1 and 10 nm, due to an overestimation of small nanoparticles. The former
main maximum, which was assumed to represent the synthesized nanoparticles, disappeared

completely (Figure 2B).
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Figure 2 Dynamic light scattering is a standard method for the measurement of the
hydrodynamic diameter of colloids. Usually the size distribution by intensity (A) or by number
(B) is stated. But in case of gold nanoparticles an additional peak between 1 and 5 nm was
visible which disturbs the calculation of the number distribution. Hence, the value of the main
peak in the intensity distribution was always stated as the hydrodynamic diameter resulting in
31.7 nm (Syn A) and 54.4 nm (Syn B).

To confirm the assumption that the lower size peak corresponds to an artefact and the larger
one to the actual particle size and to prove the actual size of the gold nanoparticles an inaging
method was chosen. As gold nanoparticles have a high electron density, they can easily be
imaged by TEM with only minimal preparatory effort. The gold nanoparticles were visible as
dark black nanoparticles with a good contrast to the background (Figure 3). The particles of
Syn A were found to be monodisperse and spherical with an average diameter of 18.0 +
5.4 nm (Figure 3A). The lower size value compared to the DLS result is due to the difference
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between the isolated particle size and the hydrodynamic diameter that takes adsorbed water

molecules into account.

Figure 3 TEM images were taken to evaluate the size and the shape of Syn A (A and B) and
Syn B (C and D). The determined sizes were 18.0 = 5.4 nm for Syn A and 43.6 + 4.6 nm for
Syn B respectively, which are in good agreement to the maximum of the DLS intensity
distribution. All particles could be regarded as monodisperse, although the larger particles
showed a tendency to an elliptical shape. In the images of higher resolution (B and D) no
small particles of the size of the low size peak of the intensity distributions of the

hydrodynamic diameter could be detected.

Also a high resolution image did not show any smaller particles which would match to the

low-size maximum of 1.6 nm, which was found in the intensity distribution of DLS (Figure
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3B). The same result was also found for the larger particle species of Syn B (Figure 3C).
Here, the lower sized particle fraction of the DLS measurement had a hydrodynamic diameter
of 5.6 nm. Hence, this particle size should have been detectable with TEM, but no particles
corresponding to this size were observed. Additionally, the larger particles of Syn B, clearly
showed a tendency towards an elliptical shape instead of spheres, leading to a rod-like shape

in three-dimensions.

Now, why does the rather reliable DLS measurement show a second particle species, which

could not be detected in TEM?

First, rod-like nanoparticles, having two geometrical axes, also show two maxima in a DLS
experiment, corresponding to the transversal and rotational translocation. Together with the
finding of more rod-like than spherical gold nanoparticles this might be an explanation. But
then, why did this phenomenon not appear in early literature, although citrate-reduced gold
nanoparticles were often characterized with DLS, before? Khlebtsov attributed this
phenomenon to a technical specification of the often used Zetasizer Nano ZS, a DLS
instrument which became popular during the last 5 years: Compared to other convenient DLS
devices or older Zetasizer models, the new Zetasizer Nano ZS does not apply a 90 °
rectangular scattering angle, but a 173 ° backward angle.”' A fact which makes the
instrument on one hand very sensitive for small nanoparticle sizes and on the other hand

larger particle aggregates are less detected with this set-up.”

But, in combination with the high scattering properties of gold, this technique was assumed to
be a drawback. The shorter geometrical axes and its rotational translocation of the not
perfectly spherical gold nanoparticles appeared in this measurement settings.”' Khlebtsov
further gives an approach to circumvent this effect and suggests using the also available 12.8 °

forward scatter instead.’!
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Figure 4 At the use of forward scatter at 12.8 ° instead of backward scatter 173 ° the
additional peak at low diameters disappeared. The maximum of the intensity distributions
were 40.4 nm in for the backward scatter and 38.0 nm in case of forward scatter. This
variation seemed to be a valuable alternative for the size characterization of AUNP using the

Zetasizer Nano ZS.

As shown in Figure 4 the lower size fraction disappeared and the particle distribution became
narrower, which was in agreement to the findings of Khlebtsov®'. The obtained hydrodynamic
diameters when determined at the maxima of the intensity distributions, were comparable
with 38.0 nm and 40.4 nm for the forward scattering instead of the backward angle. Hence,
this technical modification seemed to be a valuable improvement for the size characterization
of gold nanoparticles by DLS. But, further comparison measurements on LbL coated
nanoparticles relativized the applicability of the forward angle. Due to the coating protocol
with its repetitive centrifugation steps, a moderate amount of aggregated particles is
unavoidable and in those cases the particle diameters got overestimated by the use of the
12.8 © measurement settings. Hence, it was decided to still state the maximum of the intensity
distribution, determined at the 178 ° scattering angle to be the hydrodynamic diameter of the

synthesized gold nanoparticles and to neglect the additional peak at low size values.
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Calculation of the concentration of AUNP suspensions

The molar concentration of a compound is a standard unit for chemical reactions and has to be
known to get quantitative results of an experiment. But in case of nanoparticles this simple
parameter often is not available. An often applied approach is the determination of the
chemical composition of a colloidal sample by inductively coupled plasma optical emission
spectrometry (ICP-OES) or inductively coupled plasma mass spectrometry (ICP-MS). Both
methods are very sensitive, especially for the quantification of heavy metals, but the
techniques usually require the destruction of the sample and advanced instrumentation.

Hence, an alternative without the loss of the sample was desired.

Table 2 Calculated molar extinction coefficients for AUNP of different sizes.

Hydrodynamic Molar extinction
diameter (d) / nm In (d) coefficient (g)/ 1 mol™ cm™ In (¢)
25.00 3.22 1.54E+09 21.15
36.00 3.58 4.87E+09 2231
38.00 3.64 4.62E+09 22.25
47.00 3.85 1.16E+10 23.18
62.00 4.13 1.91E+10 23.67

In case of gold nanoparticles a special property of the material can be used to calculate the

27,32

concentrations of gold nanoparticle suspensions. Due to its surface plasmon effect, gold

nanoparticles show a brilliant red color. The absorption maximum usually lies between 520
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33-35 But, to calculate the concentration

and 550 nm and shifts to red with larger particle sizes.
of an unknown gold nanoparticle suspension using the rule of Lambert-Beer, the extinction

coefficient has to be known first.

Therefore, a combined calculation and experimental procedure was performed.”’ Several
concentration series of gold nanoparticle suspensions of different sizes were prepared and
their extinction coefficients calculated. These extinction coefficients were in the range of
1.5x 10° and 1.9x 10" 1 mol” cm'1, depending on the particle size (Table 2). Altogether,
those molar extinction coefficients were extraordinary high, compared to convenient organic
dyes. For example, Ponceau 4R (E 124) a red azo dye, and a food additive only has a molar

extinction coefficient of 1.27 x 10* 1 mol™ cm1.%

The obtained exponential correlation between particle size and extinction coefficient was
linearized by a double-logarithmic plot, resulting in an equation for the calculation of the

extinction coefficient at a known particle size (Figure 5).

2 Figure 5 Linear
regression of the

%‘ “ ® determined extinction
8 ° coefficient ~ and  the
E 1 hydrodynamic diameter.
g - ° The extinction coefficient
s obtained by this
i:' ot correlation could be used
y=2.8x+12.0 for the calculation of

2 | R :IO'QS | AuNP  concentrations

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 after Lamber-Beer’s law.
In (hydrodynamic diameter)

48



Synthesis and characterization of gold nanoparticles

This procedure was previously applied by Liu et al., where the actual particle size, determined
from TEM imaging was used instead of the hydrodynamic diameter.?’ But, here it was shown
that the hydrodynamic diameter, determined from the intensity distribution, also gives a good
linear correlation and the deviation to the linear regression parameters determined by Liu are
tolerable. Furthermore Liu et al. also reported that the same equation can also be used for gold
nanoparticles carrying a different capping ligand instead of citrate.”” In terms of a Layer-by-
Layer coating it was followed that the once determined size-dependent equation was also
suitable for polymer coated gold nanoparticles. Because of the repetitive washing steps of a
Layer-by-Layer protocol, the knowledge of the final particle concentration is of high

importance for the set-up of following experiments (see Chapter 4).
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Conclusion

A profound knowledge of the physico-chemical properties of colloids is the basis for further
studies on their size-dependent interaction with biological systems, such as cells or biological
matrices. Therefore, the techniques to characterize the size of gold nanoparticles were
evaluated carefully. The maximum of the intensity distribution obtained from dynamic light
scattering agreed well with the actual particle size determined by TEM. It was found that a
measurement artefact, which resulted from the elliptical shape and the high scattering capacity
of gold nanoparticles in combination with the backward scattering angle, can be neglected.
Upon synthesis of gold nanoparticles of different sizes an interesting trend was observed,
which was attributed to a change in the reaction mechanism of the citrate-reduction method.
Furthermore, a linear correlation between the hydrodynamic diameter and the extinction
coefficient was confirmed. Hence, the combined use of two standard laboratory instruments, a
dynamic light scattering device and a common UV-Vis photometer, allowed the fast and

convenient determination of the molar concentrations of gold nanoparticle suspensions.
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Abstract

The delivery of nucleic acids to mammalian cells requires a potent particulate carrier system.
The physico-chemical properties of the used particles, such as size and surface charge,
strongly influence the cellular uptake and thereby the extent of the subsequent biological
effect. However the knowledge of this process is still fragmentary because heterogeneous
particle collectives are applied. Therefore we present a strategy to synthesize carriers with a
highly specific appearance on the basis of gold nanoparticles (AuNPs) and the Layer-by-
Layer (LbL) technique. The LbL method is based on the alternate deposition of oppositely
charged (bio- )polymers, in our case poly(ethylenimine) (PEI) and nucleic acids. The size and
surface charge of those particles can be easily modified and accordingly systematic studies on

cellular uptake are accessible.
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Introduction

The introduction of nucleic acids into mammalian cells is a promising approach for the
treatment of genetic diseases. Those strategies need a potent carrier system, so called vector,
to transport nucleic acids (DNA or RNA). But, there are three major challenges a gene
delivery system has to overcome: First, the nucleic acids have to be protected against the
degradation by nucleases. Second, the cellular barriers, membranes and endosome, have to be

crossed. And finally, the carrier itself should be toxicological and immunological inert.'

A promising alternative to viral gene vectors are complexes of positively charged polymers or
lipids and negatively charged nucleic acids. A big disadvantage of those particle collectives is
that they are usually heterogeneous in size and surface charge, which are the main properties
influencing the cellular uptake. Consequently, systematic studies to investigate the
relationship between physicochemical particle properties and the endocytotic pathways into
the cells as well as the intracellular fate of the gene vectors are nearly impossible. That is why
we decided to engineer a novel gene carrier system with a highly specific appearance: The
size and the shape of the particles are defined by a solid core of gold nanoparticles (AuNPs).
The charge of the particles is affected by charged polymers which are deposited on the

particles surface in a highly ordered manner.

In this methodology chapter we would like to introduce you to a novel gene delivery strategy

on the basis of nanoparticles which are specific in size, shape and surface charge.
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Layer-by-Layer (LbL)

The basic principle of the Layer-by-Layer idea is the self-assembly, that means the
autonomous organization® of oppositely charged polyelectrolytes and was introduced by Gero
Decher and colleagues 20 years ago.* Since that time Layer-by-layer (LbL) assemblies have
entered various scientific fields, from materials science’ and physical chemistry® to
electrochemistry’ and biomedical engineering®. The fundamental concept is the electrostatic
interaction of positively and negatively charged polymers, namely polycations and
polyanions. The alternation of oppositely charged polymers results in a stable nanoscale film
coating on a flat or curved template.” The characteristics of those films can be tailored with
nanometer precision with each layer. The popularity of LbL approaches in biomedical
research is also due to the fact that biological components can be integrated into LbL systems
under physiological conditions only by electrostatic interactions that means under

conservation of the native structure.

In the field of drug delivery research there are two major approaches for LbL-based particles:
On one hand there are hollow microcapsules, constructed of a dissolvable core with a shell of
LbL-assembled polyelectrolytes. Here, the drug is encapsulated into the interior of the hollow
sphere before or after destruction of the core material. Those microcapsules are in the size

range of several micrometers in diameter.'®"'

They can be characterized by light microscopy
and imaging but their biological applications are limited, because only a few cell types are
able to process microparticles. On the other hand, there are core/shell particles, consisting of a
solid core, coated with a shell of multilayers. In this case, the active substance can be part of
the shell-multilayer.'? LbL assembled nanoparticles are much more relevant as drug carriers

because they can be applied into the bloodstream and uptaken by various cell types via

endocytosis.
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Gold nanoparticles (AuNPs)

Gold nanoparticles (AuNPs) are widely used metal nanoparticles for biological and
biomedical purposes. Due to the easy synthesis and outstanding physical properties of
colloidal gold, the applications reach from molecular imaging and diagnostics, to functional
bioconjugates, treatment of cancer, and up to drug delivery strategies.'>'* Of course, gold
atoms carry a high electron density which makes them suitable for the detection in
Transmission Electron Microscopy (TEM)."> Even more important is the phenomenon of the
surface plasmon resonance: Electromagnetic waves are absorbed and scattered effectively, if
the wavelength hits the resonance frequency of the electron clouds surrounding the gold
atoms. According to the Mie Theory, the plasmon resonance frequency is influenced by the
size and the shape of the particle and by the dielectric constant of the medium.'® Therefore,
suspensions of spherical gold nanoparticles show absorption of light in the region from 510 to
540 nm. The absorption spectra of colloidal gold can be tuned to the red and near-infrared
(NIR) spectra, the so called “water window”, where no absorption of biological materials
occurs. This is the basis for most imaging and diagnosis applications using AuNPs. Plasmon
resonance is also the physical background of the hyperthermia treatment of cancer, where

AuNPs emit absorbed light as heat energy.17

Chemical features are also important for the wide distribution of AuNPs. Gold surfaces can
easily be modified because of a high affinity to soft bases, such as thiol groups.'® Alkanethiols
form a stable self-assembled monolayer around the gold core. The mechanism of this
interaction is still under discussion, but probably relies on the interaction of thiolate ions and
oxidized Au® ions on the particle surface. In the case of alkanethiols with further reactive
head groups, e.g. carboxylic acids, the particle surface can easily be functionalized. This

opportunity opens the door for a large number of bioconjugation strategies.'’
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Layer-by-layer modified gold nanoparticles

The versatility of the LbL surface modifications is applied to AuNPs in our studies. Those
strategies have been published earlier™, but not in combination with nucleic acids in the shell

of LbL-AuNPs.

Figure 1 Core shell gold nanoparticles consist of a solid gold core and four layers. The first
layer is the stabilizing agent MUA which conserves a negative charge on the particle surface.
The positively charged layer of PEI is followed by the negatively charged nucleic acid. The

nucleic acids are protected by a last layer of PEI.

The core-shell AuNPs for nucleic acid delivery consist of four polymer layers deposited on a
gold core (Figure 1). Gold was chosen as the size template for several reasons: The physical
properties of gold allow the detection of the deposition of polymer layers by vis-spectroscopy.
The coating process can be monitored because of a red shift of the plasmon absorption band.

It is therefore also possible identify particle aggregation during polymer deposition triggered
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by the change of salt concentrations or purification conditions. Additionally gold
nanoparticles are visible by transmission TEM with a high contrast because of their large
electron density. TEM is therefore a useful tool to determine the amount and location of

particles which have been endocytosed by cells.

The first layer which is deposited on the gold surface is the stabilizing agent
mercaptoundecanoic acid (MUA). The thiol group binds fairly stable to the gold core and the
deprotonated carboxylic group introduces a negative charge on the particle surface.?’ This
step is important to avoid aggregation of the particles and to get a stable adherence of the
following polyelectrolyte layers. The basis for the nucleic acid delivery with our particles is
poly(ethylenimine) (PEI) which is known to be an effective transfection agent.”*>* PEI
consists of primary, secondary and tertiary amino groups which can be protonated and
therefore carry a positive charge. This is important for the deposition of negatively charged
nucleic acids and may also be responsible for the endosomal escape after cellular uptake?*.
Accordingly PEI forms the second layer of the LbL core/shell particles, followed by the layer
of negatively charged nucleic acids and a second layer of PEI as the outer shell. We could
show that the last layer of PEI is essential to get a biological effect, in our case a transfection
effect, with these particles and assume that it is necessary to avoid degradation of the nucleic

acids.”

In this methodology chapter we describe a strategy to get size and charge specific particles for
the cellular delivery of nucleic acids. It is noteworthy that this strategy is not a general
protocol which can easily be conferred to other polymers and nucleic acid sequences. The
coating of nanoparticles is challenging because of aggregation of small particles and coating

conditions have to be adjusted for each case.
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Materials

Synthesis of Gold Nanoparticles (AuNPs)

1. 100 ml three neck round bottom flask and elliptic stir bar, thoroughly rinsed with
aqua regia and distilled water (see Note 1).

2. Qil bath and condenser.

3. HAuCI;-solution (stock solution 1% wi/v).

4. Sodium citrate solution (stock solution 1% w/v).

Stabilization of AUNPs with MUA (AuNP_MUA)

1. Colloidal gold suspension.

2. MUA (stock solution: 20 mg/ml).

3. 1 mM sodium hydroxide solution, pH-Meter.

4. Snap cap vials, stir plate and stir bars.

5. 2ml Eppendorf tubes and centrifuge for purification.

6. Distilled water for resuspension of the nanoparticles.

Coating with PEI (AuNP_MUA_PEI)

1. Stabilized gold nanoparticles.

2. PEI (molecular weight: 25 kDa, stock solution: 10 mg/ml).
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3. Snap cap vials, stir plate and stir bars.
4. 2ml Eppendorf tubes and centrifuge for purification.

5. 1mM sodium chloride solution.

Coating with Nucleic Acids (AuNP_MUA_PEI_DNA/RNA)

1. Gold nanoparticles coated with PEIL.

2. DNA or RNA stock solution (100 uM).

3. Snap cap vials, stir plate and stir bars.

4. Eppendorf tubes and centrifuge for purification.

5. 1 mM sodium chloride solution.

Characterization by Dynamic Light Scattering, electrophoretic mobility and UV-Vis

spectrometry

1. Characterization of the particles by dynamic light scattering and electrophoretic
mobility (Zeta-Potential) was performed on a Zetasizer Nano ZS (Malvern
Instruments).

2. UV-Vis- Spectra were measured with a Uvikon 900 double beam photometer

(Kontron Instruments).

Characterization by TEM

1. Transmission electron micrographs were taken on a Philips CM 12 microscope
(FEL Eindhoven, Netherlands).

2. Carbon-coated copper grids, pretreated in a plasma beam.
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3. Image J-software for statistical analysis of TEM micrographs.
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Methods

Preparation of AuNPs

1. AuNPs are prepared according to the method published by Frens*®. The size of the
particles can be adjusted by variation of the HAuUCI, to sodium citrate ratio. The
preparation described here, resulted in particles of about 50 nm in diameter. 25 ml of
a 0.01% HAuCI, solution is prepared in a three neck round bottom flask with a
condenser. The solution is heated to 100 °C in an oil bath and stirred vigorously.
180ul of the sodium citrate solution (stock solution 1% w/v) is added to the reaction
mixture and heating is continued until the color changed from pale yellow to dark
red. This indicates the formation of AuNPs. The AuNPs obtained from this synthesis
are stabilized by a shell of citrate ions preventing aggregation of the particles. The
suspension can be stored over months if they are not purified by dialysis or

centrifugation.

Stabilization with MUA (AuNP_MUA)

1. The AuNPs are further stabilized by MUA. Gold surfaces show a stable affinity to
sulfur groups, such as thiols and disulfides. MUA consists of a thiol group and a
deprotonated carboxylic acid group. This conserves a stable negative charge on the

particle surface, which cannot be displaced like the citrate ligands (Figure 2).
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This negative charge is important for the stability of the particle suspension and
avoids aggregation and is the basis for the deposition of positively charged polymer

layers on the surface.

.
o)

Figure 2 Schematic figure of gold nanoparticle cores stabilized by MUA. The specific
interaction of thiol groups displaces the stabilizing cap of citrate ions. The negative charge of
the deprotonated carboxylic acid group conserves a negative charge on the particle surface
which is the basis for the further deposition of positive charged polymers and prevents

aggregation by electrostatic repulsion.

2. The pH of the nanoparticle suspension is adjusted to pH 11 with 1 mM NaOH.
MUA is added under stirring to give a final concentration of 0.1 mg/ml. Stirring is
continued over three days to give a stable surface modification. The particles are
purified by centrifugation to remove the excess of MUA, which interferes with the
charged polymers in the next layer deposition steps.
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1. MUA 0.1 mg/ml 1. PEI 1.0 mg/ml
2_ centrifugation {2x) 2. centrifugation {2x)

AuNP AuNP_MUA

1. PEI1 1.0 mg/ml

2. centrifugation {2x)

AuNP_MUA_PEI AuNP_MUA_PEI_DNA AuNP_MUA_PE|_DNA_PEI

Figure 3 Schematic illustration of the LbL-process. The stabilized gold nanoparticles are
alternatively covered with PEI and DNA to give the Lbl-assembled core-shell particles.
(Reprinted (adapted) with permission from Elbakry et al.®® Copyright 2009 American
Chemical Society).

Purification of AuNPs

1. The gold suspensions are purified after each modification to remove excess
reagents. The most convenient method is the purification by centrifugation. The
centrifugation conditions depend strongly on the particle size (see Note 2). An
Eppendorf centrifuge and 2 ml Eppendorf tubes are used (see Note 3).

2. For 50 nm particles the suspensions are centrifuged at 5000 g for 10 min at 4 °C.
The supernatant is removed and the pellet is washed with water, twice (see Note 4).
For the following layer-by-layer deposition the last resuspension is carried out in

1 mM sodium chloride.
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Coating with PEl: Deposition of the first and third layer (AuNP_MUA_PEI and

AuNP_MUA_PEI_DNA/RNA_PEI)

1. The stabilized particles are purified by centrifugation as described above and the last
resuspension is performed in 1 mM NacCl.

2. The PEI stock solution (10 mg/ml in 1 mM NacCl) is placed in a small snap cap vial
and stirred. The final concentration of PEI is 1mg/ml. The AuNP solution is added
dropwise and stirring is continued for 30 min at room temperature (Figure 3). The

suspension is purified afterwards as described above.

Coating with nucleic acids: Deposition of the second layer

(AuNP_MUA_PEI_DNA/RNA)

1. The coating of the nanoparticles with nucleic acids is performed according to the
coating with PEI. The nanoparticles are resuspended in 1 mM NaCl after
purification. Double stranded DNA or RNA is placed into a snap cap vial at a final
concentration of 1.5uM for DNA or 2.0uM for RNA respectively. The
nanoparticle suspension is added dropwise under stirring. After 30 min the particles
are purified and resuspended in 1mM NaCl for the deposition of the last layer of PEI

(see Notes 5-7).
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Characterization of core-shell AuNPs by Vis-spectroscopy, dynamic light

scattering and zeta potential

1.

4.

The deposition of each polymer should be followed by measuring three important
parameters: particle size, zeta potential and Vis-absorbance (see Note 8).

The particle size should increase with each polymer layer but the extent should not
be more than 10 nm per layer and the size distribution should be as narrow as
possible.

The zeta potential is a parameter for the surface charge of the particles. The
polymers have opposite charges, that means that the surface charge of the particles
should turn from negative (AuNP_MUA) to positive (AuNP_MUA _PEI) and so on.
A special characteristic of AuNP is the surface plasmon resonance, leading to a red
color of the particle suspensions. The absorbance peak of the plasmon resonance
depends on the particle size and the electrostatic environment of the particles,
among other parameters. The size increase during the LbL process and particle
aggregation can be followed by measuring the absorbance maximum of the
particles. The absorbance peak should show a slight red shift of about 2 nm per
polymer layer. A shift of more than 10 nm or a broadening of the absorbance spectra

is a sign for particle aggregation.
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Figure 4 a) The particle size increases with the deposition of the polymer layers. The size of
the particles was determined by dynamic light scattering of three independent coating
batches. The extent of size growth is less than 10 nm per layer. b) The zeta potential of the
core-shell assembled particles inverts its sign with the deposition of the oppositely charged
polymers. ¢) The plasmon resonance wavelength of the gold particles depends on the particle
size. That means that the absorbance maximum shows a shift of two nanometers per particle

layer.
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Characterization by TEM

1. Samples for TEM images are prepared by depositing the gold suspension onto
carbon-coated copper grids. The grids are treated in a plasma beam before use to
get a more hydrophilic surface. The grids are air dried before use.

2. The size distribution of gold suspension is analyzed by TEM images in addition to
the light scattering measurements to ensure a homogenous particle size
distribution.

3. TEM images can be analyzed using the free of charge available software Image J.

A detailed introduction into this software can be found in the internet.
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Notes

74

The glassware and stir bars for all preparation steps should be thoroughly cleaned.
Especially the flask and stir bar for the AuNPs synthesis should be rinsed with aqua
regia and afterwards with Millipore water. This avoids contaminations during the
reduction step and enhances the quality of the nanoparticles.

Centrifugation conditions have to be adjusted to the particle size to avoid
aggregation. Larger particles need slower and shorter centrifugation steps, smaller
particles need a higher speed and longer centrifugation times. The pellet of the
AuUNPs should have a red color and move loosely in the vessel. A dark, small spot
on the wall of the cup, which cannot be resuspended easily, means that the
centrifugation conditions have been too hard and the particles aggregated.
Centrifugation is performed in an Eppendorf centrifuge with 2 ml Eppendorf cups
filled only with 1 ml of the particle suspension. The use of larger centrifugation
vessels might lead to particle aggregation.

The supernatant should be centrifuged as well to achieve a better recovery rate.
Coating conditions, especially the salt concentrations and incubation times, have to
be adjusted carefully to the used polymers and nucleic acid sequences and particle
sizes. The protocol described here is not a general protocol which may not work for
all kinds of nucleic acids and particle sizes. Before starting an experiment a
concentration series with different salt concentrations (for example between 1 mM

and 10 mM NaCl) and different polymer concentrations (for example between
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0.5 mg/ml and 5 mg/ml polymer) should be performed to establish the ideal coating
conditions.

. The nanoparticles need special storing conditions. In general purified particles
should not be stored. The AuNPs_MUA are stable over weeks at room temperature
(The excess of MUA may precipitate at lower temperatures). The particles covered
with PEI are stable for weeks as well, as long as the excess of the polymer is still
present. Storing the particles with the nucleic acids as the outer layer should be
avoided, because nucleic acids are sensitive to nucleases. So either Therefore
particles should be stored with the first or the last layer of PEI on the particle
surface.

. The coating steps per polymer layers needed at least 30 min, but the time can be
extended largely.

It is recommended to follow each deposition step by measuring the size, zeta
potential and Vis absorbance of the particles. The increase of the particle size should
be less than 10 nm per polymer layer and the shift of the absorbance maximum
should be one or two nanometers per layer. If the particle suspension turns to a

purple or violet color the particles are aggregated.
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This chapter contains experimental results obtained from collaborations with other

institutes of the University of Regensburg.

Cooperation with Dr. Rudolf Robelek and Dr. Stefanie Michaelis, Institute of Analytical

Chemistry and Biosensors, University of Regensburg:

SPR-measurements (Figure 1 and S1).

Cooperation with Daniel Wastl and Prof. Dr. Franz. J. Giessibl, Institute of Experimental

and Applied Physics, University of Regensburg:

AFM images (Figure 2 and 52-54) and root mean square roughness values (Table 2).
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Abstract

The layer-by-layer coating of nanoparticles with a layer number in the single-digit range
gained increasing attention in nanomedicinal research. But the impact of using various
polyelectrolytes on the oligolayer formation and what is even more important, the influence
on the interaction with the biological system has often not been considered in the past. Hence,
we investigated the polyelectrolyte deposition profiles and the resulting surface topographies
of up to three polyelectrolyte layers on a flat gold sensor surface using three different
polycations, namely poly(ethylene imine) (PEI), poly(allylamine hydrochloride) (PAH) and
poly(diallylammonium chloride) (PD) each in combination with poly(styrene sulfonate)
(PSS). Surface plasmon resonance spectroscopy and atomic force microscopy revealed that
particularly the PEI/PSS pair showed a so-called overshoot phenomenon, which is associated
with partial polyelectrolyte desorption from the surface. This is also reflected by a significant
increase of the surface roughness. Then, after having transferred the oligolayer assembly on
nanoparticles of about 32 nm, we realized that quite similar surface topographies must have
been emerged on a curved gold surface. A major finding was that the extent of surface
roughness significantly contributes to the fashion by which the oligolayer-coated
nanoparticles interact with serum proteins and associate with cells. For example for the
PEI/PSS system, both the surface roughness and the protein adsorption increased by a factor
of about 12 from the second to the third coating layer and at the same time the cell association

massively decreased to only one third. Our study shows that the surface roughness is besides
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other particle properties such as size, shape, zeta potential and hydrophobicity another
decisive factor for nanoparticles in a biological context, which has been indeed discussed in

the past but not been investigated for oligolayers so far.
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Introduction

The layer-by-layer (LbL) assembly is a powerful tool for the functional modification of
surfaces and gained great interest for various biomedical applications.'™ It is based on the
alternating deposition of oppositely charged polyelectrolytes or other multivalent species on
solid surfaces. Initially, the LbL technique solely focused on the formation of films on
macroscopic flat surfaces and involved an extensive series of deposition cycles leading to
polyelectrolyte multilayers with up to 30 bi-layers or even more.*> Because the
polyelectrolyte deposition on flat surfaces is highly efficient and rapid, the formation of very
complex and rather thick multilayers with completely new structural and dynamic features

- o1 4S
was easily possible.™

In contrast, on curved surfaces of the sub-100-nm range, the generation of multilayer films
was recognized as a tremendous challenge due to several time-consuming washing steps and
the probability of producing particle aggregates.6’7 Therefore, it is not astonishing that a
reduction of the layer number to the lower single-digit range was performed as soon as LbL-
coated nanoparticles were identified as a favorable tool for the delivery of macromolecular
drugs such as nucleic acids.*'? As an example we were the first to report a delivery system for
nucleic acids with only two or three polyelectrolyte layers assembled on gold
nanoparticles.*'® Similarly, Tan et al. developed hydroxyapatite nanoparticles coated with

poly(l-arginine), dextran and small interfering RNA.'* In addition to facilitating particle up-
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scaling, which would be a requirement for a possible clinical application,'* the limitation to
the fabrication of so-called oligolayers has also another important reason: Endocytosis by
living cells requires a narrow particle size window with a size optimum of less than about 80
nm."*!"> Because each bi-layer adds a substantial size increment to the hydrodynamic diameter
of the nanoparticles, especially if nucleic acid with a large persistence length are applied,® a

coating process with as few as possible layers is envisioned.

Despite the growing amount of publications in the field of oligolayer-coated nanoparticles for
drug delivery, the influence of different polyelectrolytes on the formation of the oligolayers
and what is even more important, the impact on the interaction with the biological system has
not been evaluated in a comparative study so far. Therefore, we investigated the oligolayer
deposition profiles of three different polycation-coating series in detail. For this purpose, we
compared the oligolayer formation on a flat surface because it is more accessible to generally
applied LbL characterization methods such as surface plasmon resonance (SPR) spectroscopy
or atomic force microscopy (AFM). Then, we transferred the oligolayer assembly on
nanoparticles of about 32 nm. Here, we focused on the resulting surface topography with
respect to protein adsorption and cell association. The surface roughness is a decisive factor
for nanoparticles in a biological context that has been indeed discussed,'®'” but not
investigated for oligolayers in detail so far. Obtaining a more detailed insight on the formation
and interaction of such oligolayers with the biological system will help to evaluate the

potential of future LbL-based therapeutic nanomedicinal delivery applications.
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Experimental Section

Materials

If not otherwise stated all chemicals were purchased from Sigma-Aldrich Chemical Company
(Taufkirchen, Germany). The polyelectrolytes had the following molecular weights:
Poly(allylamine hydrochloride) 17,000 g/mol, branched poly(ethylenimine) 25,000 g/mol,
poly(diallyldimethylammonium chloride) less than 100,000 g/mol, poly(styrene sulfonate
sodium salt) 15,000 g/mol (Polymer Standard Service, Mainz, Germany). Ultrapure water was

obtained using a Milli-Q-System (Merck Chemicals, Schwalbach, Germany).

Surface Plasmon Resonance (SPR) Spectroscopy

High refractive index glass slides covered with a 5 nm chromium bottom and a 45 nm thick
top gold layer were used as substrates for the surface plasmon excitation. Sensor slides were
rinsed with 70% ethanol, air dried, and plasma treated for 2 min inside an Ar plasma
generator (Harrick Plasma; NY; USA). The cleaned and activated sensor slides were then
immersed in 1 mg/ml 11-mercatoundecanoic acid (MUA) for three days and then dried in a
nitrogen stream. The SPR measurements were performed with a Biosuplar 400T SPR system

(MiviTec GmbH, Sinzing, Germany) at 37°C. To this end, the SPR substrates were mounted
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to the prism coupler of the system by using an immersion oil (n = 1.61; Cargille Labs, Cedar
Grove NJ, USA). A homemade flow cell consisting of a 1 mm PDMS spacer and an
appropriate flow cell cover with inset in- and outlets coupled to a syringe pump (TSE
Systems, Bad Homburg, Germany) was used. A constant flow rate of 100 pL/min was
applied. The completed sensor architecture was equilibrated with ultrapure water. After
obtaining stable base line signals the MUA layer on the senor surface was activated by 0.01 M
NaOH followed by a rinsing step. 400 uL of each polyelectrolyte were successively added to
the system, always followed by a water rinsing step until a stable SPR signal was achieved.

The polymer concentrations were 1 mg/ml.

The SPR system was run in the angle or kinetic measurement mode. For the angle
measurement mode a full angular scan (0=58° - 68°) was performed after each
polyelectrolyte incubation step. In kinetic measurement mode changes in reflectivity (A
reflectivity) were recorded over time at a constant SPR observation angle. The used
observation angle was extracted from the first complete angle scan curve recorded of the SPR
sensor after its activation. In both measurement modes data was recorded using the
manufacturer’s software and exported to the software Origin6 (OriginLab, Northampton MA,
USA) for further analysis. Data evaluation of the SPR angle scan curves for the calculation of
the layer thicknesses was performed by a Maxwell equation mechanism using the free
software tool “Winspall”. Further theoretical details and the used optical parameters can be

found in the Supplemental Information.
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Quartz Cantilever Atomic Force Microscopy (AFM)

The AFM experiments were performed on a homebuilt qPlus ambient FM-AFM system
operated by a Nanonis Control System with an OC4 PLL (SPECS GmbH, Berlin, Germany)
1820 Custom designed gPlus sensors were used that were manufactured similarly to quartz

2122 The sensors had a characteristic resonance frequency of fy = 32768 Hz and a

tuning-forks.
stiffness &= 1280 N/m. The qPlus Sensors were equipped with silicon tips made by
splintering bulk crystals. Sensor parameters were as follows: fy= 29734 Hz, Q,i:= 2364, bulk
silicon tip. This tip is extremely thin and lasts only for a limited number of measurements.
Because every change of the tip affects the comparability, all images were measured with the
same tip instead of measuring more than one sample per preparation condition. However, to
be sure that we would not measure any outlier, the layer built-up of the AFM samples was
performed in the SPR measuring cell. Hence, the SPR graphs were an optimal quality
criterion for the layer assembly. The surface roughness was quantified by extracting the

roughness root-mean-square (Rq) with WSxM v4.0 Beta 7.0 software (Nanotec Electronica

S.L., Tres Cantos, Spain).23

Particle synthesis, LbL modification and characterization

The particle synthesis and coating protocol was already published in detail.** In brief, 30 nm
gold nanoparticles (AuNP) were synthesized by citrate-reduction as follows: 2 ml of 1% (w/v)
aqueous sodium citrate trihydrate (Merck KgGa, Darmstadt, Germany) solution were added to
a boiling solution of 0.1% (w/v) gold(IIl) chloride under vigorous stirring. The conditions
were kept for 10 min until the red color of the colloidal gold appeared. The citrate ligands

were subsequently exchanged with MUA by adjusting the pH to 11 with 1 M NaOH and
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adding 0.1 mg/ml MUA in ethanol. The particle suspension was stirred at ambient
temperature for three days to achieve a stable thiol bond to the gold surface. For the LbL
modification particles were purified by several centrifugation steps. The purification protocol
was adjusted from Balasubramanian.”> The suspensions were centrifuged at 6000 g, 10 min,
4 °C and the pellets were resuspended in water. The centrifugation speed was reduced by
500 g with each polymer layer. The LbL coating procedure was as follows: The purified
AuNP were added dropwise to a stirring solution of the polyelectrolyte to give a final
concentration of 1 mg/ml of the polyelectrolyte and stirred for an additional 30 min.
Afterwards the particles were purified again by centrifugation as described above and
immediately coated with the next polyelectrolyte. The nanoparticles were characterized by
their hydrodynamic diameter and zeta potentials using a Zetasizer Nano ZS (Malvern
Instruments, Herrenberg, Germany). For size measurements 173° backward scattering in
general purpose mode was applied and the maximum peak of the intensity distribution is
always stated. The zeta potential measurements were processed in the monomodal mode. For
light scattering and zeta potential measurements the pH was neutral and the ionic strength
were comparably low because no ions were added to the samples. Vis spectrometry
(UVIKON 941, Kontron, now Goebel Instrumentelle Analytik, Au/Hallertau, Germany) was
used to determine the surface plasmon peak of the colloidal gold in order to calculate the

AuNP particle concentration.*®

Gel electrophoresis

Equal amounts of purified LbL coated gold nanoparticles were incubated with Leibovitz
Medium containing 10% FCS at 37 °C for 1 h. The particles and unadsorbed serum proteins
were separated by centrifugation (5 °C, 15000 g, 60 min). Thereafter, the pellet was washed
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three times in ice-cold millipore water (5°C, 9500 g, 30 min). The purified samples were
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a
15% poly(acrylamide gel). SDS in the sample buffer removed the protein corona from the
particles.”’ The electrophoresis was run at 120 Volt for 45 min using a Pharmacia EPS 600 gel
electrophoresis device (Bio-Rad Laboratories, Munich, Germany) and subsequently stained
with Coomassie Blue. The protein molecular weight standard was an unstained protein marker
with a molecular weight range from 14.4 kDa to 116.0 kDa (#26610, Thermo Fisher
Scientific, Schwerte, Germany). The gels were imaged using a BioRad Imaging System
(ChemiDoc XRS+, BioRad, Miinchen, Germany) and evaluated with Lab Image Software
(BioRad, Miinchen, Germany). The band intensities were calculated by using the BSA band
(66.2 kDa) and the molecular weight marker as references. Protein bands were detected by the

default band detection tool with high resolution settings.

Cell culture and cellular association

HeLa cells (ATCC No. CCL-2) were cultivated in 75 cm? culture flasks at 37 °C in a 5% CO2
humidified environment in Eagle Minimum Essential Medium with 10% serum pyruvate
(110 mg/l) (EMEM+). Cellular association of nanoparticles was measured by a photometric
assay based on the absorption of gold nanoparticles in Leibovitz medium (Invitrogen, Life
Technologies, Darmstadt, Germany, with 10% serum, without phenol red). The method was
first published by Cho et al. and calculates the amount of cell-associated particles by the

28,29

reduced absorption of gold nanoparticles after incubation with cells”*" as follows:

In brief, the absorption (Abs) of the cell culture medium containing AuNP before (0) and after
(t) the incubation time for a cell containing sample and a control without cells, respectively,

was measured at 506 nm. Thereafter, we calculated the loss of nanoparticles due to unspecific
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adsorption (L0SScontror) @and due to the cell association (LoSSwcels), respectively, by using

equation (1).

Abs;
* 100) 1)

Loss% = 100 — (Abs
0

The difference of the two samples gave the percentage of cell-associated particles (2).
Cell association% = Loss%y ceis — LOSS%controt 2

Using this percentage together with the added molar concentration of gold nanoparticles (co)
and the Avogadro constant (NA), the absolute number of associated particles (Nassoc) per liter

was calculated (3).
Nyssoc = (co * Cell association%) * N, (3)

Subsequently, the number of associated particles in the incubation volume was calculated. In
addition, the cell number was determined by counting in a Neubauer Chamber. Finally, the
number of associated particles in the incubation volume was divided by the number of cells,

which resulted in the number of associated particles per cell (AuNP/cell).

In our case, an internal standard of 20 pM coated AuNP was added to all photometric samples
to increase the absorption values over the detection limit. This internal standard was incubated
with cell culture medium containing 10% serum 1 h prior to the absorption measurement to
ensure the formation of a protein corona around the particles and comparable absorption
spectra. As a control for unspecific adsorption of gold nanoparticles to the cell culture
material the incubation was performed without cells and subtracted from the cell containing
samples. For practical reasons cell association studies of concentrations of 2.5 pM and higher
could only performed in duplicates. The photometric samples were analyzed using a double-
beam photometer at 506 nm (UVIKON 941, Kontron, now Goebel Instrumentelle Analytik,

Au/Hallertau, Germany).
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Statistics

All experiments were performed in replicates of two to four and results are given with
standard deviation. In case of SPR, AFM and SDS-PAGE a representative example is shown.
One-way ANOVA followed by a Student-Newman-Keuls (SNK) test was performed using

SigmaPlot 12.0 (Systat Software Inc. San José, USA) to test statistical significance.
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Results and Discussion

In this study, the deposition of three different polycations in combination with poly(styrene
sulfonate) (PSS) as polyanion on a gold surface (either flat or curved) was investigated. In a
first step, the gold surface was functionalized using 11-mercaptoundecanoic acid (MUA) to
yield a permanent negative surface charge for further deposition of the oppositely charged
polyelectrolytes. Then, the formation of the oligolayer started with a polycation, followed by
the polyanion PSS and a terminal polycation layer. Poly(ethylene imine) (PEI),
poly(allylamine hydrochloride) (PAH) and poly(diallylammonium chloride) (PD) were
chosen as polycations to finally give three different coating series. These polycations
primarily differ in their architecture, the functional amino groups, pKa values and the

molecular weight (MW) (Table 1).

PEI is a highly charged branched polymer, carrying primary, secondary and tertiary amines
and is known to be a suitable transfection agent for nucleic acids.'**> PAH is a linear
polyelectrolyte with primary amino groups only. In contrast, PD consists of quaternary
amines and is, therefore, completely charged, independent of the pH of the surrounding
medium. The polyanion PSS with a molecular weight of 15 kDa was chosen as a surrogate for
any negatively charged macromolecule and can be easily replaced by therapeutic nucleic

acids to design a drug delivery system.*'>"?
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Table 1. Overview of the polyelectrolytes for the formation of the oligolayers on a gold

surface
PEI PAH PD PSS
ek
structure H H " " ‘EH'}[] [
NHz rNH NH2 N /]
NH)Z a O>§/=O
o
architecture branched linear linear linear
amines 1°,2°, 3° 1° 4° -
pKa 8.5% 9.7°! - 1%
MW (kDa) 25 15 <100 15

The oligolayer formation on a flat gold surface was monitored by SPR spectroscopy. To this
end, the kinetic profiles were recorded by measuring the change in reflectivity (A reflectivity)
over time (Figure 1A-C). In the case of the PAH- and PD-series, each polymer deposition
yielded a plateau in the A reflectivity curves (Figure 1B, C). Finally, after the oligolayer was
completed, a “stair-like” deposition profile was observed. The corresponding layer
thicknesses, which were calculated by a Maxwell equation fit, increased with each polymer
layer and the final thickness after three polymer layers was about 4.7 nm for the PAH-series
and about 3.6 nm for the PD-series, respectively (Figure 1E, F). Altogether these SPR
profiles fit to regular polyelectrolyte multilayer assemblies, where an increase in the thickness
of each layer is characteristic.”*>’ In addition, the calculated layer thickness of the PAH-series

is in very good agreement with literature®*~’

and hence corroborates the applicability of SPR
measurements. In contrast, the PEI-series did only follow this regular deposition until the

second layer. Upon the deposition of the third layer, a sharp peak appeared which was
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followed by a rapid decrease in A reflectivity (Figure 1A). This was also reflected by the
thickness, which was about 10 nm after two layers, but collapsed to about 1.6 nm for the tri-
layered PEI/PSS/PEI system (Figure 1D). For data fitting to obtain the layer thickness it was
assumed that the layers do not merge. It should be noted that the value of the tri-layered
PEI/PSS/PEI-system is consequently afflicted with some uncertainty. Such a characteristic
deposition curve, which deviates from the stair-like shape, was already published by the group
of Cohen Stuart for a salt-dependent LbL system of poly(acrylic acid) and
poly(dimethylaminoethyl methacrylate)*® and was even earlier theoretically investigated by
the group of Filippova*'. In more detail, Cohen Stuart described a stepwise process, which
involved the deposition of the polycation, followed by its mixing with the layer beneath, then
a formation of polyelectrolyte complexes and finally a polyelectrolyte erosion from the

surface.*’

42,43 .
** and it has not been

These so called overshoots are still under scientific discussion,
clarified if only a layer collapse or also a layer detachment is involved. To the best of our
knowledge the effect was only discussed for the polyelectrolyte pair mentioned above. Here,
we show that the presented PEI/PSS pair might be another example for this phenomenon,
especially because it was not possible to avoid the decrease of A reflectivity by variation of
the used PEI concentration (data not shown). The type of the polyanion strongly seemed to
play an important role because an exchange of the strong polyelectrolyte PSS (pKa 1)*? by the

weak polyelectrolyte poly(acrylic acid) (PAA) (pKa 4.5)* did not result in such an overshoot

phenomenon (Supporting Information, Figure S1).
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Figure 1 Deposition profiles of the different polyelectrolyte pairs measured by SPR

spectroscopy on a gold sensor surface. An arrow indicates the addition of each polymer to the

flow cell. The moderate decrease of A reflectivity after each polymer deposition is due to a

water rinsing step. A) In the case of the PEI-series, the first and second layer adsorbed

stepwise, but the third layer was not successfully adsorbed. A decrease in 4 reflectivity and a

collapse of the oligolayer occurred. B) and C) PAH- and PD-series showed a characteristic

stair-like increase of A reflectivity as well as an increase in layer thickness with each polymer

layer. D-F) The corresponding calculated layer thicknesses for the three coating series. Note

the different scaling of the y-axis.
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We speculated that the overshoot of the PEIl-series would most likely result in a very
heterogeneous surface structure. To this end, cantilever AFM' was used to visualize the
surface of the previously coated SPR substrates and to evaluate the effect of the irregular
polyelectrolyte deposition in case of the PEI-series. The MUA functionalized gold substrate
was observed as control (Figure 2A). This surface showed diagonal rills and irregular heights
and consequently proved to be a valuable indication of a successful surface coverage for the
subsequent polyelectrolyte deposition. Similarly to the SPR measurements, the AFM images
revealed differences between the PEI-series on the one hand and the PAH- and the PD-series
on the other hand, but additionally, differences in the polymer characteristics were also
retrieved. The PAH- and the PD-series indicated a regular layer build-up with an increasing
polymer adsorption with increasing number of layers. Because the characteristic diagonal rills
of the gold substrate were still visible through the polymer coating of the bi-layered
PAH/PSS, it was concluded that these two polymer layers were not sufficient to completely
cover the gold substrate (Figure 2C). Moreover, at this coating stage the sample was
sprinkled with structures, which were attributed to polymer aggregates. But, those structures
were leveled out upon the addition of the third polymer layer; the rills were no longer visible,
and the PAH/PSS/PAH surface was quite smooth (Figure 2F). Hence, in the case of the PAH-
series, at least three polymer layers were necessary for a complete coverage of the gold
substrate. In the case of the PD-series, the diagonal rills of the gold substrate were completely
covered at each coating step. The images are characterized by the occurrence of regular
protrusions. Because the AFM technique has the potential to resolve down to the atomic scale,
we attributed these protrusions to loops and coils of the PD polymer chain (for high resolution
images of the regular protrusions please refer to Supporting Information, Figure S2 and S3).
These characteristic nanostructures were already reported for higher layer numbers on silica
substrates.”> The high molecular weight and the fact that PD is completely charged leads to a

strong electrostatic repulsion of the polymer segments and to a coiled surface conformation
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Figure 2 AFM images of coated gold surfaces. A) Control gold surface modified with MUA.
B) PEI/PSS C) PAH/PSS D) PD/PSS E) PEI/PSS/PEI F) PAH/PSS/PAH G) PD/PSS/PSS.
PD-surfaces (D/G) completely covered the gold substrate, whereas the bi-layered PAH/PSS
(C) and the tri-layered PEI/PSS/PEI (E) surface only partially covered the template.
Additional high-resolution AFM images can be found in the Supporting Information Figure S
2 and S 3. In addition, to demonstrate reproducibility more images of the PEI-series can be
found in the Supporting Information (Figure S 4). Scan parameters: frequency shift Af = +10

- +12 Hz, oscillation amplitude A = 300 pm.

(Figure 2D, G).*** As the bi-layered sample already showed this characteristic
nanostructure, it can be assumed that even a single layer of PD is most likely sufficient to
completely cover the surface features of the gold substrate. The most interesting behavior was

found for the samples of the PEI-series. The bi-layered PEI/PSS surface was quite smooth,
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besides a few aggregates, and in addition, the structures of the gold substrate were covered to
a large part. But, the tri-layered PEI/PSS/PEI surface again showed the characteristic rill
structure of the substrate in the presence of sharp surface features of around 15 nm in height
(Figure 2E). Comparing the PEI/PSS/PEI sample with the bi-layered PEI/PSS surface
(Figure 2B), it is obvious that these characteristic structures must have appeared upon the
addition of the third layer by partial desorption of previously adsorbed polymer. It should be
noted that both SPR measurements and AFM images cannot be compared by the same scale
of height because SPR averages data over an area of 1 um? in contrast AFM measures space-
resolved thereby identifying single interesting surface structures. Nevertheless, the AFM
images agreed well with the SPR measurements, and supported the hypothesis of a possible
overshoot phenomenon with the formation of polyelectrolyte complexes and partial

desorption of the polyelectrolytes.

To substantiate these distinct differences in the surface topology within one coating series and
also between the polycations, the root-mean-square roughness (Rq) of each sample was
determined (Table 2). The surface roughness of the PD-series did only slightly increase
during the coating procedure. Because the surface topography was regular on each layer, the
Rq did not show any huge differences. The bi-layered PAH/PSS surface exhibited some
yellow spots on its surface indicating specific surface heights, while the tri-layered
PAH/PSS/PAH surface showed a homogenous red coloring, which was supported by a
marginal decrease of Rq from about 17 nm to 15 nm. In contrast, this trend was reversed in
the PEI-series, here Rq increased from about 8 nm in case of the bi-layered to about 95 nm for
the tri-layered, roughest surface. To our knowledge this is the first report of these structural

surface features for three polycations in comparison at such a low layer number.
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Table 2. The root-mean-square roughness (Rq) (nm) extracted from the AFM images.

PEI-series PAH-series PD-series
2" layer 8.08 17.31 21.58
3" Jayer 94.84 14.76 29.12

Because the Rq values were averaged over a region of 1x1 um of one representative sample,

no error estimation is available.

To evaluate if these interesting surface topographies had an impact on the functionality in the
biological context, we substituted the macroscopic planar gold surface by gold nanoparticles
of high surface curvature. This step was necessary to achieve a size order suitable for cell
association. To this end, gold nanoparticles of about 32 nm were chosen as substrate because

13,15 .
> To monitor the

this size is close to the optimum for cellular uptake of nanoparticles.
successful coating of the nanoparticles with oppositely charged polyelectrolytes we made use
of two standard techniques for nanoparticle characterization, which are the hydrodynamic
diameter and the zeta potential (Figure 3). During the coating process with MUA and the
polyelectrolytes, the sign of the zeta potential converted with every polymer layer, indicating
a successful deposition of oppositely charged polyelectrolytes (Figure 3A). The
hydrodynamic diameter increased stepwise with each layer for the PAH- and PD- series
comparable to SPR measurements (Figure 3B). This size increase of 11 nm and less per layer
was due to polymer adsorption and not to particle aggregation. Aggregation would have led to
larger particle multiplicates and, therefore, to a much greater shift in the particle size
distribution.®” A peculiarity was found for particles of the PEI-series: A size decrease of

about 5 nm instead of further particle growth upon addition of the third polymer layer was

observed. Of course, the layer thicknesses that were calculated from the SPR measurements
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on a flat surface can only be qualitatively compared to the hydrodynamic diameter of a
colloid. But we postulate that both the size decrease of PEI-coated gold nanoparticles and the

decrease of A reflectivity in SPR were induced by an overshoot phenomenon.
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Figure 3. During the oligolayer formation the gold nanoparticles were characterized by their
(A) zeta potential and (B) hydrodynamic diameter. The coating was performed from a single
batch of synthesized and MUA-modified gold nanoparticles and was performed at least in

triplicates.

Despite these differences during the assembly process, the nanoparticles were of similar size

and zeta potential. Consequently, they were a favorable and well-defined tool to elucidate the
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influence of the surface appearance and texture on the interaction with the biological
system.*® When nanoparticles enter the biological environment they will be decorated with
serum proteins on the surface. Because it is known that the resulting protein corona is more
decisive for the nanoparticle fate in the biological context than the physicochemical properties
itself,” the protein corona after incubation with serum containing cell culture medium was
analyzed by SDS-PAGE in a first step. Although this technique only detects the most-
abundant proteins, huge differences concerning the total amount of proteins on the
nanoparticles” surface were resolved (Figure 4A). The corresponding relative intensities of
the SDS-PAGE protein lanes are illustrated in Figure 4B. They demonstrate that the total
protein adsorption served as a good prove that oligolayer-coated nanoparticles of comparable
colloidal properties interact differently with serum proteins. Thus, the coating-series followed
different trends from one to the next coating level: Within the PEI-series, the protein amount
increased by a factor of about 5 from the first to the second coating level, in order show an
additional considerable 12-fold increase to the last layer. The protein amount on the PAH-
series first increased to the second coating level and then decreased on the third layer to be
only half the amount compared to layer two. In the PD-series the protein adsorption first
slightly increased and then remained nearly constant to the next coating level. Surprisingly,
although one could assume an identical surface coverage with negatively charged PSS at the

second coating level, the intensities as well as the pattern of adsorbed proteins were different.

Because most serum proteins carry a net negative charge at physiological pH,* one would
intuitively expect a higher amount of protein adsorption on the positively charged particles,
1.e. particles with either one or three polymer layers. But as an example, in the PAH-series,
the bi-layered negatively charged particles (PAH/PSS) showed the highest protein adsorption
values. Consequently, differences among nanoparticles cannot be explained by electrostatics

alone, and other factors seem to be important in shaping the protein corona.
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Figure 4. A) Analysis of the protein corona of LbL-coated gold nanoparticles using SDS-
PAGE. The protein molecular weight marker is indicated with M. The highest protein
adsorption was found for the tri-layered particles of the PEI-series (*). This sample had to be
diluted by a factor of 12.5 compared to the other samples to get a clear protein separation
pattern. B) Comparison of the relative intensities determined from SDS-PAGE analysis.
Standard deviations are missing because values were extracted from one (out of two)

representative gel run.

We searched for another critical particle property, and various possibilities are conceivable.
The chemical identity (i.e. architecture, functional amino groups and molecular weight) of
polyelectrolytes might definitively play a role, but it cannot be solely responsible because on
the first coating level of each polycation, the total protein adsorption as well as the pattern of

the protein bands were similar. The hydrophobicity of the surface is another aspect that is
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associated with protein adsorption*’’ And indeed, the hydrophobicity is highest for the tri-
layered PEI surface and decreases in the order PEI > PAH > PD (contact angle of about 81°,
74° and 59°, respectively, see Supporting Information Figure S5). But similarly, the
hydrophobicity cannot be the only reason because the PAH/PSS/PAH and PD/PSS/PD
surfaces show despite significant differences of the contact angle nearly a similar degree of
protein adsorption. Thus, we speculated that the different layer deposition mechanisms and
resulting surface topographies that were observed for their two-dimensional counterparts also
had a tremendous impact on the deposition of serum proteins. Although comparing the results
of a two-dimensional macroscopic substrate with a three-dimensional colloidal system is
critical, a similar trend of the protein adsorption and the root-mean-square surface roughness
(Rq) was found (Table 3). For example the tri-layered sample of the PEI-series showed a very
high surface roughness (Rq = 94.84 nm) and a topography with sharp surface features.
Exactly these nanoparticles also led to a massive protein adsorption. Both the roughness and
protein adsorption increased by a factor of about 12 from the second to the third layer
(Table 3). Here, one could even assume a synergistic effect of the electrostatic affinity of the
polymer, its more hydrophobic surface and the presence of more binding sites due to the
higher surface roughness. In the case of the PD-series, both the bi-layered and tri-layered
surfaces, showed a comparable smooth topography in the AFM images and comparable Rq
values as well. At the same time, the protein adsorption was always in the same low range
(Table 3). The low surface contact area, due to the absence of high surface features, most
likely hindered the adsorption of serum proteins. In case of samples belonging to the PAH-
series, the surface roughness decreased from the second to the third layer. This decrease was
also accompanied by a reduction in the amount of adsorbed proteins. Although there is no
consensus about the precise effect of the surface roughness on protein adsorption,'® a number
of reports confirmed the higher number of binding sites available on rough surfaces to induce

protein adsorption.'®'2
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Table 3 Correlating the relative protein adsorption data with root mean-square-surface

roughness (Rq) (nm) of the bi- and tri-layered samples

PEl-series PAH-series PD-series
protein Rq protein Rq protein Rq
2" layer 1.42 8.08 1.62 17.31 0.84 21.58
3" Jayer 16.50 94.84 0.89 14.76 0.86 29.12
E}Ztei::ease 11.62 1174|055 0.85 1.02 1.35

In a drug delivery scenario, the adsorbed protein corona mediates the cellular association and
later the uptake into cells.*® Because we demonstrated that the protein adsorption is a very
sensitive marker for the surface properties of a colloid, the next step was to investigate if these
differences were also reflected in the cell association. In general, the association of LbL-
coated gold nanoparticles to cells HelLa cells, which are a commonly used model for
nanoparticle cell interactions, increased at the applied concentrations without reaching a

saturation level (Figure SA-C).

Interestingly, even at the stage of a single polymer layer the cell association was different for
each polyelectrolyte. Due to a similar amount of protein adsorption, this difference can be
most likely referred to polymer specific effects. The quaternary amines of PD seem to be in
general less effective compared to the other amino groups as present in PEI and PAH.
Therefore it is also not surprising that polycations, especially if they contain lower order

amino groups, are known to be effective transfection agents.>
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Figure 5. Cellular association of LbL-coated gold nanoparticles of the (A) PEIl-series, (B)
PAH-series and (C) PD-series. In general, cell association increased with an increasing
particle concentration. In the PAH-series, the number of associated particles decreased from
the first to the second layer, which is most likely due to the surface charge and an enhanced
protein adsorption. In contrast, in the PEI-series, the cell association increased from the first
to the second layer and then decreased again to the third layer. This can again be explained
by the correlation between the protein adsorption and the surface topography. The cell
association efficiency was similar for the bi- and tri-layered particles of the PD-series.
Statistically significant differences are indicated by * p < 0.01, ** p < 0.05.

When comparing the cell association within one series from the second to the third coating
step, further significant differences were observed, which also correlated well to the surface
roughness of the materials. At the stages of the rougher surfaces within the PAH- and PEI-

series, which were the PAH/PSS and PEI/PSS/PEI surfaces, respectively, the cell association
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was reduced. On the other hand it was enhanced for the smoother PAH/PSS/PAH and
PEL/PSS surfaces of both series (Figure 5 A, B and Table 4). A similar trend concerning the
cellular association and uptake was already reported for PAH/PSS coated gold nanorods, and
was explained by the negatively charged cell membrane of HeLa cells repelling equally
charged particles.”® But, as the PAH/PSS and PEI/PSS surfaces carried a similar charge; again
electrostatics alone could not be the only responsible parameter. On the other hand, the bi-
and tri-layered samples of the PD-series showed similar cell association values, which is also
reflected by a similar protein adsorption extent (Figure SC and Table 4). The corresponding

toxicity data can be found in the Supporting Information (Figure S6 and S7).

Table 4. Correlating the relative protein adsorption with the cellular association of bi- and

tri-layered samples

PEl-series PAH-series PD-series

protein cell assoc. | protein cell assoc. | protein cell assoc.
2" layer 1.42 1450 1.62 500 0.84 600
3" Jayer 16.50 500 0.89 750 0.86 600
iﬁ}gﬁ:fease 11.62 034 0.55 1.50 1.02 1.00

From our results we conclude that for our particles the extent of the protein corona is
responsible for the cell association efficiency and that a massive protein adsorption will have
an inhibitory effect on the cell association. Although total amount of proteins does not encode
molecular details of nanoparticle surface that are important for cellular interaction, this
correlation is possible for formulations with similar functional surface groups as in our case.*®

Hence, we assumed that an optimum of adsorbed protein is necessary on the particle surface
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to enhance the cell association. But, to evaluate the effects of the protein corona on the
association to cells in a more detailed fashion, especially concerning its composition, further

proteomic studies would be necessary.
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Conclusion

We demonstrated that the oligolayer deposition of various polycations in combination with a
polyanion leads to significant differences of the surface topography. When translating the
characteristic surface features from a macroscopic substrate to colloidal gold nanoparticles of
comparable physicochemical properties, tremendous differences of the interactions at the bio-
nano interface were observed. We conclude that the surface topography of the LbL-coated
nanoparticles is decisive for the adsorption of serum proteins and later the association with
cells. Thus, a pronounced surface roughness leads due to a larger surface contact area to a
massive protein adsorption and consequently to a reduced cell association. Based on our
findings we strongly recommend that in the case of LbL-coated nanoparticles for drug
delivery applications, the oligolayer deposition mechanisms and the resulting surface
topographies should be considered as important nanoparticle characteristics. This way,
another parameter besides particle size, charge and hydrophobicity will help to estimate the

efficacy of oligolayer-coated nanoparticles for drug delivery.
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Supporting Information

Data evaluation for SPR angle scan curves

The principle of the surface plasmon resonance technique is based on the light triggered
excitation of the free electrons’ fluctuations on the surface of a metal layer. The energy of the
excitation light is thereby projected into an evanescent measurement field that extends into the
adjacent dielectric medium in contact with the metal. The surface plasmon excitation takes
place only when certain conditions regarding the optical properties of the sensor architecture
are fulfilled and the excitation light hits the metal surface under a defined incident angle. As
the optical properties of the glass and metal layer of the sensor do not change during a
measurement, the main determinant of the resonance condition is the permittivity of the
dielectric that is in contact with the senor surface. Every change of this permittivity (e.g.
adhesion of an additional layer) will change the resonance incident angle. A theoretical
description of the relation between incident angle and optical parameters can be derived from

the Maxwell equations:'

&1 &

\/8—0 sinf = ¢, sin6 1)

&+ &
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where @ is the angular light frequency, c is the speed of light, @ is the incident angle under
which the excitation light hits the metal surface and &,, &; and &, are the permittivity of the
prism, the metal layer and the sensor adjacent dielectric medium. The permittivity of the
different materials can furthermore be expressed by the sum of the squares of real (n) and

imaginary part (k) of their refractive index:

= n*+ k? ()

A general solution for the Maxwell equations for multilayer systems attached to a SPR senor

surface can be obtained by using the transfer matrix formalism of 2x2 matrices.”

Table S 1. Optical parameters used for SPR data fits

Material n k
Glass (prism) 1.61 0
Chromium (adhesion mediator) 3.396 3.504
Gold (SPR sensor layer) 0.1285 3.758
Mercaptoundecanoic acid (MUA) 1.484 0
Polyethylenimine (PEI) 1.352 0
Polyallylamine-hydrochloride (PAH) 1.354 0
Polydiallyldimethylammoniumchloride 1.352 0
(PD)

Polystyrenesulfonate (PSS) 1.372 0
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In the presented study the free software tool “Winspall™® was used to fit the measured SPR
scan data according to the Maxwell formalism and so obtain thickness values of the respective
layers attaching to the SPR sensor. The optical parameters of the combined Cr/Au layer used
for the fit process were obtained by an initial “Winspall” fit of a freshly prepared Cr/Au
coated SPR glass slide immersed in ultrapure water. The refractive indices of the different
LbL layer materials were determined by Abbe refractrometry (Carl Zeiss, Germany). The

optical parameters are summarized in Table S 1.

LbL deposition with poly(acrylic acid) as polyanion

To evaluate if the type of the polyanion has an influence on the overshoot phenomenon, we
performed SPR experiments using poly(acrylic acid), PAA, as the polyanion in combination

with PEI (Figure S 1).

el Figure S 1. Upon addition of
400 - the third layer a small injection
> peak was observed, but
g 300 1 thereafter only a minimal
[}
% decrease of the signal was
= 200 A I .
T PEI detected. Finally, the plateau of
100 - the last layer was still higher
PEI PAA Y 9
| than the plateau of the previous
0+ .
' - ' ' - layer. In conclusion, the LbL
0 10 20 30 40
t / min deposition of PEI/PAA did not

show an overshoot effect.
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Atomic Force Microscopy

Figure S2 shows AFM images of the bi-layered gold surfaces. Detailed images of the tri-
layered gold-surfaces are shown in Figure S3. AFM images of a repetition of the PEI/PSS

series can be found in Figure S4.

ol L 4 ."-."
° g

0.0 nm EEEEE  10.0 nm 0.0 nm HEEES 30.0nm 0.0 nm EEEE®  35.0 nm
PEI/PSS PAH/PSS PD/PSS

Figure S 2A) The PEI/PSS surface covered the gold substrate and only few polymer
aggregates were visible. B) PAH/PSS: The polymer coating is not sufficient for a complete
coverage of the gold substrate. In addition, polymer aggregates were visible as lighter spots
on the image. C) The PD/PSS surface was smooth and with a polymeric nanostructure. Scan

parameters: frequency shift Af = +10 - +12 Hz, oscillation amplitude A = 300 pm.
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0.0 nm HEEE 20.0 nm 0.0 nm HEEEEE  20.0 nm (0 nm 30.0 nm
PEI/PSS/PEI PAH/PSS/PAH PD/PSS/PD

Figure S3. Detailed images of the tri-layered surfaces show the nanostructures of the
samples. A) In the PEI/PSS/PEI surface the diagonal rills of the gold substrate were visible.
B) PAH/PSS/PAH covered the gold substrate sufficiently. C) PD/PSS/PD showed a
characteristic loopy nanostructure. Scan parameters: frequency shift Af = +10 - +12 Hz,

oscillation amplitude A = 300 pm.

0.0 nm I 35.00 nm 0.0 nm I 90.00 nm

Figure S4. Additional images of the PEI-series demonstrate the increase of the surface
roughness during the coating from the second to the third layer with PSS and PEI,
respectively. A) The bi-layered PEI/PSS coated surface showed a very smooth structure
without any sharp surface features. B) The tri-layered PEI/PSS/PEI layer had sharp surface
heights, visible as light spots on the AFM image. Scan parameters: frequency shift A4f = +10 -
+12 Hz, oscillation amplitude A =300 pm.
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Water contact angles

The water contact angles were determined by the sessile drop principle for coated glass
microscope slides. The slides were coated with the polyelectrolyte layers as indicated, and the

results are shown in Figure S5.
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Figure S5 Contact angle measurements showed differences in the hydrophobicity of the
oligolayer-coated surfaces. The PEI/PSS system was the most hydrophobic surface with a
surface contact angle of about 80°, whereas the PD/PSS system was comparable hydrophilic
with a contact angle lower than the control surface. (Statistical difference is indicated by **
p <0.05)
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Toxicity of LbL-coated gold nanoparticles

The toxicity of LbL-coated gold nanoparticles was evaluated by transmitted light microscopy
(Figure S6). In combination with a MTT assay (Figure S7) it can be concluded that the

nanoparticles had only minimal toxic effects at the applied concentrations.

Figure S6 Transmitted light images of HeLa cells incubated with gold nanoparticles at a

concentration of 5 pM. The gold nanoparticles were coated with A) PEI/PSS/PEI, B)
PAH/PSS/PAH, C) PD/PSS/PD. The control cells (D) were treated as the samples but without
the addition of any particles. HeLa cells that received gold nanoparticles look comparable to

the control cells. The bar is 50 pm.
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Figure S7. Evaluation of the toxicity of gold nanoparticles that were coated with
A) PEI/PSS/PEI, B) PAH/PSS/PAH, C) PD/PSS/PD evaluated by a MTT assay. In the
concentration range of the cell association studies (up to 5 pM), the cell viability was higher
than 74%, which is assumed to be non-toxic. Only at higher concentrations, which were not

used for cell association experiments, a reduced viability was measured.
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Abstract

Multilayer thin films are of great interest for the controlled delivery of both small molecule
drugs and macromolecules. Control over the internal film structure is of paramount
importance due to its expected impact on the mode of drug release. To this end, we developed
a straightforward Foerster Resonance Energy Transfer (FRET)-based approach to determine
the internal structure of multilayer films that were fabricated using the polycations
poly(allylamine hydrochloride) (PAH), poly(ethylene imine) (PEI) and poly(diallyldimethyl
ammonium chloride)) (PD), each in combination with the polyanion poly(styrene sulfonate)
(PSS). Layer interpenetration, which is associated with polymer chain indenting, dominated
the PAH/PSS film, while the PEI/PSS pair showed a greater tendency toward rearrangement
due to polymer diffusion. In the PD/PSS multilayer, the polyelectrolytes preferentially
adopted a stratified conformation. Permeability of the multilayer to rhodamine revealed that a
PAH/PSS film might be a favorable system for the delivery of small molecule drugs.
Interestingly, the mode of release — from immediate to sustained — can be fine-tuned by
increasing the degree of ionization of PAH. In contrast, the PAH film showed little promise
for the delivery of charged macromolecules; chain indenting most likely inhibited swelling of
the multilayer, thereby impeding release of these larger drugs. In this context, the PEI/PSS
system is a very promising candidate. Swelling was particularly pronounced if the film
assembly involved PEI with a high degree of ionization. The exquisite dependence of release
on Angstrom/nanometer-scale film structure makes this FRET-based approach a valuable tool

for screening polyelectrolyte pairs for use in drug delivery.
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Introduction

Layer-by-layer (LbL) assembly is a simple and straightforward method for generating
multilayer films on surfaces, achieved by sequential adsorption of oppositely charged

polyelectrolytes.' In the field of drug delivery, LbL is a highly attractive technique due to the

4

extraordinary high drug loading capacity of multilayer films,>* use of mild aqueous

conditions for assembly,” and last but not least, the potential for controlled release of multiple

drugs.>®

Examples range from fabrication of biodegradable films on implants, allowing for
controlled release of small hydrophobic drugs over multiple months,’ to the incorporation of

macromolecules such as nucleic acids or peptides and proteins into films that are subsequently

wrapped around micro- or nano-particulate delivery vehicles.®

Low molecular weight drugs are typically released by diffusion,”” which in turn depends
strongly on the film porosity.” Alternatively, the active compound can be deposited as its own
charged layer.” Here, the drug release occurs via film erosion, which can be triggered by
simple swelling or by a chemical reaction.*'° Although a correlation most likely exists
between the internal film structure and the mode of release,” achieving precise control over
release rate and duration represents tedious work, and often requires extensive trial and error.

This is necessary for two reasons. First, slight modifications in film assembly conditions (e.g.

11,12

pH) may have tremendous effects on the internal film structure. Second, the

polyelectrolyte layers are dynamic and not primarily ordered as stratified layers (Scheme

14,15,16

1).%"*!* For example, polymer chains interpenetrate into neighboring layers and are

even able to diffuse from layer to layer within the film.'”'®
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Scheme 1 A simplified overview of three characteristic internal structures of LbL multilayer
films; smooth transitions exist between them. A) If the polyelectrolytes behave exclusively as
rigid building blocks, the layers are flatly stacked upon one another. B) If interpenetration of
the polymer chains occurs, the electrostatic attraction forces span several layers. This may be
thought of as comparable to crosslinking between layers. C) Rearrangement leads to
interlayer diffusion of polyelectrolyte chains during the deposition of further layers. This
results in a homogenous distribution of polyelectrolyte throughout the film, independent of the
sequence of deposition.

Unfortunately, detailed characterization of a multilayer’s internal structure requires a
significant analytical effort using methods that are not widely accessible, such as X-ray and
neutron reflectivity, X-ray photoelectron spectroscopy, ellipsometry or microgravimetry.' In
response, we developed a straightforward, accessible tool based on Foerster resonance energy
transfer (FRET) to elucidate the internal structure of polyelectrolyte multilayers. We
investigated multilayers of three different polycations — poly(allylamine hydrochloride)
(PAH), poly(ethylene imine) (PEI) and poly(diallyldimethyl ammonium chloride)) (PD) — in
combination with the polyanion poly(styrene sulfonate) (PSS). These polycations were chosen

due to their widespread use as LbL building blocks'*'**

or as transfection agents for nucleic
acids.”' By systematically varying the theoretical inter-chain separation distance of a polymer-

bound FRET pair within the multilayer, the internal structure was determined. In addition,
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permeability and swelling of the multilayers were investigated to correlate internal structure

with functionality in the context of a drug delivery application.
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Materials and Methods

Materials

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich Chemical
Company (Taufkirchen, Germany). Polyelectrolytes had the following molecular weights:
poly(allylamine hydrochloride) (PAH) 17 kDa, branched poly(ethylene imine) (PEI) 25 kDa,
poly(diallyldimethylammonium chloride) (PD) less than 100 kDa, poly(styrene sulfonate
sodium salt) (PSS) 15 kDa (Polymer Standard Service, Mainz, Germany). Fluorescein
isothiocyanate (FITC)- and tetramethylrhodamine isothiocyanate (TRITC)-PD with a degree
of labeling of 220 were purchased from Surflay GmbH (Berlin, Germany). Ultrapure water

was obtained using a Milli-Q-System (Merck Chemicals, Schwalbach, Germany).

Fluorescent Labeling of PEl and PAH

PEI and PAH were fluorescently labeled using FITC and TRITC according to a previously
published protocol.”” Briefly, 0.42 ml of a 10 mg/ml solution of dye in DMSO was added to
10 ml of a 10 mg/ml aqueous solution of the polymer at pH 9. The reaction mixture was
stirred overnight in the dark. The labeled polymer was subsequently purified by dialysis —
using Slide-a-Lyzer Dialysis Cassettes with a molecular weight cut off of 3,500 (Thermo
Scientific, Waltham, MA, USA) — against water for one week. The absence of unbound

fluorescent dye was confirmed by agarose gel electrophoresis. It is important that the donor
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and acceptor of the FRET pair were conjugated to different polyelectrolyte chains, meaning

that each chain had only one type of conjugated molecule.

Multilayer fabrication

Multilayers for FRET analysis were prepared in 8-well chambered coverglasses (Nunc Lab
Tek, NalgeNunc, Penfield, NY, USA). The chambers were prepared by rinsing with 10 mM
SDS and 0.1 M HCI, followed by water, as previously described.'” The multilayers were
assembled by adding 200 pl of 1 mg/ml PEI, PAH or PD, respectively, to the chamber. The
pH of the polymer solutions was adjusted to pH 7 or pH 9 by NaOH or HCI, respectively.
Polymer solutions were incubated within the chamber for 30 min and then rinsed with water
twice, followed by the addition of PSS as 2™ layer. Up to five polymer layers were applied by
this technique and then used for FRET experiments. Fluorescently labeled polyelectrolytes
were incorporated into various positions inside the LbL multilayer at various positions, as
indicated in Scheme 3. For each FRET sample, which consisted of a FITC- and TRITC-
labeled polymer pair, a control containing only the FITC-labeled donor polymer was

fabricated as well.
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Fluorescence spectroscopy

Fluorescence emission spectra of polymer solutions were recorded using a Perkin Elmer LS55
fluorescence spectrometer (Perkin Elmer, Waltham, MA, USA). The excitation wavelengths
were 480 nm and 550 nm for FITC and TRITC, respectively, and the detector voltage was set

to 650 V.

FRET measurements with Confocal Laser Scanning microscope

The fluorescence intensity of FITC emission was measured by a Zeiss confocal laser scanning
microscope (Zeiss Axiovert 200 coupled to a LSM 510 META, Zeiss, Oberkochen, Germany)
in the Lambda mode from 500 to 605 nm in 10.7 nm increments. The objective was a Plan-
Neofluar 10x with a numerical aperture of 0.3 (Carl Zeiss, Germany). At least three images
were taken per sample, and three regions of interest were used for each image. The FITC

emission intensity at 526 nm was used for FRET efficiency calculations.

Calculation of FRET efficiency and dye distance

For the calculation of FRET efficiency, the FITC fluorescence intensity in a sample
containing the FRET donor and acceptor (I(FITC)DA) was compared to the intensity of a
sample containing only the FRET donor (I(FITC)D) (1).

I(FITC) pa

~ 1(FITO)p M
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The Foerster equation (2) can be used for calculation of the distance between donor and

2324 The Foerster radius Ry is defined as the distance between donor

acceptor fluorophores.
and acceptor leading to an energy transfer efficiency of 50%. For the FITC/TRITC

donor/acceptor pair, Ry is 5.4 nm.”

1
FE=—+——
1+ (R/RO)X (2)

The exponential X in the equation stands for the spatial distribution of the donor and acceptor
molecules and can take different values. For three-dimensionally distributed fluorophores, X
is equal to 6.2°*" For resonance energy transfer of two planes of fluorophores, X is equal to
4.® For LbL-assembled FRET systems, both values can be found in the literature.”>** As

we assumed highly interpenetrating polymer layers instead of flat planes, all distances in this

study were calculated with X equal to 6.

Water contact angle measurements

Water contact angle measurements were carried out on standard glass microscope slides. The
slides were prepared by the same procedure as the chambered cover slides, using 10 mM SDS
and 0.1 M HCI. The microscope slides were coated by a dipping protocol using 1 mg/ml
polymer solutions and water rinsing steps in between addition of the polymer layers. The last
layer was also rinsed with water and then air dried prior to the measurement. The water
contact angle was determined with a dataphysics contact angle OCA system (dataphysics,
Filderstadt, Germany) by the sessile drop principle. At least 20 measurements were taken per

microscope slide and a non-coated slide served as control.
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Permeability of multilayers to rhodamine

The permeability of the multilayers was investigated by allowing 5(6)-
Carboxytetramethylrhodamine (rhodamine) to diffuse into a five-layered multilayer. The first
layer consisted of a FITC-labeled polymer and the following four layers were non-fluorescent.
After rinsing the last layer with water, the chamber slides were refilled with a 10 uM solution
of rhodamine and the FRET efficiency was measured over time as described above. The
solution was exchanged with water during the fluorescence measurements to avoid signal

disturbances. After each measurement, rhodamine was added again.

Swelling behavior of FRET multilayers

For the swelling experiments, five-layered multilayers with the FRET pair in the 1% and 3™
layer were prepared. Afterwards, the chamber slides were filled with cell culture medium with
or without 10% fetal calf serum. Data points were selected to reflect typical incubation times

in cell culture experiments, from 0 up to 20- 22 h.

Statistics

Results are shown as the mean + standard deviation (SD) of a representative sample. The SD
was calculated from three regions of interest from a representative sample. All experiments
were performed with two or three repetitions. Statistical significance was tested either by t-
test or ANOVA/Student-Newman-Keuls analysis with SigmaPlot 12.0 (Systat Software Inc.

San José, USA).
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Results and Discussion

Three different polycations - PEI, PAH, PD - in combination with the polyanion PSS were
alternately deposited on a substrate to assemble three film series, each with five total

polyelectrolyte layers (Scheme 2).

polycations polyanion
A~ AN
brayd Bd R £
NH2
N+
NH2 NH 7N
NH2 O=ET’:O
PEI PAH PD PSS
25 kDa 17 kDa < 100kDa 15 kDa

Scheme 2 Chemical structures of the polyelectrolytes used to form multilayer films.

The FRET donor and acceptor molecules FITC and TRITC, respectively, were covalently
linked to the primary amino groups of PEI and PAH to obtain the following polymer-bound
FRET pairs: FITC-PEI / TRITC-PEI and FITC-PAH / TRITC-PAH. The labeling reaction
was performed using a sub-stoichiometric amount of the dyes to avoid self-quenching and
perturbation of the layer growth.”® Because no primary amines are available in PD for the

coupling reaction, commercially available FITC-PD and TRITC-PD copolymers were used as
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a FRET pair. Figure 1 shows the spectral overlap of FITC and TRITC, sufficient for

measuring FRET efficiency after coupling to PEI (data for other FRET pairs not shown).
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In all subsequent experiments, a calculated FRET efficiency of 1 indicates close spatial
proximity of the two dyes. Correspondingly, decreasing FRET efficiency denotes increasing

average distance between the two dyes.

Multilayer internal structure

To evaluate the multilayer’s internal conformation, the polymer-bound FRET pair was

deposited at different theoretical positions, as in Scheme 3A and 3B.

As a first step, FRET-donor and FRET-acceptor polyelectrolyte conjugates were incorporated

at a 1:1 ratio into either the 1%, 3 or 5™ layer (Scheme 3A). Using this experimental setup, it
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was possible to estimate the degree of rearrangement of the polyelectrolytes within the

multilayers (Figure 2).
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Scheme 3 Multilayer coating schemes using the polymer-bound FRET donor (green) and
acceptor (red), respectively. Five total layers were used in each experiment. A) The FRET
donor and acceptor were deposited within the same layer (either the 1%, 3" or 5™) at a 1:1
ratio. Because the donor and acceptor of the FRET pair were conjugated to different
polyelectrolyte chains, each chain had only one type of conjugated molecule. B) The FRET
pair was separated by non-fluorescent spacer layers resulting in two short-distant FRET
pairs (donor in 1% layer and acceptor in 3™ layer or donor in 3™ layer and acceptor in 5"
layer) and a long-distant FRET pair (donor in 1st layer and acceptor in 5" layer). C) To
evaluate multilayer permeability, the FRET donor was deposited in the 1% layer. Free
rhodamine (r) was the acceptor in this set-up, and was assumed to diffuse through the
multilayer. D) Swelling of the multilayer leads to the incorporation of water molecules and a

vertical expansion of the layers.

If the polyelectrolytes had a high tendency towards rearrangement, the FRET pair would
randomly distribute within the film, consequently leading to a FRET efficacy smaller than 1.
For PEI/PSS films, the FRET efficiency was about 0.5 when the dyes were incorporated into

the 1% or 3™ layer. This is in good agreement with literature because PEI is not fully charged
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at the selected assembly conditions (pH 10), and is thus capable of diffusing within the film.*'
When the FRET pair was incorporated into the 5™ layer, the FRET efficacy was significantly
higher. Here, only a minimal degree of rearrangement occurred because no further diffusion

toward the surface of the film was possible.
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Figure 2 FRET efficiencies after incorporating the FRET pair within the same polymer layer
of a multilayer film. For the PEI series, an increase of the efficiency was observed if the
FRET pair was deposited in the 5" layer. In contrast, the efficiency was constant in all
multilayer constructions for the PAH series. In the PD series, the FRET efficiency decreased

when the FRET pair was present in the 5" layer. Dashed lines are shown only to guide the

eye.

The opposite was observed for PD/PSS films; there, the efficiency of the FRET pair in the 1st
or 3rd layer was close to 1, implying that the polymer chains did not diffuse nor rearrange

inside the multilayer upon deposition of additional layers. When the FRET pair was deposited
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in the 5th layer of a PD/PSS film, we observed lower FRET efficiency. This may be due to a
minor change of the polyelectrolyte conformation upon coating, which aligned the dyes such
that they could not properly interfere.’” For the PAH/PSS films, a certain degree of
rearrangement was observed, although to a lesser extent than that found for PEI/PSS. The

FRET efficiency in this case was about 0.6 to 0.7, independent of the deposition layer within

the film.
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Figure 3 The FRET pair was separated by either one or three non-fluorescent spacer layers
resulting in two short-distant FRET pairs (donor in 1% layer and acceptor in 3" layer or
donor in 3" layer and acceptor in 5" layer) and a long distant FRET pair (donor in 1% layer
and acceptor in 5 layer). In case of PD/PSS and PEI/PSS, a decreasing FRET efficiency was
observed with an increasing distance between the donor and acceptor. For the PAH/PSS pair,

the FRET efficiency remained nearly constant. The dashed lines are shown only to guide the

eye.
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In the next step, the FRET pairs were separated by non-fluorescent spacer layers (Scheme
3B). In this setup, two short-distant FRET pairs and a long-distant FRET pair were utilized.
For all PAH/PSS films, the FRET efficiency and the calculated fluorophore distances were
similar, even if the donor and acceptor were separated by three non-fluorescent spacer layers
(Figure 3). These results are in good agreement with the literature, as PAH/PSS is known to
be a highly interpenetrating polyelectrolyte combination, with polymer chains spreading over
3 to 5 single layers.'>?’ In the case of PEI/PSS, both short-distant pairs had equivalent FRET
efficiencies and donor-acceptor distances of about 4.7 nm. However, when the FRET pair was
separated by multiple spacer layers, the FRET efficiency significantly decreased. At the same
time, the calculated donor-acceptor distance increased to about 6.4 nm. Hence, polyelectrolyte

stacking likely occurred to a certain degree during formation of the PEI/PSS multilayer.

A similar trend was observed for the PD/PSS pair, which can also be understood in the
context of polyelectrolyte stacking. The higher efficiency when the PD-bound FRET pair was
positioned in the 3™ and 5t layer, as compared to that when positioned in the 1% and 3™ layer,
is probably due to better alignment of the dyes with increasing distance from the substrate.
Using this straightforward FRET-based approach it was possible to characterize the internal
structure of the three multilayer series; an overview of the results is given in Table 1. For the
PAH/PSS films, interpenetration dominates, whereas PEI/PSS films show a greater tendency
towards rearrangement, and to a lesser degree, stacking. In the PD/PSS film, the
polyelectrolytes seem to prefer a stratified conformation. However, a certain degree of
interpenetration is also expected to occur, as LbL assembly on the basis of stacking alone is
highly unlikely.® These results are in good agreement with the literature.'>'*2%*"3%3 1t js
worthwhile to mention that transitions between the three categories are smooth and that

several other possibilities are also well described in the literature.?®®
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To further evaluate the feasibility of the FRET-based approach, we modulated the internal

structure of the multilayer by adjusting the polyelectrolytes’ charge density (Figure 4).

Table 1 Summary of the internal structure of the three multilayer series. The relative

importance of the three conformations was weighted from o (moderate influence) to ++ (high

influence).
PAH/PSS PEI/PSS PD/PSS
Rearrangement + ++ 0
Interpenetration | ++ 0 +
Stacking 0 + ++

Although the pK, values of polyelectrolytes within multilayers differ significantly from those

in solution,“’39

complicating the estimation of the charge density, we can still make relative
statements about the direction of charge density change with changes in pH, if the chemical
structure of the polyelectrolyte is known. Because PAH and PEI are both weak
polyelectrolytes (PAH carries only primary amino groups and has a pK, of about 9.5*"; PEI is
functionalized by primary, secondary and tertiary amino groups and has an overall pK, of
about 8.5*"), their charge density is primarily controlled by the pH of the surrounding
solution.'*!® Hence, moderately ionized films were formed at pH 10, above the pK, of both
polyelectrolytes, and more highly ionized films were formed at pH 7, below the pK, value of
both polyelectrolytes. FRET donor-acceptor fluorophores were incorporated into the PEI/PSS
and PAH/PSS films as long-distant FRET pair in the 1% and 5™ layer, separated by three non-
fluorescent spacer layers (Scheme 3B). Because PD is a strong polyelectrolyte and its charge

density is independent of pH, PD/PSS films were not investigated by this setup. For the

PAH/PSS films, the FRET efficacy was about 0.8 and independent of the assembly
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conditions. As before, the relatively high FRET efficiency is due to layer interpenetration

(Table 1).
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Figure 4 Multilayers were assembled at different pH values to control the degree of
ionization of the weak bases PAH and PEI. Varying the charge density had no significant
influence on the PAH/PSS film, but the FRET efficiency significantly increased with an
increasing degree of ionization of PEI. A statistically significant difference is indicated by #
with p < 0.01.

In contrast, assembly conditions for the PEI/PSS films significantly impacted the FRET
efficacy. If PEI at higher charge density (pH 7) was applied, the donor and acceptor were
forced into closer proximity, driving an increase in FRET efficiency. This suggests that the
internal structure of the PEI/PSS multilayer exhibits conformational differences depending on

the degree of ionization.
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Above a certain degree of ionization, polyelectrolytes adopt a more stratified conformation
due to electrostatic repulsion.'® Below a critical value, the inter-chain repulsion becomes less
important, and the polyelectrolytes form loops and coils. As a consequence, multilayers
prepared using polymers of high charge density commonly become thinner and vice versa.'""
It can be concluded that PEI/PSS at pH 10 was present in a more looped/coiled conformation;
at pH 7, the conformation is more stratified in character (Scheme 4). Hence, the FRET based

approach is a valuable tool for highlighting charge density-induced differences in internal film

structure.

stratified polymer chains: coiled polymer chains:
high FRET efficiency low FRET efficiency

Scheme 4 Polyelectrolytes adsorb to a surface in different conformations depending on their
degree of ionization. A) If the charge density reaches a polymer-specific threshold, the
polyelectrolytes adopt a more stratified conformation, the film becomes thinner and the FRET
efficiency increases. B) In the case of weakly charged polymer chains, a looped/coiled
conformation is preferred, leading to a larger average distance between FRET donors and
acceptors and a correspondingly lower FRET efficiency.
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Multilayer permeability to small molecules

The multilayer composition’s critical importance in controlled release of drugs® raised the
question: does the internal structure of the film correlate with its permeability to small
molecules? To this end, the polymer-bound FRET donor was deposited in the 1% layer of a

film with a total of five layers (Scheme 3C).
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Figure 5 The permeability of the three multilayer films to rhodamine. A) The permeability of
the PEI/PSS film was time-dependent, with slight delays seen for more highly ionized PEI. B)
A distinct difference was found for the PAH/PSS film. Remarkable permeability was observed
at a lower degree of PAH ionization. In contrast, more highly ionized PAH led to a much
denser internal film structure, accompanied by lower permeability to rhodamine. C) The PD

film showed a poor permeability to rhodamine.
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Rhodamine was chosen as a FRET acceptor due to its ability to simultaneously act as a
representative model of a hydrophobic small molecule drug. Rhodamine was assumed to
passively diffuse through the multilayer; as soon as it neared a FITC donor molecule in the 1*

layer, the FRET efficacy was expected to increase due to energy transfer (Figure 5).

The PEI/PSS multilayer exhibited time-dependent development of a FRET effect. With
respect to PEI/PSS films with a lower degree of PEI ionization (pH 10), FRET was delayed
when the PEI was more highly ionized (pH 7), but both multilayers reached the same FRET
efficiency endpoint. Surprisingly, the previously detected dependence of multilayer thickness
on pH had just a minor influence on the permeability of rhodamine. Since polyelectrolytes in
a PEI/PSS film have a strong tendency towards rearrangement (Table 1), rhodamine most
likely reached the FITC FRET donor after diffusing a shorter distance through the film than
the distance defined by the sequence in which layers were deposited. In contrast, tremendous
differences in FRET onset were found for PAH/PSS films at different pH. At a lower PAH
charge density, the FRET effect reached a plateau after a few minutes, while it emerged over
a longer time period for more highly ionized PAH. Again, the differences can be related to the

internal structure of the multilayer.

As illustrated (Scheme 4), a higher charge density leads to a multilayer with more
interpenetrations, acting as crosslinks between the polyelectrolytes, leading to a more densely
packed multilayer and hindering rhodamine diffusion. In contrast, a lower charge density
leads to a less interpenetrated structure; the multilayer is most likely loosely packed, with a
porous structure that facilitates rhodamine diffusion. The permeability of the PD/PSS film to
rhodamine was lower than that of the other combinations and near the detection limit of the
analytical setup. As PD carries only quaternary ammonium groups, multilayer formation and

structure were independent of pH. Because both PD and PSS are completely charged and
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because a stratified polyelectrolyte conformation is preferred (Table 1), the PD/PSS film most

likely represents a formidable barrier even for small molecules such as rhodamine.

The hydrophobicity of the coated surfaces is another important factor that plays a role in the
permeability of a film to rhodamine.” Hence, the water contact angle of the multilayers was

determined (Figure 6).
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Figure 6 Contact angle measurements showed differences in the hydrophobicity of the
multilayer films. The PEI/PSS system was the most hydrophobic surface with a surface
contact angle of approximately 81 °, while the PD/PSS system was rather hydrophilic.

Statistically significant differences are indicated by ** with p < 0.05.

The PEI/PSS and PAH/PSS coatings were rather hydrophobic with contact angles of 81 © and
74 °, respectively. The PD/PSS surface was hydrophilic with a surface contact angle of 59 °.
The results are in good agreement with the literature; the combination of two strong

polyelectrolytes has been shown to lead to hydrophilic surfaces, while pairing a weak and a
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strong polyelectrolyte produced more hydrophobic surfaces.* Consequently, it is not
surprising that permeation of the hydrophobic rhodamine into a hydrophilic multilayer such as
PD/PSS was hindered. As a whole, this FRET-based approach is a useful tool for rapid
screening of polyelectrolyte pairs for their potential to permit permeation of small molecules
in different scenarios. For example, if fast drug release is desired, a multilayer of PAH/PSS
prepared under basic conditions could be appropriate. On the other hand, assembled at neutral

pH, the same coating might be capable of sustained release.

Multilayer swelling

Complete film disassembly is a strong requirement if the active drug substance is a
polyelectrolyte and part of the multilayer construction, as would be the case with a nucleic
acid therapeutic.”” In this case, multilayer disassembly can be induced by simple swelling,’
which resembles a vertical expansion of the film.”** We used the FRET tool to address
whether or not vertical multilayer expansion due to swelling can be detected. To this end, the
FRET donor and acceptor was deposited in the 1* and 3 layer of the multilayer containing a
total of five layers (Scheme 3D). If swelling were to occur, the FRET efficiency would be
expected to decrease due to an increasing average distance between the donor- and acceptor-
bearing polyelectrolytes. To mimic biological context to a certain extent, the experiments
were performed in cell culture medium with or without serum. We focused on the PAH- and

PEI-based films due to the ability to vary the degree of ionization by controlling the pH.

The PAH/PSS multilayers were more or less resistant to swelling (Figure 7A and 7B). All
samples showed a slight initial drop in FRET efficiency, but 80% of the FRET efficiency was

still present after 20 h. This means that vertical expansion, due to the uptake of water

149



Chapter 5

molecules, played a minor role. PEI/PSS multilayers, on the other hand, were more prone to

swelling; FRET efficiency dropped appreciably over time (Figure 7C and 7D).

A B
1.2
1.2 1 I PAH/PSS pH7 w/ serum I PAH/PSS pH10 w/ serum
[ PAH/PSS pH7 w/o serum 1.0 T [ PAH/PSS pH10 w/o serum
1.0 =
> > ~
2 2 T
.g T .g 0.8
= 0.8 =
$ -+ g T
& m
m 0.6 1
0.6 [v4
w w
] ®
> 2 ]
T 04 - 8 0.4
] ]
0.2 0.2
0.0 4 - ; . 0.0
0 4 6 20 0 4 6 20
t/'h t/'h
C D
1.6 1.2
I PEI/PSS pH7 w/ serum I PEI/PSS pH10 w/ serum
1.4 l [ PEI/PSS pH7 w/o serum 1.0 1 _L [ PEI/PSS pH10 w/o serum
>
3 1.2 2
£ 2 08
g 5
[
b 08 W06
& i
g 061 2
Z T 041
® 04 £
0.2 A
0.2 -
0.0 v v T " 0.0 "
0 4 6 22 0 4 6 22
t/h t/h

Figure 7 Swelling behavior of the three multilayer films. A) and B) Despite an initial drop,
the PAH/PSS films were relatively resistant to swelling, regardless of fabrication conditions
(pH 7 or 10), and hence, the degree of polyelectrolyte ionization. Likewise, the presence or
absence of serum was not observed to play a substantial role. C) and D) Pronounced swelling
was observed for the PEI/PSS multilayer fabricated with high-charge-density-PEI and

incubated in culture medium without serum.

This decrease was less pronounced if the multilayers were incubated in culture medium
containing serum. The stabilizing effect of serum proteins on multilayers has been described

before.” The swelling properties of the multilayers agreed very well with the conclusions
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drawn from previous experiments regarding the films’ internal structure (Table 1). For
instance, PAH/PSS films were thought to have interpenetrating crosslinks between the
polymer layers. Those strong interactions between the polymer chains led to high swelling
resistance, similar to that of a highly cross-linked hydrogel.*” In contrast, PEI/PSS film
structure is believed to be driven more by stacking and rearranging than interpenetration.
Hence, layer-layer cohesion is weaker, enabling water molecules to more easily expand the
distance between layers. Consequently, it becomes obvious that swelling of the PEI/PSS
multilayers will most likely lead to a higher release of therapeutic polyelectrolyte molecules
than what would be expected from a PAH/PSS film, for instance. In this context, it is not
astonishing that PEI has been successfully used as an LbL building block for the delivery of

. . 1346
nucleic acids.™
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Conclusion

We have eclucidated the internal structure of polyelectrolyte multilayers using a
straightforward FRET-based approach. Highly interpenetrating polyelectrolyte multilayers
were assembled by combining PAH and PSS. In contrast, PEI/PSS multilayers demonstrated a
high tendency towards rearrangement due to polymer diffusion. Polymer stacking dominated
the PD/PSS film structure. Here, further studies in the multilayer architecture with
complementary analytical methods, such as ellipsometry, are necessary to confirm those
findings.Investigation into the permeability of the multilayers and their swelling behavior
revealed that the PAH/PSS multilayer could be a favorable system for the delivery of small
hydrophobic drug molecules. Moreover, by adjusting film assembly conditions, the drug
release mode of PAH/PSS films can be tuned from immediate to sustained release. Because
the PAH/PSS system is characterized by indenting crosslinks due to its highly interpenetrating
nature, it is poorly qualified for delivering drug compounds that are part of the multilayer
construction, such as nucleic acids. Here, the PEI/PSS system seems to be a very promising
candidate, particularly if the film assembly involved PEI with a high degree of ionization.
Finally, serum was shown to have a stabilizing effect on multilayer structures, reducing their
tendency towards swelling and drug release. The FRET-based approach is a powerful tool for
screening polyelectrolyte pairs and their corresponding deposition conditions for suitability in

a variety of drug delivery applications.
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Abstract

The extracellular matrix (ECM) is known to be an effective filtering barrier in various human
tissues. It consists of a highly charged hydrogel network of proteins, proteoglycans and
glycosaminoglycans. Consequently, electrostatic trapping mechanisms are known to exist,
which highly affect the therapeutic efficiency of drug delivery systems and have to be

considered in the design of novel drug carriers.

In this chapter it is shown that, not only the basement membrane, but also the interstitial
matrix, represents an electrostatic barrier for highly charged Layer-by-Layer coated
nanoparticles and polyelectrolytes. Therefore, a collagen I hydrogel, which is the main
component of the interstitium, was used as a model system. The mobility of coated
nanoparticles and polyelectrolytes was determined with fluorescence recovery after
photobleaching (FRAP). It was further shown that the constitution of the collagen I matrix is
altered significantly by the incorporation of cationic polyelectrolytes. Hence, permeability
studies with this model system have to be performed hand-in-hand with control experiments,

such as turbidity assays to ensure comparable conditions.
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Introduction

After an intravenous injection, nanoparticle based drug delivery systems have to overcome
several barriers from the injection site to their intracellular target. After escaping the
bloodstream through the endothelium, the nanoparticles get in contact with the so called

extracellular matrix (ECM), the filling material between cells inside an organism.
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Scheme 1 The Extracellular Matrix (ECM) is divided into the basement membrane and the
interstitial matrix. Both parts are under constant remodeling and contain around 300
different proteins, proteoglycans and glycosaminoglycans. The ECM is responsible for the
physical constitution of tissues and organs, contains ligands to interact with cell receptors,
releases growth factors and is known to be a diffusing barrier for nanoparticles and colloids
due to physicochemical interactions (Reproduced (adapted) from Bonnans et al..Copyright
2014 Nature Publishing Group).
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The ECM can be characterized as a hydrogel of a dynamic composition containing over 300
different proteins, proteoglycans and glycosaminoglycans and can be divided into the
basement membrane and the interstitial connective tissue (Scheme 1).'~ But, despite of only
providing form and stiffness to tissues and organs, the ECM is also responsible for tissue
homeostasis and signal transduction processes.' It was also found that the ECM and also other
biological hydrogels, such as the mucus or the nuclear pores, show a highly selective filtering
mechanism for cellular molecules.* As the biopolymer components of those hydrogel matrices
are highly charged, this filtering mechanism is based on electrostatic effects, instead of size-

exclusion (Scheme 2).**

(a) Size filtering (b) Interaction filtering
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Scheme 2 Two filtering mechanisms for biological hydrogels are known. A) The size-
exclusion filtering, where only particles smaller than a distinct threshold are able to diffuse
through the matrix. B) Particles are selected by a distinct surface property (e.g. the surface
charge). Particles highly interacting with the hydrogel matrix (orange) are entrapped in the
matrix. In contrast if particles interact only weak with the matrix (green), they are able to
permeate through the hydrogel (Reproduced (adapted) from Lieleg and Ribbeck* with
permission. Copyright (2011) Elsevier.)

It was shown that particles, smaller than the mesh size of the basal membrane are effectively
trapped inside the hydrogel and can be mobilized by the addition of ions, shielding the

intrinsic charges of the gel matrix.’ It is important to remind that nanoparticles administered
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for drug delivery purposes usually have to cross both parts of the ECM, the basal membrane
and the interstitial connective tissue to reach their target cells. Hence, hindered diffusion or
entrapment of nanoparticulate drug carriers inside one of those two compartments would have
a crucial impact on the therapeutic effect. Lieleg et al, already studied the surface-charge
dependent mobility of nanoparticles and liposomes inside the basal membrane.® They showed
that an effective electrostatic bandpass controls the permeability of this part of the ECM.°
Liposomes of a negative surface charge up to -30 mV were able to diffuse, whereas all
cationic particles were effectively trapped inside the hydrogel matrix.® A comparable effect
can also be assumed for the interstitial connective tissue, containing a large amount of

collagen I, which carries negative charges on its fibrils.

In this chapter, collagen I based hydrogels were used as a model system for the investigation
of the mobility of Layer-by-Layer (LbL) assembled nanoparticles inside the second
compartment of the ECM, the interstitium. LbL coated nanoparticles were a good tool to
elucidate the charge-dependent interactions with the hydrogel matrix, because their surface
charge can easily be adjusted by applying a variable amount of polymer layers. Here,
commercially available silica nanoparticles’ (SiNP) were used as LbL templates instead of
gold nanoparticles, to avoid the high quenching capacity of gold.*’ As those amorphous SiNP
were seldom used as substrates for LbL applications, their coating capability had to be
addressed first. Later, the mobility of coated SiNP was investigated in a collagen I based
matrix and further evaluated with additional experiments concerning the molecular

constitution of the hydrogel.
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Experimental Section

Materials

If not otherwise stated all chemicals used were purchased from Sigma-Aldrich Chemical
Company (Taufkirchen, Germany). The polyelectrolytes for LbL coating of nanoparticles and
all other experiments had the following molecular weights: branched poly(ethylenimine)
25000 g/mol, poly(styrene sulfonate sodium salt) 15000 g/mol (Polymer Standard Service,
Mainz, Germany). Colloidal silica LUDOX® TM40 was a generous gift from Grace
Chemicals (Worms, Germany). Ultrapure water was obtained using a Milli-Q-System (Merck

Chemicals, Schwalbach, Germany).

Fluorescent labelling of PEI

PEI was fluorescently labeled by fluoresceine isothiocyanate and rhodamine isothiocyanate
accordingly to a previously published protocol.'® Briefly, 0.42 ml of a 10 mg/ml solution of
the dye in DMSO was added to 10 ml of a 10 mg/ml aqueous solution of the polymer at pH 9.
The reaction mixture was stirred overnight in the dark. The labeled polymer was subsequently

purified by dialysis using Slide-a-Lyzer Dialysis Cassettes (Thermo Scientific, Waltham, MA,
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USA), MWCO 3500, against water for one week. The absence of unbound fluorescent dye

was confirmed by agarose gel electrophoresis.

Preparation of LbL coated silica nanoparticles

The silica nanoparticles were supplied in a 40% (w/v) suspension and were diluted in water to
a 0.1% (w/v) suspension. As the used silica colloid carried a negative surface charge, the LbL
coating was started with the positively charged PEI The coating protocol was adjusted from
the previously described coating of gold nanoparticles (see Chapter 3)."' The colloidal
suspension was added to a stirring solution of the polyelectrolyte to give a final polymer
concentration of 10 mg/ml (w/v). For the fluorescently labeled polyelectrolytes 25% of the
polyelectrolyte solution needed, were surrogated by the fluorescently labeled derivative. The
nanoparticles were stirred for at least 30 min and subsequently purified by ultrafiltration using
either Corning Spin-X UF 6, MWCO 100 kDa (Corning, Amsterdam, The Netherlands) or
Roti-Spin Mini, MWCO 100 kDa (Carl Roth, Karlsruhe, Germany), depending on the sample
volume. The purified samples were either coated with the following polyelectrolyte layer or

immediately used for the characterization

Characterization by particle size and zeta potential

The nanoparticles were characterized by their hydrodynamic diameter and zeta potentials
using a Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany). For size
measurements 173° backward scattering in general purpose mode was applied and the
maximum peak of the intensity distribution is always stated. The zeta potential measurements

were processed in the monomodal mode. Additionally the non-modified silica nanoparticles
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were air-dried on a carbon-coated copper grid and imaged by transmission electron
microscopy (CM 12, Philips, Eindhoven, The Netherlands). Here, the particle diameter was
determined by image analysis using ImageJ 1.45s software (Rasband, W.S., ImageJ, U. S.
National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-

2014).

Fluorescence spectrometry

Fluorescence spectra were recorded using a Perkin Elmer LS55 fluorescence spectrometer
(Perkin Elmer, Waltham, MA, USA). The excitation wavelengths were 480 nm and 550 nm

for FITC and TRITC respectively and the detector voltage was set to 650 V.

Preparation of hydrogel matrices for FRAP

All hydrogel matrices were prepared in 8-well chambered coverglasses (Nunc Lab Tek,
NalgeNunc, Penfield, NY, USA). Collagen I matrices were prepared as follows. The
commercial collagen I solution (# C4243, Sigma-Aldrich, Taufkirchen, Germany) was
lyophilized and reconstituted in 0.01 M HCI to achieve a concentrated stock solution. Prior to
the experiment, the collagen solution was neutralized by 0.1 N NaOH. The desired FRAP
analyte was added, which were either polymer solutions or coated SiNP. The volume was
filled with Millipore water to achieve a final sample volume of 150 ul and final collagen
concentrations of 5 mg/ml or 2.5 mg/ml, respectively. The pH of the sample was checked
once again for neutrality (pH 7) and finally the hydrogel was incubated for at least 3 h at

37 °C.
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Fluorescence Recovery after photobleaching (FRAP)

To analyze the mobility of LbL nanoparticles the technique called fluorescence recovery after
photobleaching (FRAP) was chosen.'>"> FRAP is a versatile method, which is often applied in
cellular studies, where the mobility of biomacromolecules is concerned.'*" In all cases, a
fluorescence marker is needed, which is bleached at a distinct region of interest (ROI) by a
high energetic laser beam. Due to the diffusion of mobile molecules back into the ROI, the
fluorescence is recovering over time and at the end the diffusion coefficient can be calculated

(Scheme 3).'%"

immobile
fraction

mobile
fraction

normalized fluorescence

time

5 -

prebleach bleach . recovery

Scheme 3 Example of a raw fluorescence profile as it is obtained in a FRAP experiment. The
experiment is divided into three stages: The prebleach plateau, the bleaching event and the

slow recovery of the fluorescence, due to diffusion.
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FRAP experiments were performed with a Zeiss Axiovert 200 microscope combined with a
LSM 510 laser-scanning device and a 10x/0.3 Plan Neofluar objective (Zeiss, Oberkochen,
Germany). Two regions of interest (ROI) were defined per measurement with a diameter of
30 um. The sample region was bleached with 30 iterations and fluorescence recovery was
recorded with 100 images and a delay of 7.8 s. The collagen matrices were measured at 37 °C.
The fluorescence recovery f(t) was calculated with a double-normalization, presented in
equation (1), where I(Ref), and I(Ref); were the intensities of the non-bleached ROI prior to
the bleaching an at the time point t."8 (FRAP), and I(FRAP), were the fluorescence intensities
of the bleached ROI prior (0) to the bleaching and at the time point t.

_ I(Ref)o I (FRAP),
~ I(Ref), = 1(FRAP),

f®) (D

This recovery profile was further normalized to the first prebleach point (f(min)) to achieve a
better comparability between several experiments (2). Here f(0) is the mean fluorescence

recovery during the prebleach process.

_ f(®) — f(min)
£(©) = f (min)

F(t) 2

To calculate the diffusion coefficient, the recovery curves were fitted using an Soumpasis-
equation fit.'® For the curve fitting IgorPro software Version 6.2.3.2 (WaveMetrics, Lake
Oswego, USA) in  combination with the free @ FRAPcalc  extension

(http://cmci.embl.de/downloads/frap analysis, Oktober 2014) was used.
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Turbidity assays of collagen |

Turbidity assays of collagen matrices were performed accordingly to a previously published
protocol.” The collagen matrices were prepared in standard 96-well plates and incubated on
ice for 15 min to allow any air bubbles to escape. Afterwards, the turbidity, due to the
polymerization of collagen fibrils, was monitored in a microplate reader (FLUOStar Omega,

BMG Labtech, Ortenberg, Germany) at 400 nm, 37 °C for 90 min.

Absorbance (400 nm)

t/ min

Scheme 4 In comparison to the control (black) a modified collagen I hydrogel (blue) can be
characterized by two parameters. A t corresponds to a retardation of the fibril formation (lag
time), whereas the level of the equilibrium of polymerization, A A, describes the density of the

collagen networtk.

A standard turbidity curve has a sigmoidal shape with a lower and an upper plateau which are
attributed to the lag time and the equilibrium of the polymerization reaction.”® Hence, one
could define two important parameters in comparison to a reference sample (Scheme 4). A

prolonged lag time, At, corresponds to a retardation of the fibrillation. If the equilibrium

171



Chapter 6

plateau of the curve reaches lower absorbance values, A A, one could conclude a disturbed

fibrillation and a looser hydrogel network.'**'

Statistics

All FRAP experiments are presented as the mean of two measurements of the same sample.
Standard deviations are not shown to achieve a better visualization of the curves, but were
between 5% and 10% for samples containing unbound PEI and between 20% and 30% for

samples containing coated SiNP.
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Results and Discussion

Characterization and LbL coating of silica nanoparticles

Ludox silica nanoparticles have been seldom used as templates for LbL coatings. Hence, prior
to the first experiments the SiNP had to be well characterized by transmission electron

microscopy and dynamic light scattering.

In TEM the SiNP were visible as nearly monodisperse particles, which were not completely
round, but rather hexagonal (Figure 1A). The determined averaged diameter was
26.17+5.08 nm (Figure 1B). The dynamic light scattering analysis gave a larger
hydrodynamic diameter with a broader size distribution of the particles of 39.02 £ 13.52 nm
(intensity distribution) (Figure 1C). The difference between the two particle characterization
methods was caused by the hydration shell around the nanoparticles, which was also
determined in dynamic light scattering. In contrast, TEM images were performed in the dried
state and, hence hydration was not taken into account, here.

The SiNP were modified by an LbL-like approach for two reasons: First, to label them with a
fluorescent dye and second to investigate the charge dependent mobility inside the charged
ECM matrix.

The coating of SiNP was monitored by size and zeta potential measurements. Here, an ideal
LbL coating usually is characterized by a minor size increase and the change of the algebraic

sign of the zeta potential for each polyelectrolyte layer.”* Hence, coating of an odd or even
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number of polymer layers leads to either positively or negatively charged particles. Therefore
LbL coated nanoparticles are a suitable tool for the investigation of charge-dependent

interactions, for example inside hydrogel matrices.
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Figure 1 A) TEM image of unmodified negatively charged SiNP B) Size distribution
determined of the TEM image analysis C) Intensity distribution of the hydrodynamic diameter
of SiNP.

The assumed size increase was observed for the deposition of the first cationic PEI layer
(Figure 2A) and at the same time the shift from a negative to a positive zeta potential was
found (Figure 2B). Against a regular LbL deposition behavior, the particle size decreased
upon the addition of the second and third polymer layers. Nevertheless, the algebraic sign of

the zeta potential changed again for the PSS layer. But, the determination of the surface
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charge of the third layer was troublesome due to the instability of the particles during the

measurement of the electrophoretic mobility.
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Figure 2 Characterization of the coating process of SiNP. A) The hydrodynamic diameter of
the SINP with coated polymer layers. B) The zeta potential is changing during the coating
procedure. The value for SINP_PEI_PSS_PEI was not available (n.a.) due to the instability of
the particles. (Values are presented as mean + std of at least three independently coated
batches)

Consequently, the successful coating of SiNP could not be evaluated properly. Hence, an
additional approach was necessary to verify the effective LbL coating on SiNP. Therefore, to

substantiate the LbL coating a Foerster resonance energy transfer (FRET) was applied.

Here, the SiNP were coated with three polymer layers, containing a FRET- pair, consisting of
PEI-FITC and PEI-TRITC, or only the FRET donor, PEI-FITC, as a control sample. In case
of a successful deposition of polymer layers an energy transfer from the first to the third
polymer layer was expected upon excitation of the donor dye. The control sample showed the

emission of the FTIC-dye at 528 nm only. For the FRET-sample this FITC emission was
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clearly reduced and the emission of the rhodamine derivative at 580 nm was observed

(Figure 3).
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Figure 3 Fluorescence spectra of LbL SiNP. In case of particles coated only with the FRET
donor (solid line), only the emission spectrum of FITC was visible. For particles containing
both, the FRET donor and the acceptor (dotted line) a reduction of the FITC intensity and at
the same time the appearance of the TRITC emission was observed. (Spectra are shown for a

representative sample)

Another control containing the two dye-labeled polymers in solution also did not show any
FRET effects (data not shown). Therefore, aggregation of the polyelectrolytes in solution was
also excluded. Hence, one could follow that the LbL coating on SiNP was successful. The
deviating decrease of the hydrodynamic diameter might have been originating from a
compression of the polymer layers upon further addition of polyelectrolytes. As for future
experiments two LbL layers were sufficient to create a positively and a negatively charged

species, the stability deficit of the trilayered particles was also not a concern. Furthermore, it
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was shown that Ludox SiNP were appropriate templates for the labelling with fluorescent
dyes, because no quenching effects were observed. Hence, SiNP might be an interesting
alternative to AuNP or other heavy metal colloids, which cannot be applied in fluorescence

studies, due to their high quenching capacity.

Mobility of nanoparticles and polymers in collagen |

The mesh size of collagen I based hydrogels is known to be in the micrometer range, whereas

2425 1n terms of a diffusion

the size of coated SiNP was several orders of magnitude smaller.
experiment one would expect an unhindered diffusion without any size exclusion effects of

those particles through a collagen I network. But as it is shown in Figure 4 the PEI-coated

SiNP_PEI-FITC were immobile in the collagen I matrix.
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For comparison the fluorescence recovery of even smaller PEI-FITC molecules, which were
not bound to nanoparticles, was also recorded. Also unbound PEI-FITC was immobile, when
introduced in a low concentration (0.03 mg/ml). But, a complete recovery of the fluorescence

was found when PEI-FITC was applied in a concentration of 0.5 mg/ml.

To further elucidate this dependency a concentration series of PEI-FITC was applied (Figure

5A +B).
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Figure 5 A) The mobility of PEI molecules depended on their concentration. B) The diffusion
coefficient was increasing with increasing concentration and at the same time the immobile

fraction of PEI molecules decreased. (Dashed lines are only to guide the eye)

Here, the mobility of the polymer chains increased stepwise and an unhindered diffusion was
observed for the three highest concentrations with a recovery of 90% and higher and diffusion
coefficients of approximately 10 pm?/s. The lower concentrations showed a limited mobility
and also lower diffusion coefficients; down to only 2 pm?/s. These results indicated to a
specific interaction between the polycationic compound PEI and the hydrogel network. Due to
the ability to avoid the interaction just by the addition of a sufficient amount of PEI

mechanisms consisting of a distinct amount of binding sites between the two components was
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assumed. A potential option for such a saturable mechanism might be an electrostatic
interaction, as it was already reported for several biological hydrogel matrices®. Such an
electrostatic interaction is also feasible when comparing .the isoelectric point (IP) of
collagen I and the pK, value of PEL Collagen I has an IP of 7.7* and the hydrogel was also
adjusted to a neutral pH prior to its gelation. Hence, the net charge of collagen I should be
neutral. But, as it contains positively and negatively charged amino acids, areas of negative,
as well as positive, charges are likely to be present. On the other hand PEI with its pK, of
8.5%" is highly ionized with a lot of positive charges. Hence, electrostatic interaction partners

were present in this setup and therefore also an electrostatic entrapment is probable.

In a different context, Schweizer et al. investigated the sustained release of a charged antibody
out of an oppositely charged alginate matrix.”® Here, the electrostatic interactions were
adjusted by a variation of the charge density to control the release of the antibody.”® In
another study Lieleg and coworkers observed an ionic interaction between charged
nanoparticles and a collagen IV network.® They adjusted the charge state of the matrix by the
addition of ions to screen the intrinsic charge and could enhance the mobility of their
nanoparticles with this approach.6 Hence, an electrostatic binding between the polyelectrolyte
PEI-FITC either free or bound to a nanoparticle surface was highly likely. But, in case of
collagen I it was not possible to adjust the interactions by a pH variation or the addition of

high amounts of salt, because this would have affected the colloidal properties of SiNP.

It was tried to saturate the intrinsic charges of the collagen matrix by a large amount of the
polymer PEI itself to mobilize the equally charged SiNP_PEI-FITC. This saturation step was
performed with non-fluorescent PEI, prior to the incorporation of the labeled species. In fact,
0.5 mg/ml PEI were sufficient to increase the mobility of the originally immobile samples. In
case of the fluorescent polymer, a preincubation with 0.5 mg/ml non-fluorescent PEI was able
to completely mobilize 0.03 mg/ml labeled PEI-FITC (Figure 6A4).
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Figure 6 A) Preincubation with non-fluorescent PEI led to a mobilization of PEI-FITC B)

The same effect was observed for positively charged SINP_PEI

The mobility of the charged SiNP_PEI-FITC was enhanced to a mobile fraction of 50% in

comparison to the control (Figure 6 B).

Surprisingly, also negatively charged SiNP_ PEI-FITC PSS could be mobilized with

positively charged PEI (Figure 7).
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This indicated that solely an electrostatic interaction between charged particles and a
collagen I network might be not sufficient to explain the altered mobility.

Hence, one also has to consider that the constitution of the collagen I hydrogel might have
been modified by the comparably high concentration of the charged macromolecule PEI. To
elucidate this question an assay to compare the fibrillation of the collagen I matrices was

addressed.
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Constitution of collagen| matrices in the presence of polyelectrolytes and

nanoparticles

Collagen I hydrogels form linear fibrils upon gelation and as a consequence, the resulting

matrices were not clear, but opaque. This turbidity was used to observe the fibrillation of the

collagen I matrices with and without nanoparticles or polymer chains added.
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Figure 8 Turbidity of collagen matrices containing bare SiNP: The sample curves were
almost superimposable to the reference sample. Hence it was concluded, that the negatively

charged nanoparticles only had a minor influence on the collagen fibrillation. (The mean

values of three measurements are shown)

First, bare SiNP without a polymer coating were incorporated into collagen I networks

(Figure 8). It was observed that those negatively charged particles had a negligible influence
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on the formation of collagen fibrils, because the two sample curves were almost

superimposable to the reference sample.

In case of a concentration series of PEI incorporated into collagen I matrices a major shift of

the turbidity curves was observed (Figure 9).
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Figure 9 The incorporation of the polycation PElI had a major influence on the
polymerization of collagen I. Here, the fibrillation process was retarded and the equilibrium
plateau was reduced compared to the reference sample. This observation corresponded to an
alteration of the collagen | matrix and probably can be attributed to a looser packed

hydrogel. (The mean values of three measurements are shown)

First, the lag time, A t, shifted to higher values with increasing PEI concentration, indicating a
retarded formation of the collagen I fibrils. Second, the absorption difference, A A, was also
reduced, corresponding to a looser collagen I network. Altogether, it was concluded that PEI
macromolecules had a major impact on the formation of collagen I matrices and that the

structure of the network was perturbed compared to a pure collagen I network. Here, one also
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has to keep in mind that concentrations of 0.5 mg/ml PEI are much higher than the usual
concentration used for a transfection experiment and are highly toxic to cells.”’ For the coated

SiNP_PEI also a concentration dependent behavior was found (Figure 10).
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Figure 10 Turbidity of collagen | with incorporated SiNP_PEI. The diluted particles retarded
the fibrillation of collagen I but the turbidity ended at a comparable level. Hence, the internal
architecture of the matrix is not disturbed to a large impact. But, when the cationic SINP_PEI
were incorporated at a higher concentration, alterations of the matrix were observed which
were comparable to the effect of the unbound polycation. (The mean values of three

measurements are shown)

As highly concentrated SiNP_PEI influenced the collagen I fibrillation to large degree, the
diluted SiNP_PEI, which were also investigated in the mobility studies, only had a minor

influence on the formation of the collagen matrix.

The incorporation of the components used for the mobility studies showed that especially the

influence of PEI molecules in a high concentration has a major impact on the formation of
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collagen I fibrils. In contrast, the bare SINP and the SiNP_PEI had a minor influence on the
collagen I fibrillation. As a consequence, one has to assume a facilitated mobility of
SiNP_PEIL, when the preincubation step with non-fluorescent PEI was performed. The
modification of the gel constitution by PEI might lead to a looser gel network, facilitating the

diffusion of SiNP_PEL

Especially in collagen I networks which are prepared out of an acidic solution, the intrinsic

charge density is closely linked to the network architecture:

The fibrillation of collagen I from acidic solutions is still under discussion and is not
understood in full detail.”® In brief, the polymerization to collagen fibrils is described as the
self-assembly of negatively charged collagen I aggregates of a size of only a few nanometers

(Scheme 5).°'
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Scheme 5 Schematic illustration of the collagen | dissolution and fibrillation processes.
Collagen I fibrils isolated from rodent tissues can be dissolved into small aggregates under
acidic conditions and reassemble again under neutral pH and elevated temperatures.
(Reproduced with permission from Silver and Trelstad*2.Copyright 1980 American Society for

Biochemistry and Molecular Biology)

This process is usually initiated by raising the pH of the acidic solution to neutrality. The
presence of those aggregates was previously detected by AFM and X-ray scattering studies

and they seem to be sensitive to changes of their charge density.’**> And also interactions of
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those negatively charged complexes with cationic substances, such as PEI, have been reported
previously.’® Interestingly, Taravel and Domard described two competing processes
occurring, when the polycationic biopolymer chitosan was introduced into a collagen
solution.’’*® The first process is the complexation of chitosan and collagen precursor
molecules, which can also lead to a visible precipitate. The second process is the
polymerization of collagen to form a hydrogel. Taravel et al. showed that only a minimum of
negative charges has to be present to trigger the gelation.’” But the amount of available
negative charges or initiator molecules has a major impact on the density of the polymerized

product.

Therefore, it can be concluded that the same effect was observed in the FRAP and turbidity
experiments, as well: The introduction of highly concentrated PEI molecules prior to the
gelation, shielded the negative charges of the collagen I initiators. Therefore, the collagen
molecules did polymerize to a certain degree, but the lag time of the turbidity curves was
prolonged and at the same time the equilibrium of polymerization was reduced. Additionally
this shielding of negative charges increased the mobility of cationic SINP_PEI-FITC or PEI-
FITC. But, it was also observed that negatively charged SINP_PEI PSS were immobile in the
collagen network and were also mobilized by a polycationic compound as well. There are two
possible hypotheses for this effect: The first is that all charges inside the matrix were in
equilibrium. Hence, due to charge neutrality SINP_PEI-FITC PSS were not hindered in their
mobility. The second hypothesis is based on previously found results for LbL gold
nanoparticles (see Chapter 4). Due to surface roughness effects it might be possible that the
SiNP_PEI PSS carried a mixture of positive and negative surface areas. Hence, it is likely
that SINP_PEI PSS did not behave exclusively as negative particles but could also interact

electrostatically with the anionic hydrogel matrix.
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Conclusion

In this chapter it was shown that not only components of the basal membrane can act as an
effective molecular filter inside the ECM. Electrostatic barriers can also be assumed inside the
interstitial connective tissue, were collagen I is highly abundant. Therefore, the permeability
of colloidal drug carriers should also be investigated in this part of the ECM and collagen I
hydrogels are a suitable model system. But, particular attention is necessary when charged
agents such as polyelectrolytes or ions are incorporated into a collagen I matrix during its
fibrillation and gelation process. The fibrillation of collagen I hydrogels is based on the self-
assembly of negatively charged collagen complexes and is very sensitive to charge shielding
effects. In this case alterations of the internal architecture of the collagen I matrix have to be
considered in future experiments to achieve results which really represent in vivo conditions.
Therefore, it is recommended to conduct the appropriate control experiments, such as
fibrillation assays, side-by-side to mobility studies to early get aware of modifications of the

collagen I constitution.
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Summary

This thesis was focused on the interactions of Layer-by-Layer (LbL) thin films with biological
counterparts during a drug delivery scenario. Several physiological barriers of an organism,
the adsorption of serum proteins, the cellular association or the barrier function of biological
hydrogels, limit the transport efficacy and hence the therapeutic effect of a drug delivery
system. All those processes are mainly influenced by the physicochemical properties, such as
the size and surface charge, of the drug delivery system. Here, thin film technologies, like the
LbL strategy are an ideal tool to fine-tune these properties on the nanoscale and hence can
lead to a profound knowledge of the ideal parameters for the design of future drug delivery

systems.

At the starting point of this work a suitable nanoparticle material, which can easily be
modified by an LbL strategy had to be found and characterized in detail. Gold nanoparticles
were found to be an interesting colloidal material, due to their distinct optical properties. Gold
nanoparticles of different sizes were synthesized according to the Frens method and their size-
dependent extinction coefficients were calculated (Chapter 2). This connection was the
fundamental basis for all further quantitative experiments, for example the cell association
and protein adsorption studies. Those gold nanoparticles were used as templates for Layer-by-
Layer (LbL) thin film surface modifications. As the coating procedure, especially the

purification, of nanoparticles is troublesome, due to their high tendency against aggregation, a
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general protocol for the LbL coating of gold nanoparticles was established (Chapter 3). This
protocol was later transferred to various other polyelectrolyte pairs and other core materials

such as silica nanoparticles.

These tools were the basis for a comparative study on the cell association and protein
adsorption behavior of different LbL coated gold nanoparticles (Chapter 4). Here, the
multilayer formation of three different polycations poly(ethylene imine) (PEI).
poly(allylamine hydrochloride) (PAH) and poly(diallyl dimethyl ammonium chloride) (PD) in
combination with the polyanion poly(styrene sulfonate) (PSS) was investigated with surface
plasmon resonance spectroscopy. Those polycations were chosen because of their comparable
chemical composition and, in case of PEI, because of its known transfection capacity. But, an
unusual deviation of the LbL deposition, a so called overshoot-effect, was found for the
PEI/PSS polyelectrolyte pair. Atomic force microscopy revealed that this overshoot
phenomenon increased the surface roughness by 12-fold upon adsorption of the third polymer
layer and at the same time sharp surface features appeared. It was further assumed that the
overshoot effect happened also upon the coating of gold nanoparticles, due to a decrease of
the particle size at the same coating step. Hence, it was also concluded that a comparable
surface structure was present on the trilayered PEI/PSS coated particles. This surface structure
had a major influence on two known physiological barriers; on the adsorption of serum
proteins and consequently on the association to cells. The protein adsorption increased
significantly for the trilayered PEI/PSS particles, compared to the corresponding bilayered
particle species. And this elevated protein shell hindered the association to HeLa cell in vitro.
As all other physicochemical properties of the particles, the particle size and the surface
charge, were comparable for all particle types, it was concluded that the surface topography

had a major influence on the interactions with the biological counterparts. As a consequence,
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this property should be considered for the design of future nanoparticle based drug delivery

systems.

Further specialties of LbL systems were highlighted in Chapter 5. LbL multilayers are known
to be dynamic constructs with an internal conformation of the polymer chains that highly
depends on the applied fabrication conditions. The internal conformation of the above
mentioned polyelectrolyte pairs were investigated with an approach based on Foerster
resonance energy transfer. It was found that the combination of PAH/PSS led to a highly
interpenetrated polymer network. Those interpenetrations acted as crosslinks between the
polymer chains and increased the stability of this polymer films against swelling in a
biological milieu. Hence, it was found that PAH/PSS multilayers are disadvantageous for
drug delivery systems, where a charged macromolecular drug is incorporated into the
multilayer itself. In contrast, PAH/PSS films might be suitable as coating for drug reservoirs,
because they showed a good permeability for small molecular drugs. Additionally the mode

of release of drugs could be fine-tuned by the degree of ionization of PAH.

The extracellular matrix as another important physiological barrier for colloidal drug carriers
was addressed in Chapter 6. So far, the interstitial connective tissue, which contains large
amounts of collagen I, was less regarded as an effective molecular filter. But with
fluorescence recovery after photobleaching studies in collagen I hydrogels it was found that
cationic LbL coated particles and unbound polycations were effectively trapped inside those
model matrices. It was further shown, that the addition of a high concentrated PEI-solution of
0.5 mg/ml increased the mobility of the trapped species. But at the same time, these high
concentrated polycations altered the constitution of the collagen I fibrils, as it was found with
turbidity assays. Hence, it was concluded, that an effective electrostatic filter can also be
assumed for the interstitial connective tissue and collagen I hydrogels are a suitable model
systems, if the appropriate control experiments are performed side-by-side.
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Outlook

Layer-by-Layer based thin films will be of ongoing interest for the development of potent
drug carrier systems in the future. This is due to the endless versatility of the technique, where
almost any material of synthetic or natural origin can be applied. But just because of this
myriad of available materials and fabrication conditions, a lot of open question remain, which

need to be resolved.

For an effective drug delivery on the basis of LbL multilayers the counterplay between
materials science and biology has to be understood in more detail. In case of the LbL
technique the internal structure and the outer appearance of a thin film highly affect the
barrier systems of living organisms, which at the end will limit the therapeutic effect.
Complex biological processes, such as the adsorption of serum proteins are known to highly
depend on particle size or surface charge of the applied material. But, in the future further
physicochemical properties, for example the surface topography or the hydrophobicity of the
surface, have to be investigated in the same way to get the full scope of the complexity of

nano-bio interactions.

Another important challenge for LbL modifications will be to increase the release of drugs
which were incorporated into or separated by multilayers. Especially electrostatic LbL thin
films seem to be very stable in a biological environment, and this fact reduces their

applicability to a large extent. Hence, studies on multilayers which disassemble in an
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intracellular regime have to be pronounced. Some promising examples which are already
under investigation are the incorporation of intracellular cleavable synthetic polyelectrolytes
or the use of hydrogen-bonded multilayers. Finally, one has to consider, that the in vitro
situation of a cell culture experiment never resembles the complex situation in vivo.
Therefore, promising material combinations have to be transferred to the in vivo level sooner

or later.
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List of Abbreviations

um

AFM

ANOVA

ATCC

AuUNP

DLS

DNA

ECM

EMEM

FITC

FRAP

FRET

HAUC|4

HelLa

ICP-MS

ICP-OES

IP

Micrometer

Atomic force microscopy

Analysis of variance

American type culture collection

Gold nanoparticle

Dynamic light scattering

Deoxyribonucleic acid

Extracellular matrix

Eagle’s minimal essential medium

Fluorescein isothiocyanate

Fluorescence recovery after photobleaching

Foerster resonance energy transfer

Tetrachloroauric(l11) acid

Human cervical carcinoma cell line

Inductively coupled plasma mass spectrometry

Inductively coupled plasma optical emission spectrometry

Isoelectric point
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kDa Kilo Dalton

LB Langmuir-Blodgett films

LbL Layer-by-Layer

ml Milliliter

mM Millimolar

MUA Mercapto undecanoic acid
MWCO Molecular weight cut-off
NasCit Trisodium citrate

nm Nanometer

PAH Poly(allylamine hydrochloride)
PD Poly(diallylamine diammonium chloride)
PEI Poly(ethylene imine)

PEM Polyelectrolyte multilayer

pM Picomolar

PSS Poly(styrene sulfonate)

rms Root mean square

RNA Ribonucleic acid

ROI Region of interest
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SAM Self-assembled monolayer

SDS Sodium dodecyl sulfate

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SiNP Silica nanoparticle

SIRNA Small-interfering ribonucleic acid

SNK Student-Newman-Keuls test

SPR Surface plasmon resonance spectroscopy

TEM Transmission electron microscopy

TRITC Tetramethylrhodamine isothiocyanate

X-ray Rdntgen radiation
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