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Introduction and goals of the thesis

Introduction

Nanoparticles for drug delivery

Nanoparticles for drug delivegpplications 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
stating point of a novel strategy in drimpased medicine, and colloidal drug carriers seem to

be a promising approach to reach Ehrlich’s optimum of a targeted drug théByyow a

myriad of different nanocarriers of inorganic or ongaorigin with various types of surface

modi fications are under sci en?Bdtindependentye st i g ¢

of the used material songeneral propertieare discussed for all colloidal drug carriers:

First, nanoparticle based drug delivery systems are often usedd@asadhe 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 theode up to a therapeutically relevant concentratfom the case of a
completely new class of therapeutic substances, such as proteins and nucleic acids,
nanoparticles are thought to be a necgdsit a therapeutic use at all. Nucleic acids and
thereof especially small interfering RNA (siRNA) more recently gained increasing attention

as potential therapeutic agefit8.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. Addition#ilsir 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 chdrgémse requirements can be
provided by nanoparticle construcks.this context so ckdd nonviral vectors on the basis of
polycationic compounds such as poly(ethylene imine) or cationic lipids seem to be a

promising approach, altugh the toxicity of polycations is always a concg&i.

Second, nanoparticles are able to imprdwe riskto-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 tdrjeting.
Consequently, healthy tissues and cells would be preserved and unwanteflesideare

reduced.

But , i n fact t he r eal ismsuch mae doroptex. The rfate af afi ma g |
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 bloodesim 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 macrophdgé§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 signafransduction process€sThe extracellular matrix consists of a variety of

different biomacromolecules, such as proteins, proteoglycans and glycosaminoglycans and
most of them are highly chargétiAs a consequence electrostatic filter effectskai@vn to

exist, hindering the mobility of nanoparticles and at the end reducing their therapeutic
efficiency?®?

4
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Scheme 1nside an organism a colloidal drug carrier has to overcome reg¢yysiological
barriers. All of them are affecting the efficiency of the transported drug molecules and are

mainly affected by the physicochemical prope

After reaching the desired target, the various endocytosis meotgaf living cells resemble
another effective barrier for the efficiency of colloidal drug carfigfdIn the absence of a
ligand that mediates the uptake by cellsze¥i?’, shap&?® and charg®* of the
nanoparticles are the most important parameters influencing endocytosis. And finally, the
release out of the endosahsystem of human cells is critical for the efficiency of a drug

molecule, because of chemical degradation processes occurring inside the lySo3bmes.

All of the processes mentioned above are mainly influenced by the physicochemical
properties of the colloidal carri@nd 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
desred 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 Ld#pekayer (LbL) stratey, which easily

adjust the physicochemical parameters, are ideal tools to investigate these interactions at the

nanahio interface
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Advantages and properties of LbL thin films

The LbL technology is a webstablished method for thin film surfag®difications based on

the stepwise sekissembly polymers. Thin films are commonly defined as coatings on a flat,
curved or structured substrate with a thickness belowi®.1in general, the physicochemical
properties of the coated substrate differ fréme uncoated material for example by their
electrical, optical, magnetic or biological properfié$ience, 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 ller describing multilayers consisting of chargadparticles’
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Scheme 2lllustration of the basic LbL protocolA) The original dipping procedure with
polyelectrolyte solutions and washing steps lead®)td f uzzy nanoassembl i
the polymer charges are overcompensated to form a loopy conform&eprir{tedfrom

Dechef®. Reprinted with permission from AARS.
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Decher and coworkers probably were imsgi by these early findings and enlarged this
strategy to polyelectrolytes about 30 years later, opening a whole new field of ré&&arch.
The original LbL protocol was described as an imsi 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 polyelediytes®® After several repetitions a polymer thin fim is

adsorbed on the surface with a thickness of only several nanoif@thesne 2

The strength of the LbL strategy becomes evident among comparisba te#chnique with

other available strategies for thin film modifications, e.g. the LangBloulgett technique

(LB) and the selassembled monolayers (SAM). The {#&hnique transfers amphiphilic
molecules from an awater interface by immersion or emensiof a substrate, leading to
mulitlayers which are comparable to biological membr&heBut, LB films require
specialized equipmenthé so called LBrough, and are limited to amphiphilic building
blocks*! In comparison, SAM consist of organic molecules which spontsste take on an
ordered, but monolayered, conformation on a substrate, e.g. as the binding of alkylthiols on
gold surface&? But, usually muilayers 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 ofcharged synthetic and biological polymers and other
colloids are available as coating materf4l3he coating process itself does not require any
advanced facilities, but nevertheless automated equipment and other film deposition
techniques, such as spregating” and spircoating®, were developed to increase the output.

7
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The LbL technique is not limited to electrostatic interactions only. Hydrophobic
interaction2®, hydrogen bondimj and even covalent strategies, such as -af@mistry”,

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 1Building blocks for the design bbL multilayers.

Film growth modé&™*°

Coating conditions lons and pP*?

Solvent polarity*>*

43,55,56

Dipping
Spraycoating”®
Deposition technique
Spin-coating®

Microfluidics/Flow Systent¥

Electrostatic®

Hydrophobic®
Attraction forces
Hydrogenbonding”®

Covalent®®!

Macroscopic substrat&s

Microparticles fcapsule®©
Substrate materials
Nanoparticle&"

Freestanding film&®

Synthetic polyelectrolyté$

Natural polyelectrolyte?”°
Coating materials

Nucleic acids and proteitfs’®"*

Nanoparticle®" %"
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An overview, without any claim for completeness, is showhnahle 1to 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 applicatrenby 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 extensiveliewed by von Klitzind* and just

the most important facts for the understanding of electrostatic multilayer structures are

mentioned here.

First, it is important to know thapolyelectrolytes usually do not behave as rigid building

bl ocks with interactions only betweedy- nei ghtl
Layero is somewhat misleading. Further more t
flexible and mobe chains, which rather can be seen as a sponge or a crosslinked rdétwork.
Lavalle and coworkers described anaimdout diffusion model, where a polyelectrolyte

species is ableo diffuse freely inside the polyelectrolyte filmThe direction of its diffusion

changes with the charge of the next polymer layer and this results in the so called
fiexpongernotwtahl ® o f’° InmgehetalitHe daprieatian .conditions have a major

impact on the final multilayer properties. Minimal changes lead to rather diffégniantiims

with speific internal conformations of the polyelectrolyte chains. For example, the type of
counterion associated with the polyelectrolytes highly affects the constitution of adsorbed
polymer chains $cheme 3 Large anions with a comparable small hydration shetj.

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.



Chapter 1

. o

Al t hough mul

force for the formation of those thin films is a gain in entropy, due to the release of

counteriong® But, it was also shown, that next to electrostatic attraction other forces such as

......

.......

tilayers of pol yelectrol ytes

Scheme 3The type of counterion has &
impact on the internal conformation of tl
multilayer.A) In case of a large anion with
comparable small and weakly boul
hydration shell, the polymer chains take o1
coiled conformation, leading to a high:
multilayer thickress. B) Small counterions
with a larger hydration shell, lead to a fl
and stratified polymer conformation and
low multilayer thickness.(Reproduced frc
von Klitzind* with pernission of the Roya

Society of Chemistry)

hydrophobic interactions between the used polymers play a major role a¥ ®eihll

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 sofdtions.

ar

The introduced counterions screen the charges of the polymer backbone and lead to more

coiled polymer structures, which results in thicker titaylers®* Dubas and Schlenoff showed

a

poly(diallyl diammoniumchloride)/poly(styrene sulfonate) multilayers in the range of 10

and 2M NaCl>! In case of weak polyelectrolytes the pH of the polymer solution has a similar

linear

correlation

between

ionic

strength and multilayer ckitdss  for

effect and can also adjust the charge density of a polymer chain, leading to an increased

multilayer thickness over a narrow pH rari§é’ 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 apprace, was altered significantiyAt 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 visle.

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

terms of drug release and interactions ainnecbio interface.

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

Due to its mild fabrication conditions in an agqueowsdium, LbL was early discovered as a
potential tool to design novel biomedical materials and drug delivery d&Vitse, three
different applications have to be mentioned: The fabooatf LbL coated implants, of

hollow microcapsules and of coated nanopatrticles.

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 templag group of Hammond
strongly works on thén vitro andin vivo use of LbL coated metal implants with different
kinds of smaHmolecule drugs incorporated into the thin film, e.g. several antibiotics, such as
gentamicin or ciproflaxin, and nesteroidal antinflammatory drug® Due to the integration

of those charged or nezharged drugs into separated polyelectrolyte layers adependent
control of the drug doses and a sustained release of the different therapeutic agents over up to
four weeks was achievé@®! In contrast, Jewell and Lynn investigatéee transfection of
plasmid DNA with LbL films on glass surfaces and showed the successful of expression of
enhanced green fluorescent protein afteh 48> Furthermore, they proposed that coating of
vascular stents wh this approach might lead to a gdrased treatment of cardiovascular

diseases in the futufé.

11
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In the field of particlebased drug delivery systems Mohwald and coworkerented the
principle of LbL coated microparticles to form hollow drug containing microcap&ufes.

This approach was further improved by de &ead Caruso, but it still suffers from the large
size of the applied microparticles which cannot be endocytosed by most of the human
cells®*®87Byt, more recently LbL microcapsules wéoeind to be a promising approach for

the mild and adjuvarfree delivery of vaccine®:®°

Smaller particle cores in the nanometer scale results in functional particles that fit to the size
limits of cellular uptake mechanisrfisHence, 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 nanoparties® But, in contrast to the coating of microparticles, LbL
modifications on nanoparticles are technical challenging due to their high tendercygsow
aggregation. But especially gold nanopartiti@swere shown to be stable enough to resist

the coating and washing steps of an LbL procedure and probably became the most common
used core materidf. Neverthelessother nanomaterials of organic or inorganic origin were
also used as LbL templatésBased on LbL coated gold nanoparticles, Elbakry et al. degign

a drug delivery system for nucleic acids based on a gold nanoparticle core which is coated
with the polyelectrolyte poly(ethylene imine), PEI, and siRI$&Heme 4.°* PEI was chosen
because of its known transfection capability and consequently the transfection efficiency of
this siRNA delivery system was reported in 26bBlere, it was shown that by the use of only

a single siRNA layerclose to 800 siRNA molecules could be delivered by a singieml6

small nanoparticle; a prove for the high loading dose of LbL coated particle d¥signs.
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 syst was tuned by the size of the initial gold

12



Introduction and goals of the thesis

nanoparticle core in a range of 20 tor8f, what also had a major impact on the particle

uptake and the transfection efficierfy.

negative »”
surface ligand 1" polymer layer
MUA PEI

AuNP MUA-AuNP

3“polymer layer

siRNA PEI

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

Scheme 4.bL coating of gold nanoparticles with PEI and siRNRefrinted (adapted) with
permissiorfrom Elbakry et af*. Copyright (2009)American Chemical Soc)ety

In the last years further comparable examples of LbL modif@coparticulate delivery
systems were published. The group of Hammond strongly forceés e feasibility of LbL

coated nanoparticles. They showed that the stability and clearance of LbL coated quantum
dots strongly depends on the amount of coated digaybut they also proved the passive
targeting of a tumor in a mouse modtDeng 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 drugesisance protein and therefore enhanced the efficiency of doxorubicii 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 toau 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 appliations.

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 adstirption 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 nanoparticleis challenging due to their tendency towards aggregation.
Hence, an improved protocol for the coating of gold nanoparticles had to be developed, first
(Chapter). 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 Chapter3.

All these findings led to a detailed study aboutoas LbL coated gold nanoparticles at the
nancbio interface In Chapter4 different series ofthree polycations, poly(allylamine
hydrochloride), poly(ethylene imine) and poly(diallyl diammonium chloride) were coated on
gold nanoparticles and their LbL deption 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 dredinteraction of those LbL coated nanoparticles
with cell culture medium and itempact 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 impat on the permeability for small molecule drugs was compared using an approach

based on Foerster resonance energy trarSfepters).

Concerning the different barriers colloidal drug carriers have to overcome on their journey to
their cellular site of awn, 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
connectie tissue, with its main component collagen I, can be assumed to limit the mobility of
nanoparticles. This question is addresseCliapter 6 where the mobility of LbL coated

nanoparticles and polyelectrolytes in a collagerodel matrix is described.

Altogether this thesisgivesfurther details on the interaofis of LbL coatedmaterials at the
nanobio interfaceand wants tdiighlight 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: Transmissioglectronmicroscopy images (Figure 3).
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Synthesis and characterization of gold nanoparticles

Abstract

Gold nanoparticles are a fascinating colloidal material with distinct ogtroplerties. Due to

their facile and sizspecific synthesis, they were often used in biomedical and drug delivery
applications. But especially in the case of-interaction studies a profound knowledge of the
particle size and the molar concentratioh the nanoparticle suspensia@are of utmost
importance. This is due to the fact that interactions between a nanomaterial and biological

counterparts are highly influenced by the physihemical properties of the colloid.

Usually, dynamic light scattering (C5) 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
citratereduced 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 cos&tilie
calculate the molar extinction coefficient, which is the basis for the use of LaBieed r 0 s
law. Hence, combining two common analytical methods, DLS anespéstroscopy, the

molar concentration of a gold suspension became available, which gsiieeneent for any

guantitative experiment at tmanacbio interface
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Synthesis and characterization of gold nanoparticles

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 synthesizedybFaradayin 1857% In case of biomedical research, gold colloids are

promising cadidates for hyperthermic therapleas biosensot®r as drug carriefs.

There are several different synthetic routes for their fabricatiariable resulting in different

sizes and shapes of gold collofdamong them, the most widespread bottamprocedure is
based on the gold saktrachloroaurid(l) acid (HAuCl;) and the reducing agent trisodium
citrate (NaCit), which also serves as the stabilizing ligdnwith this protocol gold
nanoparticles of a size range between 20 antht®ecome 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
nucleatiorand-growth modet**? have been reported during the last y¢at& Most of them

are variations of the classical nucleateomd-growth model as it was defined by LaMer
(Schemel).*? Here, after the nucleation step, which is the formation of particle clusters out of

monomer¥, larger particles are formed either by Ostwajmning or by coalescence.
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Schemel Classical stagesf a nucleatiorand-growth mechanism. After LaMer nucleation,
small clusters undergo either an Ostwd#ipening or a coalescence ste(Reprinted
(adapted) with permissicinom Thanh et dP. Copyright (2014) American Chemical Society)

The Ostwaléripening 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 orientatfonBut independent on the reaction
mechanism, the synthesis of nanoparticles always leads to a distribution of different particle

sizes, which requires properariacterization.

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 amtdnalso gives a qualitative

result on the shape and constitution of the colloid, despite the statistical analysis of particle
size$®% In case of metal nanoparts, such as gold nanopatrticles, 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 atragghtforward method for the siz@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 -Giokésinrequation, the

mobility of the particles due to Brownian motion and hence the changes in the scattering
patterns are correlated to the particle §fzk.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 distributiorf>?3
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Scheme2 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
neessary to conclude the correct particle size of the sarR@producedrom Zetasizer User

Manud?®, Copyright (2009) Malvern Instrumedts

After a DLS measurement, three drfat size distributions are available, which have to be
evaluated carefullfScheme2). The most fundamental one is the distribution by inteRSity.

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 miggppear at aff
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An often used alternative is the numberighted size distribution, where the particles are
actually presented as their relative amount on the total $uhe garticles. This distribution

can easily be compared with the results obtained from microscopic methods, such as TEM,
where a statistical analysis of the images is perforth&dt, 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 thenve distribution of nanoparticles.

In case of studies on nafhio-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 determinday the physicechemical parameters of a colldid.

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 ofagolparticles.

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 tealmnidrhis 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 optigaloperties. This procedure is of high interest for
experiments at the bioancinterfaces, 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 8mmaAldrich Chemical Company
(Taufkirchen, Germany)Ultrapure water wasbtained using a MilliQ-System (Merck

Chemicals, Schwalbach, Germany).

Methods

Gold nanoparticles were synthesized with the citrate reduction method developed by Frens
and Turkeich, whereby the ratio between the gold precursor and the reduction agent was
varied'*%® Hence, toa boiling solution of 0.1% (w/v) gold(lll) chloridéCAS 2798877-8,

339.8 g/mol)a variable amount ofl&o (w/v) aqueous sodium citrate trinydra@AS 6132-

04-3, 294.1g/mol, Merck KgGa, Darmstadt, Germany) solution were added under vigorous
stirring. These conditions were kept for 1@in until the red color of the colloidal gold
appeared.The reaction mixture was chilled to room temperature slowly aed gibld

nanoparticles were used for characterization as prepared.

The size of the gold nanoparticles was determined with transmission electron microscopy.
Therefore, the gold nanoparticles weredried on a carbowoated copper grid and imaged
with a Philps 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, hitp://imagej.nih.gov/ij/, 1992014).

The hydrodynamic diameter was determined by dynamic light scattering aisdiegasizer
Nano ZS (Malvern Instruments, Herrenberg, Germany)alaize measurement®ncerning

the calculation of gold nanoparticle contrations173° backward scatter in general purpose
mode was applied and the maximum peak of the intensity distribution is always Htated.

indicated the scattering angle was changed to forward scatter &t 12.8

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

to calculatehe extinction coefficients and the AuNP particle concentration.

The calculabn of the extinction coefficients was previously repoftedherefore, gold
nanoparticles of five different sizes were synthesized and the obtained particle concentration

was calculated.

Equation (1) gives the amount ofldatoms per spherical nanoparticle, N, of a distinct size
with & as the density of bulk gold in a facentered cubic(= 19.3g/cn?) and M as the

atomic weight of goldNl = 197g/mol).

o - (1)
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The molar concentration, C, siynthesized nanoparticles was calculated with equé?ipn
where Nota IS amount of gold atoms, which were added to the reaction mixture, V is the

volume of the reaction mixture in liter and, ¢ Avogadro's constant.

)

0 wo

Based on this molar concentration a dilution series was performed and its absorption at
506 nm wasmeasured. The slope of the linear regression of absorption versus concentration
was the molar extinction coefficienif] The natural logarithm off wa s d gmainsttthe e
logarithm of the particle size to give a linear fit. The obtained linear regression function could

be used to calculate al/l further U for gold

concentration could be calculated with Lamieeer 6 s | a w.

39



Chapter 2

Results and Discussion

Gold nanoparticle synthesis

Gold nanopatrticles are a well investigated colloidal material with fascinating propefties.
classical and most often used synthesis procedure is the Turkevichreithattion method,
where the precursor salt HAuG$ reduced to elemental gold by sodium citrates(N@ upon

formation of gold nanoparticléd

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 agfebbing this, gold nanoparticles between 20

and 50nm were obtained and upon variation of HAGIagCit up to a 1€fold molar excess

of the NaCit an interesting trend was observ&ib(re 1). The hydrodynamic diameter of the
nanoparticles first decreased with increasaingpunt of theeducing agent, but tued back to

larger particles for ratios larger than 1FBdure 1). Hence, the upper and lower size limits of

the resulting particles were determined. Particles smaller tham2@ere not obtained by
further increasing the amount of Jt. Additionally, s/nthesizing particledarger than

60 nm was troublesome, because of a deficit ogQia As NaCit 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 stabilityand therefore the tendency against aggregation increased.
Nevertheless, gold nanoparticles beyond these size boundaries are available by other synthesis
routes. For example, the BreShiffrin method is a twgphase synthesis leading to particles

smaller tlan 10nm2® Alternatively particles of lower sizes can be obtained by a stronger
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reducing agent such as sodium borohydffd@n the other hand, larger gold nanoparticles are
available with different seedingrowth strategies, where a particle species of a smaller size is
added to the reaction mixture to further grow to larger $izBsit as the gold nanoparticles
synthesized here were intended for the use as imykayer substrates and cellular studies,

an available size window between 20 andnf0 agreed well with the experimental

necessities.
%0 Figure 1 The resulting siz¢
0] ©® of gold ranoparticles
E ° depended on the ratio ¢
% 40 A the gold precursor
é . o HAuUCl, and the reduing
£ 30 1 agent, NaCit. A transition
e ¢ point of the size tren
& 204 ¢ .
0 occurred at the ratio o
E‘ 10 1:5, which is due to ¢
changng reaction
0 T ] mechanism.

1:1 1:5 1:10
Molar ratio HAuCl,:Na,Cit

To explain the unusual trend of the siz@silable by the citrateeduction method, one has to
consider the underlying reaction mechanism, which is still under scientific discussion.
Especially the role of N&it is still unclear® Polte et al. proposed a festep mechanism,
where the precursor is consumed over time and particles develop in a classical nucleation
andgrowth mechanisn’ But, here the particles would get smaller with increasing amount of
NasCit, because of the increasing formation of starting ndtldience, a frther function of

citrate has to be considered and Ji and Peng showed t#@Git Biso has an important impact
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on the pH of the reaction mixtute At a distinct pH threshold the reaction mechanism most
likely changes from nucleatieandgrowth to a nucleaticaggregatiorsmoothing
mechanisnt® This change of the reaction mechanism appeared also at a precursor to citrate

ratio ofapproximately 1:5 and confirms the observed phenom&hon.

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 withe 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 showdigire 2A.

For a single species of splwl 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 weten3Byn A)

and 54.24hm (Syn B) respectively, and the second maxima were found atrh.&nd 4.7m,
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
numberweighted values. The obtained number distribution showed only the lower weight
maximum between 1 and 1n, due to an overestimation of small nanopasdicléde former

main maximum, which was assumed to represent the synthesized nanopatrticles, disappeared

completely Figure 2B).
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Figure 2 Dynamic light scattering is a standard method for the measurement of the
hydrodynamic diametesf colloids Usuallythe size distribution by intensitj) or by number

(B) is stated. Buin case of gold nanoparticleen additional peak betweenahd 5 nm was
visible which disturbs the calculation of the number distribution. Hence, the value of the main
peak in the intesity distribution was always stated as the hydrodynamic diameter resulting in
31.7 nm §yn A and 54.4 nm{yn 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 prtheactual 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 nanoparties with a good contrast to the backgroukigre 3). The particles of

SynA were found to be monodisperse and spherical with an average diameter af 18.0
5.4nm (Figure 3A). The lower size value compared to the DLS result is due to the difference
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betweenthe 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 8yand B) and

Syn B C and D. The determined sizes were 18.0 = 5@ 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 shapetiHa images of higher resolutioB @nd 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 raatble

low-size maximum of 1.ém, which was found in the intensity distribution of DUSgure
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3B). The same result was also found for the larger particle species & &ygure 3C).

Here, the lower sized patrticle fraction of the DLS measurement hgdradynamic diameter

of 5.6nm. 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 shaptead of spheres, leading to a-lik@ shape

in threedimensions.

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

could not be detected in TEM?

First, rodlike nanopatrticles, having two geometrical axes, alsovdfa maxima in a DLS
experiment, corresponding to the transversal and rotational translocation. Together with the
finding of more rodike than spherical gold nanopatrticles this might be an explanation. But
then, why did this phenomenon not appear inyeldrature, although citrateeduced 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 thet B years: Compared to other convenient DLS
devices or older Zetasizenodels the new Zetasizer Nano ZS does not apply & 90
rectangular scattering angle, but a *7Backward anglé®**' 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 thigp$ét

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 splerical gold nanoparticles appeared in this measurement séttidpebtsov

further gives an approach to circumvent this effect and suggests using the also availdéble 12.8

forward scatter instead.
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Figure 4 At the use of forward scatter at 12.8nstead of backward scatter 173the
additional peak at low diameters disappeared. The maximum of the intdisijputions

were 40.40m in for the backward scatter and 38® 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 inFigure 4 the lower size fraatin disappeared and the particle distribution became
narrower, which was in agreement to the findings of KhleBts@he obtained hydrodynamic
diameters when determined at the maxima of the intensity distributions, were comparable
with 38.0nm and 40.4m for the forward scattering instead of the backwardeartgénce,

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. Duiné¢ 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 decidedlltstate 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 appligghraach is the determination of the
chemical composition of a colloidal sample by inductivetyipled plasma optical emission
spectrometry (ICFOES) or inductively coupled plasma mass spectrometry-MSI. Both
methods are very sensitive, especially foe tquantification 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 2Calculated molar extinction coefficients for AUNP of different sizes.

Hydrodynamic Molar extinction
diameter (d) / nm In (d) coefficient (J/ | mol*cm™ In (9
25.00 3.22 1.54E+09 21.15
36.00 3.58 4.87E+09 22.31
38.00 3.64 4.62E+09 22.25
47.00 3.85 1.16E+10 23.18
62.00 413 1.91E+10 23.67

In case of gold nanoparticles a special property of the material can be used to calculate the
concentrations of gold nanoparticle suspensférsDue to its surface plasmon effect, gold

nanoparticles show a brilliant red color. The absorption maximum usually liesdmeb2€
47



Chapter 2

and 550nm and shifts to red with larger particle siZ&$. But, to calculate the coentration
of an unknown gold nanoparticle suspension using the rule of LaiBberf the extinction

coefficient has to be known first.

Therefore, a combined calculation and experimental procedure was perfor@ederal
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 1.9 10" | mol*cm1, dependingon the particle sizeT@ble 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 1.2% 10* | mol* cm1.3®

The obtained exponential correlation between particle size and textireoefficient was
linearized by a doubigarithmic plot, resulting in an equation for the calculation of the

extinction coefficient at a known particle sizéqure 5).

25 . .
Figure 5 Linear
regression of the

24

= ® determined extinctiot
Q
8 coefficient and  the
5 23 > o
S hydrodynamic diameter
c
% ° The extinction coefficier
22
'~§ obtained by this
(4]
< 9 correlation could be use
y=2.8x+12.0 for the calculation of
R =098 :
- AuNP concentration:

3.0 3.2 34 3.6 3.8 4.0 42 4.4 after LambetBeer’s law.
In (hydrodynamic diameter)
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This procedure was previously applied by Liu et al., where the actual particle size, determined
from TEM imaging was used instead of the hydrodynamic diarieBart, here it was shown

that the hydrodynamic diameter, determined from the intensity distribution, also gives a good
linear correlation and the deviation to fireear 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 cftfabe.terms of a Layeby-

Layer coating it was followed that the once determined-dggeendent equation was also
suitable for polymer coated gold nanoparticles. Because of the repetitive washing steps of a
Layerby-Layer protocol, the knowledge of the final peld concentration is of high

importance for the seip of following experiment¢éseeChapter 4).
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Conclusion

A profound knowledge of the physiahemical properties of colloids is the basis for further
studies on their sizdependent interaction withiological systems, such as cells or biological
matrices. Therefore, the techniques to characterize the size of gold nanoparticles were
evaluatedcarefully. The maximum of the intensity distribution obtained from dynamic light
scattering agreed well witthe 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-o#taigion method.
Furthermore, a linear correlation between the hydrodynamic diameter and titeticax
coefficient was confirmed. Hence, the combined use of two standard laboratory instruments, a
dynamic light scattering device and a common-\Ui¥ photometer, allowed the fast and

convenient determination of the molar concentrations of gold namdeatspensions.

50



Synthesis and characterization of gold nanoparticles

References

(1) Daniel, M. C.; Astruc, D. Gold Nanoparticles: Assembly, Supramolecular Chemistry,
QuantumSizeRelated Properties, And Applications Toward Biology, Catalysis, And
NanotechnologyChem. Rev2004 104, 293346.

(2) Ozin, G. A.; Cademartiri, L. ChapterGold. InConcepts of Nanochemistiyiley-VCH-
Verlag: Weinheim, 2009; pp. 8B11.

(3) Faraday, M. The Bakerian Lecture: Experimental Relations Of Gold (And Other Metals)
To Light. Philos. Trans. R. Soc. Londag857, 147, 145181.

(4) Lal, S.; Verma, J.; an Noorden, C. J. F. Nanoparticles For Hyperthermic Therapy:
Synthesis Strategies And Applications In Glioblastoimia.J. Nanome@01410, 28632877.

(5) Holzinger, M.; Le Goff, A.; Cosnier, S. Nanomaterials For Biosensing Applications: A
Review.Front. Chem.2014 2, 63.

(6) Han, G.; Ghosh, P.; de M.; Rotello, V. Drug And Gene Delivery Using Gold
NanoparticlesNanoBioTechnolog2007, 3, 40-45.

(7) CaosMilan, R.; Liz-Marzan, L. M. Gold Nanoparticle Conjugates: Recent Advances
Toward Clinical ApplicationsExpert Opin. Drug Deliverg014 11, 741-752.

(8) Nguyen, D. T.; Kim, D.; Kim, K. Controlled Synthesis And Biomolecular Probe
Application Of Gold Nanoparticleddicron 2011, 42, 207-227.

(9) Enustin, B. V.; Turkevich, J. Coagulation Of Colloidal GAldAm. Chem. S0d.963 85,
3317%3328.

(10) Thanh, N.; Maclean, N.; Mahiddine, S. Mechanisms Of Nucleation And Growth Of
Nanoparticles In SolutiorChem. Rev2014 114, 76107630.

(11) LaMer, V. K. Nucleation In Phase Transitiomsl. Eng. Cheml952, 44, 12701277.
51



Chapter 2

(12) LaMer, V. K.; Dinegar, R. H. Theory, Production And Mechanism Of Formation Of
Monodispersed Hydrosol3. Am. Chem. Sot95Q 72, 48474854.

(13) Pong, B.; Elim, H. I.; Chong, J.; Ji, W.; Trout, B. L.; Lee, J. New Insights On The
Nanoparttle Growth Mechanism In The Citrate Reduction Of Gold(lll) Salt: Formation Of
The Au Nanowire Intermediate And Its Nonlinear Optical ProperdieBhys.Chem. @007,

111, 62816287.

(14) Turkevich, J.; Stevenson, P.; Hillier, J. A Study Of The Nucleafiod Growth
Processes In The Synthesis Of Colloidal GBligcuss. Faraday So&95], 11, 5575.

(15) Polte, J.; Ahner, T. T.; Delissen, F.; Sokolov, S.; Emmerling, F.; Thunemann, A. F,;
Kraehnert, R. Mechanism Of Gold Nanoparticle Formation In The Classicate Synthesis
Method Derived From Coupled In Situ XANES And SAXS EvaluatibnAm. Chem. Soc.
201Q 132 12961301.

(16) Ji, X.; Song, X.; Li, J.; Bai, Y.; Yang, W.; Peng, X. Size Control Of Gold Nanocrystals
In Citrate Reduction: The Third Role Qitrate.J. Am. Chem. So2007, 129, 1393913948.

(17) Ostwald, W. On The Supposed Isomerism Of Red And Yellow Mercury Oxide And The
Surface Tension Of Solid Substancésitschrift fir Physikalische Chenli®0Q 34, 495.

(18) Zheng, H.; Smith, R. K.; JurY. -.; Kisielowski, C.; Dahmen, U.; Alivisatos, A. P.
Observation Of Single Colloidal Platinum Nanocrystal Growth Trajecto8egnce2009
324, 13091312.

(19) Pyrz, W. D.; Buttrey, D. J. Particle Size Determination Using TEM: A Discussion Of
Image Acquisition And Analysis For The Novice Microscopisingmuir2008 24, 11350
11360.

(20) Sun, Y.; Xia, Y. Shap€ontrolled Synthesis Of Gold And Silver Nanoparticlesience
2002 298 21762179.

(21) Horisberger, M.; Rosset, J. Colloidal Gold, A Useful Marker For Transmission And
Scanning Electron Microscopy. Histochem. Cytocherh977, 25, 295305.

(22) Brar, S. K.; Verma, M. Measurement Of Nanoparticles By L&gtdttering Techniques.
TrAC, Trends Anal. Cher2011, 30, 4-17.

52



Synthesis and characterization of gold nanoparticles

(23) Zetasizer Nano User Manual; MANO0317; 2009 ed.; Malvern Instruments, 2009-pp. 13
f.

(24) Kato, H.; Suzki, M.; Fujita, K.; Horie, M.; Endoh, S.; Yoshida, Y.; lwahashi, H.;
Takahashi, K.; Nakamura, A.; Kinugasa, S. Reliable Size Determination Of Nanoparticles
Using Dynamic Light Scattering Method For In Vitro Toxicology AssessmiBokicol. In

Vitro 2009 23, 927-934.

(25) Chithrani, B. D.; Ghazani, A. A.; Chan, W. C. Determining The Size And Shape
Dependence Of Gold Nanoparticle Uptake Into Mammalian Qé#ieo Lett.2006 6, 662
668.

(26) Frens, G. Controlled Nucleation For Regulation Of ParSite In Monodisperse Gold
SuspensiondNature (London), Phys. Sdi973 241, 20-22.

(27) Liu, X.; Atwater, M.; Wang, J.; Huo, Q. Extinction Coefficient Of Gold Nanoparticles
With Different Sizes And Different Capping Ligands.Colloids Surf. 007, 58, 3-7.

(28) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. Synthesis Of Thiol
Derivatised Gold Nanoparticles In A TwrRhase LiquieLiquid System.J. Chem. Soc., Chem.
Communl1994 801-802.

(29) Green, M. ; O" Bri en, B Prepar@ionBOf OmganicallyP . A
Capped Gold NanocrystalShem. Commur200Q 183184.

(30) Carrot, G.; Valmalette, J.; Plummer, C. Gold Nanopatrticle Synthesis In Graft Copolymer
Micelles.Colloid Polym. Sci1998 276, 853859.

(31) Khlebtsov, B. N.; Khlebts/, N. G. On The Measurement Of Gold Nanopatrticle Sizes By
The Dynamic Light Scattering Metho@olloid J.2011, 73, 118127.

(32) Haiss, W.; Thanh, N. T.; Aveyard, J.; Fernig, D. G. Determination Of Size And
Concentration Of Gol d 3peactracApah Chem2007e78, 4285 om UV
4221.

(33) Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C. The Optical Properties Of Metal
Nanoparticles: The Influence Of Size, Shape, And Dielectric EnvironménPhys. Chem. B
2003 107, 668677.

53



Chapter 2

(34) Kimling, J.; Maier, M.; Okenve, B.; Kotaidis, V.; Ballot, H.; Plech, A. Turkevich Method
For Gold Nanoparticle Synthesis RevisitddPhys. Chem. B00g 110, 1570015707.

(35) Jain, P. K.; Lee, K. S.; Bayed, I. H.; ESayed, M. A. Calculated Absorption And
Scattering Properties Of Gold Nanoparticles Of Different Size, Shape, And Composition:
Applications In Biological Imaging And Biomedicind. Phys. Chem. B00G 110, 7238

7248.

(36) Ryvolova, M.; Taborsky, P.; Vrabel, P.; Krasensky, P.; Preisler, J.iti8ens
Determination Of Erythrosine And Other Red Food Colorants Using Capillary
Electrophoresis With Lasénduced Fluorescence Detectiah. Chromatogr. A2007, 1141,
206-211.

54



Chapter 3:

Layer-by-Layer assembled gold nanoparticles

for the delivery of nucleic acids

in Nanotechnology For Nucleic Acid Delivery: Methods And Protocols (Eds.: M. Ogris,

D. Oupicky), Methods In Molecular Biology, 2013, pp. 171-182.



Chapter 3

56



Layer-by-Layer assembled gold nanoparticles for the delivery of nucleic acids

Abstract

The delivery of nucleic acids to mammalian cells requires a potent particulate carrier system.
The physicechemical properties of the used particles, such as size and surface charge,
strongly influence the cellular uptake ancerisby 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 appearaecon the basis of gold nanoparticles (AuNPs) and the tayer

Layer (LbL) technique. The LbL method is based on the alternate deposition of oppositely
charged (bie)polymers, in our case poly(ethylenimine) (PEI) and nucleic acids. The size and
surface chage of those patrticles 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 diseas@$ose strategies need a potent carrier system, so called vector,
to transport nucleic acids (DNA or RNA). Buhere are three major challenges a gene
delivery system has to overcome: First, thecleic acidshave to be protectedgainstthe
degradation bywucleases. Seconthe cellular barriers, membranes and endosome, have to be

crossed. And finally, the carrier itself should be toxicological and immunologicaffert.

A promising alternative to viral gene vectors are complexes of positively charged polymers or
lipids and negatively charged nucleic acids. A big disathge 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 physicochemicalrgicle 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 thelsmpe 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 likee 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 Laydwy-Layer idea is the seHissembly, that means the
autonomous orgazatior? of oppositely charged polyelectrolytes and was introduced by Gero
Decher and colleagues 20 years agince that time Layely-layer (LbL) assemblies have
entered various scientific fields,from materials scienéeand physical chemistfyto
electrochemistryand biomedical engineerifig The fundamental concejst 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
coatirg on a flat or curved templaleThe 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 tfaet 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 appesach Lbl-based particles:

On one hand there are hollow microcapsules, constrott@dlissolvable core with a shell of
LbL-assembled polyelectrolytes. Here, the drug is encapsulated into the interior of the hollow
sphere before or after destruction bé tcore materialThose microcapsules are in the size
range of several micrometers in diaméter: They can be characterized by light microscopy

and imaging but their biological applications are limited, because only a few cell tges ar
able to process microparticlé3n the other handhere are core/shell partd, consisting of a

solid core coated with a shell of multilayerk this case, the active substames bepart of

the shelkmultilayer.*? 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 synthasid outstanding physical properties of
colloidal gold, the applications reach from molecular imaging and diagnastits)ctional
bioconjugates, treatment of cancandup to drug delivery strategié$'* Of course, gold

atoms carry a high electron density which makes them suitable for the detection in
Transmission ElectroMicroscopy (TEM)™ Evenmore important is the phenomenon of the
surface plasmon resonance: Electronetignwaves are absorbed and scattered effectifely

the wavelengthhits the resonance frequency of the electron clouds surrounding the gold
atoms. According to the Mi&heory, the plasmon resonance frequency is influenced by the
size and the shape of tparticle and by the dielectric constant of the medibifherefore,
suspensions of spherical gold nanoparticles show absomtiight in the regiofirom 510 to

540nm. The absorption spectra of colloidal gold can be tuned to the red anthfrezad

(NIR) spectra t he so called Awater windowo, wher e
occurs. This is the basis for most igireg and diagnosis applications usiAgNPs Plasmon
resonance is also the physical background of the hyperthermia treatment of cancer, where

AuNPsemit absorbed light as heat enetdy

Chemical features amsoimportant forthe wide distribution oAuNPs.Gold surfaces can
easily be modifiedecause of a high affinity to soft bases, such as gnalps*® Alkanethiols

form a stable selassembled monolayer amo 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. carbdic acids, the particle surface can easily be functionaliddus

opportunity opens the door folarge number of bioconjugation strategis
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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 edfljdut 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 changedia acid. The

nucleic acids are protected by a last layer of PEI.

The coreshell 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 {sp&droscopy.

The coating process can be monitored because of a red shift of the plasmon absorption band.

It is therefore also possible identify particle aggregation duratgnper 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 toedeine 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 Suiffaie.

step is important t@void aggregation of the particles andget a stabledherencef the
following polyelectrolytelayers. The basis fohé nucleic acid delivery with our particles is
poly(ethylenimine) (PEI) which is known to be an effective transfection &9&hPEI
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 escapeelaftar uptaké'.
Accordingly PEI forms the second layer of thel Ldpre/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 isanggneral

protocol which can easily be conferred to other polymers and nucleic acid sequences. The
coating of nanopatrticles 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. 100ml three neck round bottom flask and elliptic stir bar, thoroughly rinsed with
agua regia and distilled water (see Note 1).

2. Oil bath and condenser.

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

4. Sodium citrgée 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, pNleter.

4. Snap cap vials, stir plate and stir bars

5. 2ml Eppendorf tubes arwkntrifuge for purification

6. Distilled water for resuspension of the nanopatrticles

Coating with PEI (AuNP_MUA_PEI)

1. Stabilizedgold 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 Eppeunorf tubes and centrifuge for purification.

5. 1mM sodium chloride solution.

Coating with Nucleic Acids (AuNP_MUA_PEI_DNA/RNA)

1. Gold nanoparticles coated with PEI

2. DNA or RNA stock solution (10QM).

3. Snap cap vials, stir plate and stir bars

4. Eppendorf tubeand centrifuge for purificatian

5. 1 mM sodium chloride solutian

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 behotometer

(Kontron Instruments).

Characterization by TEM

1. Transmission electron micrographs were taken on a Philips CMid@soope
(FEI, Eindhoven, Netherlands).

2. Carboncoated copper grids, pretreated in a plasma beam.
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3. Image Jsoftware for statistical analysis of TEM micrographs.
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Methods

Preparation of AuNPs

1. AuNPsareprepared according to the method published by Etefike size of the
particles can be adjusted by variation of the HAuU®GI sodium citrate ratio. The
preparation described here, resulted in particles of abouin5@ diameter. 25l of
a 001% HAuCI, solutionis prepared in a three neck round bottom flask with a
condenser. The solutias heated to 108C in an oil bath and stirred vigorously.
180pl of the sodium citrate solution (stock solution 1% vigvadded to the reaction
mixture and heatings continued uniithe 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 monthshdytare not purified by dialysis or

centrifugation.

Stabilization with MUA (AuNP_MUA)

1. The AuNPsarefurther stabilized by MUA. Gold surfaces show a stable affinity to
sulfur groups, such as thiols and disulfid®BJA consists of a thiol group and a
deprdonated carboxylic acid groupphis conserves a stable negative charge on the

particle surfacewhich cannot be displaced like the citrate ligarkigure 2).
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This negative charge is important for the stability of the particle suspension and
avoidsaggregation and is the basis for the deposition of positively charged polymer

layers on the surface.

o
o)

Figure 2 Schematic figure of gold nanoparticle cores stabilized by MUA. The specific
interaction of thiol groups displaces the stabilizing cap of aitiahs. 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. ThepH of the nanoparticle suspension is adjusted to pH 11 witMINNaOH.
MUA is added under stirring to give a final concentration ofr@gIml. Stirring is
continued over three days to give a stable surface modification. The particles are
purified by centifiugation 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 Lbprocess. The stabilized gold nanoparticles are
alternatively covered with PEI and DNA to give the-abfembled corshell particles.
(Reprinted (adapted) with permission from Elbakry ef®aCopyright 2009 American
Chenical Society)

Purification of AuNPs

1. The gold suspensionare 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 &Gee Note). An
Eppendorf centrifuge ar@lml Eppendorf tubeareused(see Note 3)

2. For 50nm particles the suspensions are centrifuged at §000 10 min at £C.

The supernatans removed and the pellet washed with watetwice (see Notd).
For the following layefby-layer deposition the last resuspensisrtarried 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 particleare purified by centrifugtion as described aboaad thelast
resuspensiors performed in InM NacCl.

2. The PEI stock solution (1®g/ml in ImM NaCl) is placed in a small snap cap vial
and stirred. The final concentration of PEI is 1Img/ml. The AuNP solution is added
dropwise andtgring is continued for 30 min at room temperaturég(re 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 mmM1NaCl after
purification. Double stranded DNA or RNA is placed into a snap cap vial at a final
concentration of 1.pM 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 ).
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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 anda¥isorbance (see Note 8).

The particle sizeshould increase with each polymer layer but the extent should not
be more than 18m 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 oppositcharges, 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 suspensionbBhe 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 dlasmre maximum of the
particles. The absorbance peak should show a slight red shift of abautp2r
polymer layer. A shift of more than Xn or a broadening of the absorbance spectra

is a sign for particle aggregation.
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a) 120 -
100 1
80 -

60 A 1

diameter/nm

40 -
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zeta potential/mVv

c) 14 4
~—AuNP_Cit

AuNP_MUA
14 —AuNP_MUA_PEI
—AuNP_MUA_PEI_DNA
~—AuNP_MUA_PEI_DNA_PEI

Abs.

400 450 500 550 600
A/nm

Figure 4 a) The particle sizéncreases 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 kgyEne zeta potential of the
coreshell assembled particles inverts its sign with the deposition of the oppositely charged
polymers.c) Theplasmon resonance wavelength of the gold particles depends on the particle
size. That means that the absorbance maximum shows a shift diriameters peparticle

layer.
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Characterization by TEM

1. Samples for TEM imageare prepared by depositing the gold suspension onto
carboncoated copper grids. The gridse treated in a plasma beam before use to
get a more hydrophilic surface. The grateair driedbefore use.

2. The size distribution of gold suspensisranalyzed 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 softwareJlmage

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 needveér and shorter centrifugation steps, smaller
particles need a higher speed and longer centrifugation times. The pellet of the
AuNPs should have a red color and move loosely in the vessel. A dark, small spot
on the wall of the cup, which cannot be resusieel easily, means that the
centrifugation conditions have been too hard and the particles aggregated.
Centrifugation is performed in an Eppendorf centrifuge withl Zppendorf cups

filled only with 1 ml of the particle suspension. The use of larger dagation
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 usedypoers 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 comications (for example betweermiv

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

. The nanoparticles need special storing conditionsgeéneral 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 pblghaer 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 thelpar
surface.

. The coating stepper 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 increabe patticle size should

be less than 10m 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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Oligolayer coated nanoparticles: Impact of the

surface topography at the nano-bio interface
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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 layerby-layer coating ofnanoparticle with a layer number in the singtikgit range

gained increasing attention in nanomedicinal research.tiButimpact of using various
polyelectrolytes on theligolayerformation and whats even more important, the influence

on the interaction with the biological system has often not been considered in the past. Hence,
we investigated thpolyelectrolytedeposition profiles and the resulting surface topographies

of up to three polyelectiyte 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 ptanon resonance spectroscopy and atomic force microscopy revealed that
particularly the PEI/PSS pair showed acatled overshoot phenomenon, which is associated
with partial polyelectrolyte desorption from the surface. This is also reflected by a significa
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 thaxteat of surface
roughness significantly contributes to the fashion by which the oligetaed
nanoparticles interact with serum proteins and associate with cells. For example for the
PEI/PSS system, both the surface roughness and the protein adsorpteased 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 sizhape, 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 layerby-layer (LbL) assembly is @owerful tool forthe functional modification of
surfacesand gained great interest for various biomedical applicalidisis based on the
alternating deposition adppositely charged polyelectrolytes other multivalent species on
solid surfaces. Initially, the LbL technique solely focused on the formation of films on
macroscopic flat wfaces and involved an extensive series of deposition cycles leading to
polyelectrolyte multilayers with up to 30 -liyers or even more> Because the
polyelectrolyte deposition on flat surfaces is highly efficient and rapid, the formation of very
complex and rather thhicmultilayerswith completely new structural and dynamic features

was easily possible>

In contrast, on curved surfaces of the-40-nm range, the generation of multilayer films
was recognized as a tremendous challenge due to severalomseming washing steps and
the probability of producing particle aggregafdsTherefore, it is not astonishing that a
reduction of the layer number to the lower sindigit range was performed as soon as 1bL
coated nanoparticles were identified akeorable tool for the delivery of macromolecular
drugs such asucleic acid$*? As an example we were the fitstreport a delivery system for
nucleic acids with onlytwo or three polyelectrolyte layers assembled on gold
nanoparticle®** Similarly, Tan et al. developed hydroxyapatite nanoparticles coated with

poly(l-arginine), dextran and small interfering RNAIn addition to facilitating particle up
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scding, which would be a requirement for a possible clinical applicdfidhe limitation to

the fabrication of swalled oligolayers has also @ther important reason: Endocytosis by
living cells requires a narrow particle size window with a size optimum of less than about 80
nm**°Because eachtayer adds a substantial size increment to the hydrodynamic diameter
of the nanoprticles, especially if nucleic acid with a large persistence length are applied,

coating process with as few as possible layers is envisioned.

Despite the growing amount of publications in the field of oligolageted nanoparticles for
drug delivery the influence of different polyelectrolytes on the formation of the tigos

and what is even more important, thgacton the interaction witthe biological system has

not beenevaluated in a comparative study so far. Therefore, we investigated the oligolayer
depositionprofiles of threedifferent polycatiorcoating serigin detail For this purpose, we
compared the oligolayer formation on a flat surface because it is more accessible to generally
applied LbLcharacterization methods suchsasface plasmoresonance (SPRpectroscopy

or aomic force microscopy (AFM) Then, we transferred the oligolayer assembly on
nanoparticles of about23nm. Here, we focused on the resulting surface topography with
respect to protein adsorption and @dbkociation The surface roughness a decisive factor

for nanoparticles in abiological context that has been indeed discuds&dput not
investigated for oligolayers in detail so far. Obtaining a more detailed insight on the formation
and interaction of sucloligolayers with the biological system will help to evaluate the

potential of future Lbkbased therapeutic nanomedicinal delivery applications.

86



Oligolayer coated nanoparticles: Impact of the surface topography at the nano-bio interface

Experimental Section

Materials

If not otherwise stated all chemicals were purchased from Sfdgdrech Chemcal Company
(Taufkirchen, Germany). The polyelectrolytes had the following molecular weights:
Poly(allylamine hydrochloride) 1300 g/mol, branched poly(ethylenimine) 250 g/mol,
poly(diallyldimethylammonium chloride) less than 1@@0 g/mol, poly(styrene sulfonate
sodium salt) 15,000 g/mol (Polymer Standard Service, Mainz, Germany). Ultrapure water was

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

Surface Plasmon Resonance (SPR) Spectroscopy

High refractive imlex glass slides covered with anth chromium bottom and a 48n 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 fonir2 inside an Ar plasma
gener¢or (Harrick Plasma; NY; USA). The cleaned and activated sensor slides were then
immersed in Img/ml 11-mercatoundecanoic acilJA) for three daysand thendried ina

nitrogen streamlhe SPR measurements were performed with a Biosuplar 400T SPR system

(MiviTec GmbH, $hzing, Germany) at 3T. To this end, th&&PR substrates were mounted
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to the prism coupler of the system bgingan immersion oil (= 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 Himand outlets coupled to a syringe pump (TSE
Systems, Bad Homburg, Germany) was us&dconstant flow rate of 10QuL/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 activatedMy 0.01
NaOH followed by a rinsing step. 4@ of eachpolyelectrolyte were successively added to
the system, always followed by a water rinsing step until a stable SR& sigs achieved.

The polymer concentrations weteng/ml

The SPR system was run ihe angle or kinetic measurement mode. For the angle
measur ement mo d e a =b8 |- 168°) avasg petfoamred adter aeach ( d
polyelectrolyteincubation step. In kmt i ¢ measur ement mode <chang
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.nIboth measurement modes data was recorded using the
manufacturerdés software and exported to the
USA) for further analysisData evaluatiomf the SPR angle scan curves for the calculation of

the layer thickness was performed by a Maxwell equation mechanism using the free
software tool AWi nspall 0. Further theoreticeé

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

The AFM experiments wre performed on a homebuilt gPlus ambient-AFRM system
operated by a Nanonis Control System with an OC4 PLL (SPECS GmbH, Berlin, Germany)
1820 custom designed gPlus sensarsre usecdhat were manufactured similarly to quartz
tuning-forks.”?* The sensorbada characteristic resonance frequencfyef32768Hz and a
stiffness k=1280N/m. The gPlus Sensors were equipped with silicors tipade by
splintering bulk crystals. Sensor parametgese as followsfo=29734Hz, Q.= 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 comparalailitynages 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 layerupittf the AFM samples was
performed in the SPR measuring cell. Henttee SPR graphs were an optimal quality
criterion for the layer assemblythe surface roughness was quantified by extracting the
roughness roemeansquare (Rq) with WSxM v4.0 Beta 7.0 softwéKanotec Electronica

S.L., Tres Cantos, Spaiff)

Particle synthesis, LbL modification and characterization

The particle synthesis and coating protocol was already published in“détdirief, 30 nm
gold nanoparticles (AuNP) were synthesibgctitratereductionas follows:2 ml of 1% (w/v)
aqueous sodium citrate trinydrate (Merck KgGa, Darmstadt, Germanyipsokere added to

a boiling solution of 0.1% (w/v) gold(lll) chloride under vigorous stirring. The conditions
were kept for 10nin until the red color of the colloidal gold appeared. The citrate ligands

were subsequently exchangetth MUA by adjusting te 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 cengdtion steps. The purification protocol

was adjusted from Balasubramanfamhe suspensions were centrifuged at 6§000min,

4°C and the pellst were resuspended in water. The centrifugation speed was reduced by
500g 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
concentrationof 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 sated. The zeta potential measurements were processed in the monomodd&lanode.
light scattering anczeta potential measuremeritee pH was neutral and the ionic strength
were comparably low because no ions were added to the sanMidespectrometry
(UVIKON 941, Kontron, now Goebel Instrumentelle Analytik, Au/Hallertau, Germany) was
used to determine the surface pta®m peak of the colloidal gold in order to calculéte

AuUNP particle concentratioff.

Gel electrophoresis

Equal amounts of yrified LbL coated gold nanoparticlesere incubated with Leibovitz
Medium containing 10% FCS at 3T for 1h. The particles ahunadsorbed serum proteins
were separated by centrifugation®°®, 15000g, 60min). Thereafter, theellet waswashed
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three timesin ice-cold millipore water(5°C, 95009, 30 min). The purified samples were
analyzed bysodium dodecyl sulfatpolyacrylamide gel electrophoregSDSPAGE) 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 (Biead Laboratories, Munich, Germanghd subsequently stained
with Coomassie Blue. The protein molecular weightdéad was an unstained protein marker
with a molecular weight range from 14&Ba to 116.kDa (#26610, Thermo Fisher
Scientific, Schwerte, Germany). The gels were imaged usiBjoRad Imaging System
(ChemiDoc XRS+, BioRad, Minchen, Germany) and evaluatigid Lab Image Software
(BioRad, Miunchen, 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 resolutiottisgs.

Cell culture and cellular association

HeLa cells (ATCC No. CC2) were cultivated in 75 cheulture flasks at 37 °C in a 5% CO2
humidified environment in Eagle Minimum Essential Medium with 10% serum pyruvate
(120mg/l) (EMEM+). Cellular associatn of nanoparticles was measured by a photometric
assay based on the absorptiongofd nanoparticlesn Leibovitz medium (Invitrogen, Life
Technologies, Darmstadt, Germany, with 10% serum, without phenol red). The method was
first published by Cho et ahnd calculates the amount of eafisociated particles by the

reduced absorption of gold nanoparticles after incubation wittft&ss follows:

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

was measured at 50@n. Thereafter, we calculated the loss of nanoparticles due to unspecific
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adsorption (Losgniro) and due to the cell association (L@&ss, respectively, by using

equation (1).
DéEbPi prim ?ﬂ(?)—,izpnn (1)
0 wi
The difference of the two samples gave the percentage afssgltiated particles (2).
6 Qdbi & PO QPE ¢ 0€bi 2)

Usingthis percentage together with the added molar concentration of gold nanopargjcles (c
and the Avogadro constant AN the absolute number of associated particless¢Nper liter

was calculated (3).
0 OZO6QMBT £ ORFINQE & (3)

Subsequently, the number of associated particles in the incubation volume was calculated. In
addition, the cell number wagdetermined bycountingin a Neubauer Chambeéfinally, the
number of associated particles in the incubation volume was ditagéhe number of cells,

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

In our case, an internal standard ofgd® coated AuNP was added to all photometric samples

to increase the absorption values over the detection limg.ifitérnal 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 adsavptiof gold nanoparticledo the cell culture
materialthe incubation was performed without cells and subtracted from the cell containing
samplesFor practical reasons cell association studies of concentrations of 2.5 pM and higher
could only performed imuplicates.The photometric samples were analyzsthga 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 tefo to four and results are given with
standard deviation. In case of SPR, AFM and $A&E a representative example is shown.
Oneway ANOVA followed by a StudeANewmanKeuls (SNK) testwas performed using

SigmaPlot 12.0 (Systat Software Inc. San José, U&#est statistical significance.
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Results and Discussion

In this study, the deposition diiree different polycations in combination wiploly(styrene
sulfonate) PSS aspolyanion on a gold surface (either flat or curved) was investigated. In a
first step, the gold surface was functionalized usingnttcaptoundecanoic acid (MUAQ

yield a permanent negative surface charge for further deposition of the oppositely charged
polyelectrolytes. Then, the formation of the oligolayer started with a polycdtibowed by

the polyanion PSS and a terminal polycation layer. (@thylene imine) (PEI),
poly(allylamine hydrochloride)(PAH) and poly(diallylammonium chlorideYPD) were
chosen as polycations to finally give three different coating series. Tpageations
primarily differ in their architecture, théunctional amino groupspKa values andhe

molecular weigh{MW) (Table 1).

PEI is a highly charged branched polymer, carrying primary, secondary and tertiary amines
and is known to be a suitabteansfection agent for nucleic acitfs® PAH is a linear
polyelectrolyte withprimary amino groupsonly. In contrast, PD consists of quaternary
amines and is, therefore, completely chargedepeddent of the pH of the surrounding
medium. The polyanion PS&th a molecular weight of 15 kDaaschoseras a surrogatmr

any negatively charged macromolecule and can be easily replactterapeutic nucleic

acids to design a drug delivery systef*®
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Table 1 Overview ofthe polyelectrolytedor the formation of the oligolayers on a gold

surface
PEI PAH PD PSS
A~ AN~y
structure ”i“ " H/ﬁ P\ﬁ ‘E}_g% /Ej%
NH NH2 \]
NH2 r 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 surfasasmonitoredby SPR spectroscopyfo this

end, the kinetipr of i | es wer e recorded by meflacBvilyy i ng t
over time Figure 1A-C). In the case of the PAHand PDseries,each polymer deposition

yielded a plateau ib h erefleptivity curves Figure 1B, C). Finally, after the oligolayer was
completed, a ndgti &iero deposi ti on . pheocbrrespendingvdager o b s e
thicknesseswhich were calculated by a Maxwell equation ifiigreased with each polymer

layer and thdinal thicknessafter three polymer layemsasabout4.7 nm for the PAHseries

and about 3.6nm for the PDseries, respectivel(Figure 1E, F). Altogether these SPR

profiles fit to regulapolyelectrolyte multilayer assemblieshere an increase thethickness

of each layer isharacteristic**” In addition, the calculated layeri¢tkness of the PAtseries

is in very good agreement with literattf&’ and hence corroborates the applicability of SPR
measurements. In contrast, the Eties did only follow this regular deposition until the

second layer. Upon the deposition of the third lagersharp peak appearadhich was
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foll owed by a rmeflautiviy (FidueeclA)e This was also reflected by the
thickness, which was about 10 nm atteo layers, but collapsed to abdu® nm for the tri
layered PEI/PSS/PEI systerfigure 1D). For data fitting to obtainhe layer thickness it was
assumed that the layers do not merge. It should be noted that the value olayered
PEI/PSS/PEkystem is consequently afflicted with some uncertainty. Such a characteristic
deposition curve, which deviates from the stéie shape, was already publishedthg group

of Cohen Stuart for a saltlependent LbL system of poly(acrylic acid) and
poly(dimethylaminoethyl methacrylaf)and was even earlier theoretically investigalegd
the group of Filippov&. In more detail, Cohen Stuartsieibed a stepwise processhich
involved the deposition of theolycation, followed by its mixing with the layer beneath, then
a formation of polyelectrolyte complexemd finally a polyelectrolyte erosiofirom the

surface™®

These so called overshoots are still under scientific discy&stdrmnd it hasnot been
clarified if only a layer collapse or also a layer detachment is involledhe best ofour
knowledge the effect was ontliscussedor the polyelectrolyte pair mentioned above. Here,

we show that the presented PEI/PSS pair might be anothempkxdor this phenomenon,
especially because itwamtp os si bl e t o a v oréfldctivitythe varthteoof e a s e
the used PEI concentratigdata not shown)The type of the polyanion strongly seemed to

play an important role because an exchangbestrongpolyelectrolytePSS (pKa ¥ by the
weakpolyelectrolytepoly(acrylic acid) (PAA) (pKat.5f* did not resulin such an overshoot

phenomenonJupportinginformation,Figure S1).
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Figure 1 Deposition profiles of the different polyelectrolyte pairs measured by SPR
spectroscopy oa gold sensor surfacén arrow indicates the addition of each polymer to the
flow cell The moder a tredflectivity afrereeach polyroelr deppsiticsr due toa
water rinsing stepA) In the case of the PHeries, the first and second layer adsorbed
stepwise, but the third layer was not successfully adsorbed. A deaneasgflectivity and a
collapse of the oligolayer occurre®) and C) PAH and PDseries showed a characteristic
stair-l i k e 1 n cefleetwityas wellfas ampincrease layer thickness with each polymer
layer. D-F) The corresponding calculated lay#icknesses for the three coating seridete

the different scaling of theaxis.
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We speculated that the overshoot of the -Bd#tles would most likely result in a very
heterogeneous surface structure. To this end, cantilever*Afsls 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 Feries. The MUA functionalized gold substrate

was observeds control Eigure 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, thenagét
revealed differences between the £Elies on the one hand and the PAHd the PBseries

on the other hand, but additionally, differences in the polymer characteristics were also
retrieved. The PAHand the PBseries indicated a regular layer lduiip 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 tHaydred
PAH/PSS, it was concluded that these two polytagers were not sufficient to completely
cover the gold substraté=igure 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 additiohtbe third polymer layer; the rills were no longer visible,

and the PAH/PSS/PAH surface was quite sm@eiture 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 thease of the PBeries, 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 edtanic s

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 InformBigure S2 and S).

These characteristic nanostructures were already reportédgfoar layer numbers on silica
substrate&® The high molecular weight and the fact that PD is completely charged leads to a

strongelectrostatic repulsion of the polymer segments and to a coiled surface conformation
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Figure 2 AFM images of coated gold surfacég.Control gold surface modified with MUA.
B) PEI/PSSC) PAH/PSSD) PD/PSSE) PEI/PSS/PEIF) PAH/PSS/PAHG) PD/PSS/PSS.
PD-surfaces D/G) completely covered the gold substrate, whereasitheyered PAH/PSS
(C) and the trilayered PEI/PSS/PEIK) surface only partially covered the template.
Additional hgh-resolution AFM images can be found in Bwpporting Information Ejure S

2 and S 3In addition, to demonstrate reproducibility more images of the d&fiks can be
found in the Supporting Informatiofigure S 4. Scan parameters: frequency shyt= +10

- +12 Hz, oscillation amplitudé& = 300 pm.

(Figure 2D, G).*®**’ As the bilayered sample already showed this characteristic
nanostructure, it can be assumed that even a single [y s most likely sufficient to
completely cover the surface features of the gold substrate. The most interesting behavior was

found for the samples of the R&dries. The biayered PEI/PSS surface was quite smooth,
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besides a few aggregates, and in toldj the structures of the gold substrate were covered to

a large part. But, the ttayered 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 thdapered 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 dh@uld
noted that both SPR measurements and AFM images cannot be compared by the same scale
of height because SPR averages data over an argantf in contrast AFM measures space
resolved thereby identifying single interesting surface structures. Neveghdiee AFM

images agreed well witthe SPR measurements, and supported the hypothesis of a possible
overshoot phenomenon witthe formation of polyelectrolyte complexesnd partial

desorption of the polyelectrolytes.

To substantiate these distinct diffeces in the surface topology within one coating series and
also between the polycations, the romansquare roughness (Rqg) of each sample was
determined Table 2). The surface roughness of the B&ries didonly slightly increase
during the coating procedurBecause thsurface topography was regutam each layer, the

Rq did not show any huge differenceBhe bilayered PAH/PSSsurface exhibited some
yellow spots on its surface indicating specific surface heights, while tHaydred
PAH/PSSPAH surface showed a homogenous red coloring, which was supported by a
marginaldecrease of Rq frorabout 17nm to 15 nm. In contrast, this trend was reversed in
the PElseries hereRq increased frorabout 8nm in case of thbi-layered toabout 95nm for

the trilayered, roughesturface.To our knowledge this is the first repat these structural

surfacefeatures for three polycations in comparison at such a low layer number.
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Table 2 The rootmeansquare roughness (Rq) (hm) extratfeomthe AFM images.

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

Because the Rq values were averaged over a region qirix one representative sample

no error estimation is available.

To evaluate ithese interesting surface topographies had an impact on the functionality in the
biological context, we substituted the macaysc planar gold surface by gofdnoparticles

of high surface curvature. This step was necessary to achieve a size ordee $oitabll
associationTo this end, gold nanoparticled about 32 nm were chosas substratbecause

this size is close to the optimum for cellular uptake of nanopartitiéSTo monitor the
successful coating of the nanopartiokdth oppositely charged polyelectrolytes we made use

of two standard techniques for nanoparticle characterization, which are the hydrodynamic
diameter and the zeta potenti&igure 3). During the coating processith MUA and the
polyelectrolytesthe sign of the zeta potential converted with every polymer layer, indicating

a successful deposition of oppositely charged polyelectrolyteigure 3A). The
hydrodynamic diameteincreased stepwise with each layer for the PAIHd PD series
comparable to SPR rasurementgFigure 3B). This size increase of IIm 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 fo particles of the PEseries:A size decrease of
about 5nm instead of further particle growth upon addition of the third polymer layer was

observed. Of coursdhe layer thicknesesthat were calculatettom 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 postulatéhat boththe size decrease of REdatedgold nanoparticleand the

d e c r e arsflectivityfin SR were induced Bn overshoot phenomenon.
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Figure 3. During the oligolayer formation the gold nanoparticles were characterized by their
(A) zeta potential andB) hydrodynamic diameter. Theating was performed from a single
batch of synthesized and Muhodifiedgold nanoparticlesand was performed at least in

triplicates

Despite these differences during the assembly process, the nanoparticles were ofizanilar

andzeta potential. Consequently, they were a favorabteweltdefinedtool to elucidate the
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influence of the surface appearance and texture on the interaction with the biological
systeni’® When nanoparticles enténe biological environmerthey will be decorated with
serum proteins on the surface. Because it is known that the resulting protein corona is more
decisive for the nanopatrticle fate in the biological context than the physicochemical properties

itself 8

the proteincoronaafter incubation withserum containingell culture mediunwas
analyzedby SDSPAGE in a first step. Ahough this technique only detects the rmost
abundant proteinshuge differences concerning the total amount of proteins on the
nanoparticles” suate wereresolved(Figure 4A). The correspondingelative intensities of
the SDSPAGE protein lanes are illustrated Figure 4B. They demonstrate that the total
protein adsorption served as a good prove that oligelznated nanoparticles of comparable
colloidal properties interact differently with serum proteins. Thus, the coeatings followed
different trends from one to the next coating level: Within the $&iks, the protein amount
increased by a factor of about 5 from the first to the secorithgdavel, in order show an
additional considerable2ifold increase to théast layer. The protein amount on the PAH
series firstincreased to the second coating level and then decreased on the third layer to be
only half the amount compared to layer two the PDseries the protein adsorption first
slightly increased and then remained nearly constant to thecoatihg level.Surprisingly,

although one could assume an identical surface coverage with negatively charged PSS at the

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

Because most serum proteins carry a net negative charge at physiologf€ameHwould
intuitively expect a higher amount of protein adsorption on the positively charged particles,
i.e. particles with either one or three polymer layers. But as an example, in thedpias]

the bilayered negatively charged particles (PAH/PSS&ubthe 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 abL-coated gold nanoparticles using SDS
PAGE The protein molecular weight marker is indicated with M. THighest protein
adsorption was found for the -layered particles of the PEderies (*). This ample had to be
diluted by a factor of 12.5 compared ttee other samples to get a clear protein separation
pattern. B) Comparison of the relative intensitieketerminedfrom SDSPAGE analysis
Standard deviations are missing because values were extracted from one (out of two)

representative gel run.

We searhed 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 mesipte 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 adsorptfri® And indeed, the hydrophobicity is highest for the tri
layered PEI surface and decreases in the order PEI > PAH (edPEact angle of about 81°,

74° and 59°, respectively, see Supporting Informatibgure 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 contai¢ aearly a similar degree of
protein adsorption. Thus, we speculated that the different layer deposition mechanisms and
resulting surface topographies that were observed for theidiwensional counterparts also

had a tremendous impact on the depasitbserum proteins. Although comparing the results

of a twodimensional macroscopic substrate with a titeeensional colloidal system is
critical, a similar trend of the protein adsorption and the-no@ansquare surface roughness

(Rg) was foundTable 3). For example the ttayered sample of the P&eries showed a very

high surface roughness (Rq = 94r84) and a topography with sharp surface features.
Exactly these nanoparticles also led to a massive protein adsorption. Both the roughness and
proten 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 bindinglsiteds the

higher surface roughness. In the case of thes@&igs, both the Bayered and trlayered
surfaces, showed a comparable smooth topography in the AFM images and comparable Rq
values as well. At the same time, the protein adsorption was alwdle isamdow 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 fromsettwal to thethird layer This decrease was
alsoaccompanied by a reduction in the amount of adsorbed proteins. Although there is no
consensus about the precise effedhefsurface roughness on protein adsorptfom 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 witbhot meansquaresurface

roughness (Rq) (nm) of the kindtri-layered samples

PElseries 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 layer 16.50 94.84 0.89 14.76 0.86 29.12
E?jg‘c’fease 11.62 1174 | 055 0.85 1.02 1.35

In a drug deliveryscenario, the adsorbed protein corona mediates the cellular association and
later the uptake into celf§.Because we demonstrated that the protein adsorption is a very
sensitive marker for the surface properties of a colloid, the nextvsiepo 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 cellinteractions,increasd at the apled concentrationsvithout reaching a

saturation leve{Figure 5A-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 effecidhe quaternaramines of PD sam to be in
general less effective compared to the other amino groups as present in PEI and PAH.
Thereforeit is also not surprising that polycations, especially if they contain lower order

amino groups, are known to be effective transfection agénts
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Figure 5. Cellular association of Lblcoatedgold nanoparticlesof the (A) PEl-series, B)

PAH-series and €) PD-series. In general, cell association increased wdthincreasing

particle concentrationln the PAHseries, he number of associated particles decredsenh

the first to the second layemhich is most likely deitothe surface charge andn enhanced

protein adsorption. In contrasiin the PEtseries, thecell association increaseiom the first

to the second layer and then decreased again to the third [@ker.can again be explained

by the correlation betweethe protein adsorption andhe surface topographyThe cell

association efficiencyas similar for the bi and tri-layered particles of thé’D-series

Statisticaly significantdifferences are indicated by * p < 0.01, ** p <0B.

When comparing the dehssociation 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 theaRRARES

saies, 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
PEI/PSS surfaces of both seri€sg(re 5 A, B andTable 4). A similar trend concerning the
cellular association and uptake was already reporteBA&1/PSS coated gold nanorodsd

was explained by the negatively chedgcell membrane of HelLa celtgpelling equally
charged particle¥' But, asthe PAH/PSS anBEI/PSSsurfacesarried a similar chargegain
electrostatics alone could not be the ordgponsible paramete@n the other handhe bt

and trilayered samplesf the PDseries showedimilar cell assciation valueswhich is also
reflected by a similar protein adsorption extdfiggre 5C andTable 4). The corresponding

toxicity data can be found in the Supporting Informatiéigure S6and S7).

Table 4 Correlating the relative protein adsorptionittv the cellular association of band

tri-layered samples

PELseries PAH-series PD-series

protein cell assoc| protein cell assoc| protein cell assoc.

> ayer 1.42 1450 1.62 500 0.84 600
39 |ayer 16,50 500 0.89 750 0.86 600
Relative 11.62 0.34 0.55 1.50 1.02 1.00

in-/decrease

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 cedissociation. Although total amount of proteins does not encode
molecular details of nanoparticle surface that are important for ceihi@raction, this
correlation is possible for formulations with similar functional surface groups as in odf 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. Butt evaluate the effects of the protein corona on the
association to cells in a more detailed fashion, especiafigerning 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. Wéeslating the
characteristic surface features from a macroscopic substrate to cajjoidadanoparticlesf
comparable physicochemical propertigsmendouslifferences of the interactions at the -bio
nano interface were observed. We conclude that dhface topographyf the Lbl-coated
nanoparticlesgs 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 seguently to a reduced cell association. Based on our
findings we strongly recommend that in the case of -tbated nanoparticles for drug
delivery applications, the oligolayer deposition mechanisms and the resulting surface
topographies should be considéras important nanoparticle characteristics. This way,
another parameter besides particle ,sthergeand hydrophobicitywill help to estimate the

efficacy of oligolayercoated nanopatrticles for drug delivery.
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Supporting Information

Data evaluation for SPR angle scan curves

The pinciple of the surface plasmon resonance technique is based on the light triggered
excitation of the free electronsod fluctuatio
excitation light is thereby projected into an evanescent measuremenideéktends 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 tmeetal 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 contaatith 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 Maxvell equations:

- OB+ - OBEF —— (1)
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wherew is the angular light frequencyg is the speed of lightg is the incident angle under
which theexcitation light hits the metal surface andh and- are the permittivity of the
prism, the metal layer and the sensor adjacent dielectric medium. The permittivity of the
different materials cafurthermore be expressed by the sum of the squaresal f) and

imaginary partK) of their refractive index:

- & Q (2)

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 S1. Optical parameters used for SPR data fits

Material n k
Glass (prism) 161 0
Chromium (adhesion mediator) 3.396 3.504
Gold (SPR sensor layer) 0.1285 3.758
Mercaptoundecanoic ac{tMUA) 1484 0
Polyethylenimine (PEI) 1.352 0
Polyallylaminehydrochloride (PAH) 1354 0
Polydiallyldimethylammoniumchloride | 1.352 0
(PD)

Polystyrenesulfonate (PSS) 1.372 0
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Il n the presented study %waseusel toditehe sneabured 8RARe
scan data according to the kfeell formalism and so obtain thickness values of the respective
layers attaching to the SPR senddre optical parameters of the combined Cr/Au layer used
for the fit process were obtained by an i
coated R 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 able 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 S1).

el Figure S 1. Upon addition of
400 - the third layer a small injectior
> peak was observed, b
g 300 1 thereafter only a minima
[}
% decrease of the signal w:
S 200 } .
T PEI detected. Finally, the plateau
100 - the last layer was still highe
PEI PAA Y g
; than the plateau of the previol
0+ .
- - ' ' - layer. In conclusion, the Lbl
0 10 20 30 40
t / min deposition of PEI/PAA did nc

show an overshoot effect.
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Atomic Force Microscopy

Figure S2 shows AFM images of the 4dayered gold surface®etailed images of the #ri
layered golésurfaces are shown figure S3. AFM images of a repetition of the PEI/PSS

series can be found Figure $4.

A i’
o, N, & *L = 3 _
0.0 nm I 10.0 nm 0.0 nm HEE 30.0 nm 0.0 nm 35.0 nm
PEI/PSS PAH/PSS PD/PSS

L

Figure S 2A) The PEI/PSS surface covered the gold substrate and only few polymer
aggregates were visibl®) PAH/PSS: The polymer coating is not sufficient for a complete

covaage of the gold substrate. In addition, polymer aggregates were visible as lighter spots
on the imageC) The PD/PSS surface was smooth and with a polymeric nanostructure. Scan

parameters: frequency shif = +10 - +12 Hz, oscillation amplitudé& = 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 ttayered surfaces show the nanostructures of the
samplesA) In the PEI/PSS/PEI surface the diagonal rills of the gold substrate were visible.
B) PAH/PSS/PAH covered the gold substrate sufficienly. PD/PSS/PD lsowed a
characteristic loopy nanostructure. Scan parameters: frequencygghift +10 - +12 Hz,

oscillation amplitude A = 300 pm.

0.0 nm I 35.00 nm 0.0 nm I 90.00 nm

Figure $4. Additional images of the PEeries demonstrate the increase of the surface
roughness during the coating from the second to the third layer with PSS and PEI,
respectively. A) The dayered PEI/PSS coated surface showed a very smooth structure
without anysharp surface features. B) The-tayered PEI/PSS/PEI layer had sharp surface
heights, visible as light spots on the AFM image. Scan parameters: frequency shiftO -

+12 Hz, oscillation amplitudé& = 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 iRigure Sb.

100 - | |
| |
80 T *%
o T
Q
[;] T
€ 60 - T
k3]
]
=
8 40
20 -
0 1 1 T T
PEI/PSS PAH/PSS PD/PSS control

Figure S5 Contact angle measuremergfowed differences in the hydrophobicity of the
oligolayercoated 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 thahe 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 assafFigure S7) it can be concluded that the

nanoparticles had only minimal toxic effects at the applied concentrations.

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

concentration of 5 pM. The gold nanoparticles were coated WthPEI/PSS/PEI,B)
PAH/PSS/PAHC) PD/PSS/PD. The control cellD) were treated as the samples but without
the addtion of any particles. HelLa 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 evaated by a MTT assay. In the
concentrationrange ofthe cell association studie@ip to 5 pN, thecell viability washigher
than 74% which is assumed to be ntwxic. Only at higherconcentrationsyhich were not

used for cell association experimentseduced viability wasneasured
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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 theateleloped

a straightforward Foerster Resonance Energy Transfer (FB&Ed approach to determine

the internal structure of multilayer films that were fabricated using the polycations
poly(allylamine hydrochloride) (PAH), poly(ethylene imine) (PEIdagvoly(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 atgiretendency 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 sgst for the delivery of small molecule drugs.
Interestingly, the mode of releas$efrom immediate to sustained can be finetuned by
increasing the degree of ionization of PAH. In contrast, the PAH film showed little promise
for the delivery of charged mammolecules; 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 invtved PEI with a high degree of ionization. The exquisite dependence of release
on Angstrom/nanometescale film structure makes this FRIB&sed approach a valuable tool

for screening polyelectrolyte pairs for use in drug delivery.
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Introduction

Layerby-layer (LbL) assembly is a simple and straightforward method for generating
multilayer films on surfaces, achieved by sequential adsorption of oppositely charged
polyelectrolyted. In the field of drug delivery, LbL is a highly attractive technique due to the
extraordinary high drug loading capacity of multilayer filfisuse of mild aqueous
conditions for assembfyand 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 mdrithshe incorporation of
macromolecules such as nucleic acids or peptides and proteins into films that are subsequently

wrapped around micr@r naneparticulate delivery vehiclés.

Low molecular weight drugs are typically released by diffudibmhich in turn depends
strongly on the film porosity Alternatively, the active compound can be deposited as its own
charged layef?> Here, the drug release occurs via film erosion, which can be triggered by
simple swelling or by a chemical reactibif. Although a correlation most likely exists
between the internal film structure and the mode of refeashieving 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.
pH) may have tremendous effecton the internal film structuré!? Second, the
polyelectrolyte layers are dynamic and not primarily ordered as stratified |&enenie

1).*131* For example, polymer chains interpenetrate into neighboring fAy2r§and are

even able to diffuse from layer to layer within the fiifrt®
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———~_———  Stacking
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Scheme 1A simplified overview of three characteristic internal structuretld. multilayer
films; smooth transitions exist between thémlf the polyelectrolytes behave exclusively as
rigid building blocks, the layers are flatly stacked upon one anoBjelf.interpenetration of

the polymer chains occurs, the electrostaticaation forces span several layers. This may be
thought of as comparable to crosslinking between lay&s.Rearrangement leads to
interlayer diffusion of polyelectrolyte chains during the deposition of further layers. This
results in a homogenous distution of polyelectrolyte throughout the film, independent of the
sequence of deposition.

Unfortunatel vy, det ail ed characterization of
significant analytical effort using methods that are not widely accessidk,as Xray and

neutron reflectivity, Xray photoelectron spectroscopy, ellipsometry or microgravinteimy.

response, we developed a straightforward, accessible tool based on Foerstecessoe@y

transfer (FRET) to elucidate the internal structure of polyelectrolyte multilayers. We
investigated multilayers of three different polycatiohspoly(allylamine hydrochloride)

(PAH), poly(ethylene imine) (PEI) and poly(diallyldimethyl ammoniuntoade)) (PD)i in

combination with the polyanion poly(styrene sulfonate) (PSS). These polycations were chosen

due to their widespread use as LbL building blotks?®or as transfection agents for nucleic

acids*' By systematically varying the theoiel interchain 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 n the context of a drug delivery application.
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Materials and Methods

Materials

Unless otherwise stated, all chemicals were purchased from Sigineh 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 (FITG)and tetramethylrhodamine isothiocyanate (TRFRT) with a degree

of labeling of 220 were purchased from Surflay GmbH (Berlin, Germany). Ultrapure water

was obtained using a MilR-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 protocdt? Briefly, 0.42ml of a 10mg/ml solution of dye in DMSO was added to

10 ml of a 10mg/ml aqueous solution of the polymer at PHThe reaction mixture was
stirred overnight in the dark. The labeled polymer was subsequently purified by dialysis
using Slidea-Lyzer Dialysis Cassettes with a molecular weight cut off of 3,500 (Thermo
Scientific, Waltham, MA, USA)i against water foone 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 ohgigated molecule.

Multilayer fabrication

Multilayers for FRET analysis were prepared hw8ll 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 waters greviously describet. The multilayers were
assembled by adding 200 ul of 1 mg/ml PEI, PAH or PD, respectively, to the chamber. The
pH of the polymer solutions was adjusted to pldr pH 9 by NaOH or HCI, respectively.
Polymer solutios were incubated within the chamber for 30 min and then rinsed with water
twice, followed by the addition of PSS d¥ Ryer. Up to five polymer layers were applied by
this techniqgue and then used for FRET experiments. Fluorescently labeled polye&sctroly
were incorporated into various positions inside the LbL multilayer at various positions, as
indicated inScheme 3 For each FRET sample, which consisted of a Flagd TRITG
labeled polymer pair, a control containing only the F@aBeled donor polymemas

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 480nm and 550im for FITC and TRITC, respectively, and the detector voltage was set

to 650V.

FRET measurements with Confocal Laser Scanning microscope

The fluorescence intensity of FITC emission was measured by a Zeiss confocal laser scanning
microscope (Zeiss AxiovertO® 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 sampland 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 fluorescencensitg 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).

. ) &) 4 #
PP Yy =
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The Foerster equation (2) can be used for calculation of the distanceshetaeor and
acceptor fluorophoreés:?* The Foerster radiusRs defined as the distance between donor
and acceptor leading to an energy transfer efficiency of 5B&6. the FITC/TRITC

donor/acceptor pair,f@s 5.4nm?°

o — )

The exponential X in the equation stands for the spatial distribution of the donor and acceptor
molecules ad can take different values. For thm@ienensionally distributed fluorophores, X

is equal to %% For resonance energy transfer of two planes of fluorophores, X is equal to
428 For LbL-assembled FRET systsmboth values can be found in the literaftiré:* 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,aMngd

and 0.1 M HCI. The microscope slides were coated by a digmotpcol 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 dataphysicsacomngle OCA system (dataphysics,
Filderstadt, Germany) by the sessile drop principle. At least 20 measurements were taken per

microscope slide and a naoated slide served as control.
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Permeability of multilayers to rhodamine

The permeability of the nitlayers was investigated by allowing 5{(6)
Carboxytetramethylrhodamine (rhodamine) to diffuse into alyered multilayer. The first

layer consisted of a FIT{&beled polymer and the following four layers were-flanrescent.

After rinsing the last Iger with water, the chamber slides were refilled with ariDsolution

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, fitayered multilayers with the FRET pair in th& and &
layer were prepared. Afterwards, the chamber slides were filled with cell culture medium with
or without 10% fetal calf serum. Dapaints were selected to reflect typical incubation times

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

Statistics

Results are shown as the mean * standard deviation (SD) of a representative sample. The SD
was calculated from three regions of intérfeem a representative sample. All experiments
were performed with two or three repetitions. Statistical significance was tested either by t
test or ANOVA/StudenNewmanKeuls 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 layersScheme 2

polycations polyanion
A~~~
0o LTI LUC I«
NH2
N+
NH2 NH SN
NH2 O=ET’:O
PEI PAH PD PSS
25 kDa 17 kDa < 100kDa 15 kDa

Scheme Zhemical structugs 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 poHamend

FRET pairs: FITGPEI / TRTC-PEI and FITGPAH / TRITGPAH. The labeling reaction

was performed using a swoichiometric amount of the dyes to avoid splenching and
perturbation of the layer growffl.Becauseno primary amines are available in PD for the

coupling reaction, commercially available FIFRD and TRITGPD 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 cougito PEI (data for other FRET pairs not shown).

250
Figure 1 Fluorescence
— FITC-PEI o
2001 ——- TRITC-PEI emission spectra of FITC
PElI and TRITGPEI in
>
§150_ solution. The excitatior
£ wavelength was 48@m
<]
% 100 for FITC and 520hm for
8 TRITC.
3

&)
o
1

500 520 540 560 580 600 620 640

wavelength / nm

In all subsequent experiments, a calculated FREitiency 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 multil aypelymgrbound mRES rpairawas c on f

deposited at different theoretical positions, aSeéheme 3Aand3B.

As a first step, FRE-Oonor and FRE-acceptor polyelectrolyte conjugates were incorporated

at a 1:1 ratio into either the'13“ 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).

A FRETIN layer | |C o D~
——— o —
st d N S—
1 3 5 r J e S———
VAV VW VU A T — N
A N T — N
AV AY AW A
---- N WNNNNNN WNDNNANN
i Swelling
Diffusion
B FRET btw. layer l
» ) " P g
1*and 3" 3“and 5" 1" and 5' @0 _¢o
—— ~To— —
\MN\ N =~ SN W\/

Scheme 3Multilayer coating schemes using the polysheund FRET donor (green) and
acceptor (red), resgctively. Five total layers were used in each experim@nhiThe FRET
donor and acceptor were deposited within the same layer (eithe{& br 5" at a 1:1
ratio. Because the donor and acceptor of the FRET pair were conjugated to different
polyeledrolyte chains, each chain had only one type of conjugated moldgulehe FRET

pair was separated by ndituorescent spacer layers resulting in two shdigtant FRET
pairs (donor in ¥ layer and acceptor in"8layer or donor in & layer and acceptomn 5"
layer) and a lonedistant FRET pair (donor in 1st layer and acceptor {fi 18yer). C) To
evaluate multilayer permeability, the FRET donor was deposited in Thiayer. Free
rhodamine (r) was the acceptor in this -sgt and was assumed to diffudgough 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 withirthe 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 £ or 3% layer. This is in good agreement with literature because PEI is not fully charged
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atthe selected assembly conditions (pH 10), and is thus capable of diffusing within tffe film.
When te FRET pair was incorporated into tHel&yer, 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.

1.0
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\\
0.8 - \\\ /i
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- 0- PAH/PSS
- v- PD/PSS
0.0 T T T
FRET in FRET in FRET in
1* layer 3” layer ;ila/y(%;
AN NN
N N A
AN A S\

Figure 2 FRET efficiencies aftancorporating 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 thd" Bayer. In contrast, the efficiency was constant in all
multilayer corstructions for the PAH series. In the PD series, the FRET efficiency decreased

when the FRET pair was present in tH218yer. 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 Rt€THpair 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 interfete.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 thissase was about 0.6 @7, independent of the deposition layer within

the film.
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Figure 3 The FRET pair was separated by either one or threeflummescent spacer layers
resulting in two shortlistant FRET pairs (donor in®1layer and acceptor in'3 layer or

donor in 39 layer and acceptor in"5layer) and a long distant FRET pair (donor iff thyer

and acceptor in 8 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 BAIaIRS

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 byflmorescent spacer layerS¢heme

3B). In this setup, two shedistant FRET pairs and a lomtystant 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 threffuncescent spacer layers
(Figure 3). These results are in good agreent with the literature, as PAH/PSS is known to

be a highly interpenetrating polyelectrolyte combination, with polymer chains spreading over
3 to 5 single layer§?’ In the case of PEI/PSS, both shdistant pairs had equivalent FRET
efficiencies and donesicceptor distances of abau? nm. However, when the FRET pair was
separated by multiple spacer layers, the FRET efficiency significantly decreased. At the same
time, the calculated don@cceptor distance increased to about 6.4 nm. Hence, polyelectrolyte

stacking likely occurred ta 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 théo®Ihd FRET pair was
positioned in th&™ and %" layer, as compared to that when positioned in thaentl 3° layer,

is probably due to better alignment of the dyes with increasing distance from the substrate.
Using this straightforward FREBased approach it was possible to characterizenternal
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, stackinghel 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 liter&tdfé*2" 343t is

worthwhile to mention that transitions between the three categories are smooth and that

several other possibilities are also well described in the liter¥ttfte.
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To further evaluate the feasibility of the FR#B&sed approach, we modulated the internal

structure of the multilayer by (RAgdred4.sti ng t he

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 | + ++
Interpenetration | ++ 0
Stacking 0 + ++

Although the pK values of polyelectrolytes within multilayers differ significantly from those
in solution**° complicating the estimation of the charge density, we can still make relative
statements about the direction of charge density change with changes intgHghiemical
structure of the polyelectrolyte is known. Because PAH and PEI are both weak
polyelectrolytes (PAH carries only primary amino groups and has,afpibout 9.8% PEI is
functionalized by primary, secondary and tertiary amino groups and has an overall pK
abou 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 th®fboth
polyelectrolytes, and more highly ionized films were formed at pH 7, below thegite of

both polyelectrolytes. FRET donacceptor fluorophores were incorporated into the PEI/PSS
and PAH/PSS films as lordjstant FRET pair in the®land %" layer, separated by three ron
fluorescent spacer layerSc¢heme 3B. Because PD is a stropglyelectrolyte 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 efficiensydue to layer interpenetration

(Table 1).

” Em PEI/PSS
- 1 PAH/PSS
.
>
2 08 I
2
2
&= 0.6
[«}]
|_
L 04
L
0.2 -
0.0

lower cha'\rge state higher chérge state
(pH 10) (PH7)

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 applikd,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 certem degree of ionization, polyelectrolytes adopt a more stratified conformation
due to electrostatic repulsidhBelow a critical value, the intathain repulsion becomes less
important, and the polyelectrolytes form loops and coils. As a consequence, multilayers
prepared using polymers of high charge density comyrtmedome 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 strigif in character§cheme 4. Hence, the FRET based
approach is a valuable tool for highlighting charge desnsdyced differences in internal film

structure.

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

Scheme 4Polyelectrolytes adsorb to a surface in different conformations depending on their
degree of ionization.A) If the charge density reaches a polymspecific threshold, the
polyelectrolytes adopt a more stratified conformation, the film becomes thinner and the FRET
efficiency increasesB) In the case of weakly charged polymer chains, gddécoiled
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 composi t iroleddetease of drufFaisedithei mpor
guestion: does the internal structure of the film correlate with its permeability to small
molecules? To this end, the polyrtssund FRET donor was deposited in theldyer of a

film with a total of five layers$cheme3C).
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Figure 5 The permeability of the three multilayer films to rhodam#&eThe permeability of
the PEI/PSS film was tirdependent, with slight delays seen for more highly ionizedBEI.
A distinct difference was found for the PAH/PSS film. Rembégkpermeability 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 rhoda@)riene 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 molebaléin

layer, the FRET efficacy was expected to increase due to energy tid@igige 5).

The PEI/PSS multilayer exhibited tirtependent development of a FRET effect. With
respect to PEI/PSS films with a lower degree of PEI ionization (pH 10), FRiSTdelayed

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 rhodantsince polyelectrolytes in

a PEI/PSS film have a strong tendency towards rearrangeifaie (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 whighrkawere 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 moreghly 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 polyelectrdgadsg 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 rhodamirikéudion. 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 setupAs PD carries only quaternary ammonium groups, multilayer formation and

structure were independenf pH. Because both PD and PSS are completely charged and
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because a stratified polyelectrolyte conformation is prefefiradi¢ 1), the PD/PSS film most

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

The hydrophobicit of the coated surfaces is another important factor that plays a role in the
permeability of a film to rhodamirfeHence, 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 systemas rather hydrophilic.

Statistically significant differences are indicated by ** witk 0.05.

The PEI/PSS and PAH/PSS coatings were rather higdimp with contact angles of 8land
74°, respectively. The PD/PSS surface was hydrophilic with a suctam@ct 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 ses¥c Consequently, it is not
surprising that permeation of the hydrophobic rhodamine into a hydrophilic multilayer such as
PD/PSS was hatered. As a whole, this FRHJased 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 d?$A3H/
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 dulgptance is a
polyelectrolyte and part of the multilayer construction, as would be the case with a nucleic
acid therapeutié? In this case, multilayer disassembly can be induced by simple swklling,
which resembles a vertical expansion of the fifff: 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 waspdsited in the $and 3 layer of the multilayer containing a

total of five layers $cheme 3D. If swelling were to occur, the FRET efficiency would be
expected to decrease due to an increasing average distance between thendoacceptor
bearing pojelectrolytes. To mimic biological context to a certain extent, the experiments
were performed in cell culture medium with or without serum. We focused on the d&aH

PEbased films due to the ability to vary the degree of ionization by controllingthe p

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

still present after 2@. This means that vertical expansion, due to uptake of water
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molecules, played a minor role. PEI/PSS multilayers, on the other hand, were more prone to

swelling; FRET efficiency dropped appreciably over tifagre 7C and7D).
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Figure 7 Swelling behavior of the three multilayer filn#s). 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 playbataatial role.C) andD) Pronounced swelling

was observed for the PEI/PSS multilayer fabricated with -blygrgedensityPElI and

incubated in culture medium without serum.

This decrease was less pronounced if the multilayers were incubated in coédiem
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 gxer i ment s regardi ng t hable 1.iFbrms o
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, sirfdr to that of a highly crosinked hydrogef® In contrast, PEI/PSS film
structure is believed to be driven more by stacking and rearranging than interpenetration.
Hence, layeflayer 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 polyelgtdrotolecules

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

nucleic acids:*®

151



Chapter 5

Conclusion

We have elucidated hé internal structure of polyelectrolyte multilayers using a
straightforwvard FRET¥ased approach. Highly interpenetrating polyelectrolyte multilayers
were assembled by combining PAH and PSS. In contrast, PEI/PSS multilayers demonstrated a
high tendency toards rearrangement due to polymer diffusion. Polymer stacking dominated
the PD/PSS film structureHere, further studies in the multilayer architecture with
complementary analytical methods, such as ellipsometry, are necessary to confirm those
findingslnvestigation 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 gfathe 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 ¢ftet multilayer structures, reducing their
tendency towards swelling and drug reled$e FRET-based approach is a powerful tool for
screening polyelectrolyte pairs and their corresponding deposition conditions for suitability in

a variety of drug delivgrapplications.
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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. Consequentlyeafostatic 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 thatot only the basement membranet lalso the interstitial
matrix, represents an electrostatic barrier for highly charged iykeayer coated
nanoparticles and polyelectrolytes. Therefore, a collageydrogel, which is the main
component of the interstitium, was used as a model systéma. mobility of coated
nanoparticles and polyelectrolytes was determined with fluorescence recovery after
photobleaching (FRAP). It was further shown that the constitution of the collagen | matrix is
altered significantly by the incorporation of catiomolyelectrolytes. Hence, permeability
studies with this model system have to be performed-lmehdnd 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 contactheitho called

extracellular matrix (ECM), the filling material between cells inside an organism.
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7 o (], i 33— * Collagen IV
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Schemel The Extracellular Matrix (ECM) is divided into the basement membrane and the
interstitial matrix. Both partsare under constant remodeling armbrtain around 300
different proteins, proteoglycans and glycosaminoglycdie 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 diffubugier for nanoparticles and colloids

due to physicochemical interactiorRgproduced (adaptedjom Bonnans et dlCopyright

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 glycosaminoglycamd ean be divided into the
basement membrane and the interstitial connective tiSareie ). But, despite of only
providing form and stiffness to tissues and organs, the ECM is also responsible for tissue
homeostasiandsignal transduction processei$.was also found that the ECM and also other
biological hydrogels, such as the mucus or the nuclear pores, show a highly selective filtering
mechansm for cellular moleculesAs the biopolymer components of those hydrogel matrices
are highly charged, this filtering mechanism isdashen electrostatic effects, instead of size

exclusion Scheme 2*°

(a) Size filtering (b) Interaction filtering
P o ! B
. . ' B .. - ~. X - ®
‘e \. « O GF- ¢ C‘.S',.—.‘.
) T
a . ‘ ®- , f@' P ,7( -8 . :
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Scheme 2Two filtering mechanism for biological hydrogels are knowrA) The size
exclusion filtering, where only particles smaller than a distinct threshold are able to diffuse
through the matrixB) Particles are selected by a distinct surface propdetg. 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 (Reguced (adapi®) from Lieleg and Ribbeékwith
permissionCopyright (2011) Elseviey.

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

intrinsic charges of the gel matriXt is important to remind that nanoparticles administered
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for drug delivery purposes usually have to cross both parts of the E@Nvasal 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.légeet al, already studied the surfaderge
dependent mobility of nanoparticles and liposomes inside the basal mefhBtaneshowed

that an effective electrostatic bandpass controls the permeability of this part of Mhé EC
Liposomes of a negative surface charge up3@mV were able to diffuse, whereas all
cationic particles were effectively trapped inside the hydrogel nfagixomparable effect

can also beassumed for the interstitial connective tissue, containing a large amount of

collagenl, which carries negative charges on its fibrils.

In this chapter, collageinbased hydrogels were used as a model system for the investigation
of the mobility of Layetby-Layer (LbL) assembled nanoparticles inside the second
compartment of the ECM, the interstitium. LbL coated nanoparticles were a good tool to
elucidate the charggependent interactions with the hydrogel matrix, because their surface
charge can easilyebadjusted by applying a variable amount of polymer layers. Here,
commercially available silica nanoparticlgSiNP) were used as LbL templates instead of
gold nanoparticles, to avoid the high quenching capacity of®joAd. 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 cdllagsaed
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 -@igineh Chemical
Company (Taufkirchen, Germanyihe polyelectrolytes for LbL coating of nanoparticles and
all other experiments had the following molecular weights: branched poly(ethylenimine)
25000g/mol, poly(styrene sulfonate sodium salt) 15@0@0l (Polymer Standard Service,
Mainz, Germany). Colloidasilica LUDOX® TM40 was a generous gift from Grace
Chemicals (Worms, Germany). Ultrapure water was obtained using aQvidiistem (Merck

Chemicals, Schwalbach, Germany).

Fluorescent labelling of PEI

PEI was fluorescently labeled by fluoresceine isayemate and rhodamine isothiocyanate
accordingly to a previously published prototbBriefly, 0.42ml of a 10mg/ml solution of
the dye in DMSO was added to 10 ml of ami§/ml aqueas solution of the polymer at pH 9.
The reaction mixture was stirred overnight in the dark. The labeled polymeubssquently

purified by dialysis using Slide-Lyzer Dialysis Cassettes (Thermo Scientific, Waltham, MA,
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USA), MWCO 3500, against water fone 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) suspesion. As the used silica colloid carried a negative surface charge, the LbL
coating was started with the positively charged PEI. The coating protocol was aéljosted

the previously described coating of gold nanopartidl=e Chapter 3} The colloidal
suspension was added to a stirring 8ofu of the polyelectrolyte to give a final polymer
concentration of 1éng/ml (w/v). For the fluorescently labeled polyelectrolytes 25% of the
polyelectrolyte solution needed, were surrogated by the fluorescently labeled derivative. The
nanoparticles werstirred for at least 30 min and subsequently purified by ultrafiltration using
either Corning Sp#X UF 6, MWCO 10kDa (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
maximumpeak of the intensity distribution is always stated. The zeta potential measurements

were processed in the monomodal mode. Additionally thenmodified silica nanoparticles
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were airdried on a carbogoated 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.nihjgo¥897

2014).

Fluorescence spectrometry

Fluorescence spectra were recorded using a Perkin Elmer LS55 fluorescence spectrometer
(Perkin Elmer, Waltham, MA, USA). The excitation wavelengths werend®@nd 550im

for FITC and TRITC respectively and tdetector voltage was set to 680

Preparation of hydrogel matrices for FRAP

All hydrogel matrices were prepared inwell chambered coverglasseNufc Lab Tek,
NalgeNunc, Penfield, NY, USA). Collagénmatrices were prepared as follows. The
commercial cthagenl solution (# C4243, SigmaAldrich, 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
analye 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 pl 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 léaat 3

37°C.
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Fluorescence Recovery after photobleaching (FRAP)

To analyze the mobility of LbL nanopatrticles the technique called fluorescence recovery after
photobleahing (FRAP) was chosefi*FRAP is a versatile method, which is often applied in
cellular studies, whre the mobility of biomacromolecules is concern&t.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 bacth&®Ol, the
fluorescence is recovering over time and at the end the diffesiefficient can be calculated

(Scheme 3%

immobile
fraction

mobile
fraction

normalized fluorescence

time

5 -

prebleach bleach . recovery

Scheme Example of a raw fluorescence profile as it is obtained in a FRéeranent. 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 kserscanning 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
30um. The sample region was bleached with 30 iterations and fluorescence recovery was
recorded with 100 images and a delay of4..8he collagen atrices were measured at 37.

The fluorescence recovery f(t) was calculated with a deodtmalization, presented in
equation (1), where I(Refpnd I(Ref) were the intensities of the ndoheaded ROI prior to

the bleaching an at the time poirf t(FRAP), and I(FRAP)were the fluorescence intensities

of the bleached ROI prior (0) to the bleaching and at the time point t.

oy Q "QZ ‘0'0Y0 U

2 Bya 0oYs s @)

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

recovery during the prebleach process.
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To calculate the diffusion coefficient, the recovery curves Jiige=l 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://cmg.embl.de/downloads/frap_analys@@ktober 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 stath@&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 408, 37 °C for 90min.

Absorbance (400 nm)

t/ min

Scheme 4n comparison to the control (black) a modifiedllagenl hydrogel (blue) can be
characterized by two parameterpt corresponds to a retardation of the fibril formation (lag
time), whereas the level of the equilibriunpofymerizationgA, describes the density of the

collagen network.

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 reaCtidence, one
could define two important parameters in comparison to a reference s&@uptme 4. A

prolonged lag timegt, corresponds to a retardation of the fibrillation. If the equilibrium
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plateau of the curve reaeh lower absorbance valuepA, one could conclude a disturbed

fibrillation and a looser hydrogel netwotk®

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 visualizattbe ofirves, 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 besridom used as templates for LbL coatirtdsnce, 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, whiod mae completely

round, but rather hexagonalFigure 1A). The determined averaged diameter was
26.17+£5.08nm (Figure 1B). The dynamic light scattering analysis gave a larger
hydrodynamic diameter with a broader size distribution of the particles d? 3913.52nm
(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 imaga® werformed in the dried

state and, hence hydration was not taken into account, here.

The SiNP were modified by an LHike approach for two reasons: First, to label them with a
fluorescent dye and second to investigate the charge dependent mobitiey tmsicharged

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 polyetebtte layer’>?*Hence, coating of an odd or even
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number of polymer lays leads to either positively or negatively charged particles. Therefore
LbL coated nanoparticles are a suitable tool for the investigation of eHapgmdent

interactions, for example inside hydrogel matrices.
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Figure 1 A) TEM image of unmodified ne@atly charged SINPB) Size distribution

determined of the TEM image analySisIntensity 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 thesame time the shift from a negative to a positive zeta potential was
found (igure 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 othe coating process of SiNR) The hydrodynamic diameter of

the SINP with coated polymer layeB) 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 particks. (Values are presented as mearstd of at leastthree independently coated
batches)

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

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

Here, the SINP were coated with three polymer layers, containing a-FRi Tconsisting of
PEFFITC and PEITRITC, or only the FRET donor, PHITC, asa 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 FTIGlye at 528 m only. For te FREFsample this FITC emission was
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clearly reduced and the emission of the rhodamine derivative ahrb8@as 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 themission 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

represenative sample)

Another control containing the two cdya&beled 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 ogatn 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 ceeat positively and a negatively charged

species, the stability deficit of the trilayered particles was also not a concern. Furthermore, it

176



Mobility of polyelectrolytes and coated nanoparticles in a collagen | matrix investigated by FRAP

was shown that Ludox SINP were appropriate templates for the labelling with fluorescent
dyes, because no quenchindeefs 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 meh size of collagehbased hydrogels is known to be in the micrometer range, whereas
the size of coated SiINP was several orders of magnitude sAtafiém.terms of a diffusion
experiment one would expect an unhindered diffusion without any size exclusion effects of
those particles through a collagenetwork. But as it is shown iRigure 4 the PEicoated

SiNP_PEIFITC wer immobile in the collagehmatrix.
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For comparison théluorescence recovery of even smaller fHETC molecules, which were
not bound to nanoparticles, was also recorded. Also unboun&IPElwas immobile, when
introduced in a low concentration (0.03 mg/ml). But, a complete recovery of the fluorescence

was faund when PEFITC was applied in a concentration of ég/ml.

To further elucidate this dependency a concentration series gflPElwas appliedRigure
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Figure 5 A) The mobility of PEI molecules depended on their concentraBipmhe 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 amdendul diffusion was
observed for the three highest concentrations with a recovery of 90% and higher and diffusion
coefficients of approximately 10 |ffs. The lower concentrations showed a limited mobility
and also lower diffusion coefficients; down to wr2 unf/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 distimehount 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 méatri&esh an
electrostatic interaction is also feasible when comparing .the isoelectric point (IP) of
collagenl and the pK value of PEI. Collagehhas an IP of 72f and the hydrogel was also
adjusted to a neutral pH prior to its gelation. Hence, the net charge of cdllsigend be
neutral. But, as it contains positively and negatively charged amino acids, areas of negative,
as well as positive, charges are likétybe present. On the other hand PEI with itg pK

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 mlvestigated the sustained release of a charged antibody
out of an oppositely charged alginate maffixdere, the electrostatic interactions were
adjusted by a variation of the charge density to control the release afnttbody’® In
another study Lieleg and coworkers observed an ionic interaction between charged
nanoparticles and a collagén 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 approatience, an electrostatic binding between the polyelectrolyte
PEFFITC either free or bound to a nandjpae surface was highly likely. But, in case of
collagenl 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 satuta the intrinsic charges of the collagen matrix by a large amount of the
polymer PEI itself to mobilize the equally charged SINP -PHIC. This saturation step was
performed with noffluorescent PEI, prior to the incorporation of the labeled speciesctin fa
0.5 mg/ml PEI were sufficient to increase the mobility of the originally immobile saniples.
case of the fluorescent polymer, a preincubation witm@bnl nonfluorescent PEI was able

to completely mobilize 0.081g/ml labeled PEFITC (Figure 6A).
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Chapter 6
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Figure 6 A) Preincubation with notfluorescent PEI led to a mobilization of REITC B)

The same effect was observed for positively charged SiNP_PEI

The mobility of the charged SINP_REITC was enhanced to a mobile fraction of 50% in

comparison to theontrol Figure 6 B).

Surprisingly, also negatively charged SINP_#EIC PSS could be mobilized with

positively charged PEFgure 7).
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Figure 7 Negatively
charged particles
SiNP_PEI_PSS wer
also mobilized with a
preincubation with

cationic PEI

This indicated that solely an electrostatic interaction between charged particles and a
collagenl network might be not sufficient to explain the altered mobility.

Hence, one also has to consider that the constitution of the coll&yenogel might hag

been modified by the comparably high concentration of the charged macromolecule PEI. To
elucidate this question an assay to compare the fibrillation of the collagatrices was

addressed.
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