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|Summary & Zusammenfassung

Summary

In this thesis, we describe the preparation of Janus particles with face-separated
compartments. These are anisotropic spherical colloidal particles of the inorganic origin.
These compartmentalized particles have unique properties, such as different chemistries
designed to specifically target bio applications. Biofunctionalized Janus particles with
tailored surface chemistry in general have been gathering interest. The dual nature of the
surface chemistry of Janus particles can be exploited to immobilize drugs, cell surface
targets, and/or other functional molecules on both sides of the particle surface.

There have been several reports and studies based on the preparation of Janus materials
including several shapes and materials along with their widespread applications since a
few years. The use of micro-sized particles with unique “Janus” character has been widely
exploited over the years. However, there are certain limitations pertaining to the use of
micro-sized particles when bio applications are concerned. In addition, there is a limited
amount of research performed with nano-sized particles exhibiting the “Janus” character
and their bio applications. In this thesis, we adapted the current state of the art to
synthesize nano-sized Janus particles in bulk-quantities and used these particles to
demonstrate bio applications including dual protein functionalization, agglomerate-free
bacterial separation from mixtures and attachment to the cell surfaces of eukaryotic cells
with minimal uptake.

First, we established a model system for the scalable preparation of nanoscale Janus
particles with dual protein functionalization with the proteins ferritin and streptavidin. We
used 80 nm silica NPs (SiNPs) modified with azidosilane to prepare Pickering emulsions
with molten wax as the droplet phase. The azide-functionalized SiNPs on the Pickering
emulsion droplets were further subjected to face-selective silanization with biotin-
polyethylene glycol (PEG) ethoxy silane. Afterwards, we grafted ferritin on the azide-
functionalized side via a click-reaction and the biotin groups were conjugated with
streptavidin which was labeled with ultra-small gold NPs. In order to elucidate the
advantages and limits of our approach, we performed a detailed characterization of the

particles at every process step. The results showed that this method represented a
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scalable platform for the versatile preparation of protein- nanoscale Janus NPs that can
potentially be used with a wide variety of proteins.

We further took advantage of the established method where protein-protein
functionalization at the nanoscale was demonstrated, to prepare Janus SiNPs for bio
application on a prokaryote-based system. We presented a scalable method for designing
magnetic Janus NPs which are capable of performing bacterial capture while preventing
agglomeration between bacterial cells. To this end, we prepared silica-coated magnetite
(FesOa4) Janus NPs functionalized with a bacteria-specific antibody on one side and PEG
chains on the other, using the established wax-in-water emulsion strategy. These
magnetic Janus NPs specifically interacted with one type of bacteria from a mixture of
bacteria via specific antigen-antibody interactions. Contrary to bacterial capture with
isotropically functionalized particles, the bacterial suspensions remained free from cell-
NP-cell agglomerates owing to the passivation coating with PEG chains attached to the
half of the magnetic NPs pointing away from the bacterial surface after capture. Selective
magnetic capture of Escherichia coli (E.coli) cells was achieved from a mixture with
Staphylococcus simulans (S.simulans) without compromising bacterial viability and with
an efficiency over 80%. This approach is a promising method for rapid and agglomeration-
free separation of live bacteria for identification, enrichment and cell counting of bacteria
from biological samples.

Furthermore, after the successful preparation of Janus NPs for the selective capture of
bacteria, we prepared Janus NPs that are designed for the attachment to eukaryotic cell
surface molecules with minimal cell uptake. To this end, we synthesized rhodamine-doped
SiNPs functionalized with 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) on
one hemisphere of the NP surface and high-molecular-weight long-chain PEG on the
other one using the wax-Pickering emulsion technique. NP localization was studied with
mouse fibroblasts in vitro. In these studies, the Janus NPs were attached to the cell
surface and, in contrast to isotropic control particles, only negligible uptake into the cells
was observed, even after 24 h of incubation. The study revealed that the prolonged
attachment of the Janus NPs is most likely the result of an incomplete macropinocytosis
process, and it seems to be independent from caveolae- and receptor-mediated
endocytosis. Consequently, by design, these Janus NPs have the potential to firmly
anchor onto cell surfaces for extended periods of time which might be utilized in various

2
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biotechnological and biomedical applications like cell surface tagging, magnetic

manipulation of the cell membrane or non-invasive drug and gene delivery.
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Zusammenfassung

In dieser Arbeit beschreiben wir die Herstellung von Janus-Partikeln, bei denen es sich
um anisotrope kugelférmige kolloidale Partikel anorganischen Ursprungs handelt, mit
flachengetrennten Unterteilungen. Diese unterteilten Partikel weisen einzigartige
Eigenschaften auf, wie z. B. verschiedene chemische Funktionalitaten, die speziell auf
Bioanwendungen abzielen. Biofunktionalisierte Janus-Partikel mit maflgeschneiderter
Oberflachenchemie im Allgemeinen stof3en auf grol3es Interesse. Die duale Natur der
Oberflachenchemie von Janus-Partikeln kann genutzt werden, um Arzneimittel,
Bindestellen fur Zelloberflachen und/oder andere funktionelle Molekule auf beiden Seiten
der Partikeloberflache zu immobilisieren. Seit einigen Jahren gibt es zunehmend Studien,
die auf der Herstellung von Janus-Materialien basieren, einschlieRlich verschiedener
Formen und Materialien sowie ihrer weit verbreiteten Anwendung. Die Verwendung von
Partikeln in MikrogréfRe mit einzigartigem ,Janus® -Charakter wurde im Laufe der Jahre in
grolem Umfang genutzt. Es gibt jedoch bestimmte Einschrankungen hinsichtlich der
Verwendung von Partikeln in Mikrogréfde, wenn es um Bioanwendungen geht. Dariber
hinaus wurden nur begrenzte Forschungsarbeiten mit Partikeln in NanogroRe
durchgefuhrt, die den ,Janus® -Charakter und ihre Bioanwendungen aufweisen. In dieser
Arbeit haben wir den aktuellen Stand der Technik weiterentwickelt, um Janus-Partikel in
NanogrofRe in grolen Mengen zu synthetisieren und diese Partikel weiter zu verwenden,
um Bioanwendungen zu demonstrieren, einschlieRlich dualer Proteinfunktionalisierung,
agglomeratfreier bakterieller Trennung aus Bakteriengemischen und Anlagerung an den
Zelloberflachen von eukaryotischen Zellen mit minimaler Aufnahme. Zunachst haben wir
ein Modellsystem fir die skalierbare Herstellung nanoskaliger Janus-Partikel mit
doppelter Proteinfunktionalisierung mit den Proteinen Ferritin und Streptavidin etabliert.
Wir verwendeten mit Azidosilan modifizierte 80 nm Silica NPs (SiNPs), um Pickering-
Emulsionen mit geschmolzenem Wachs als Tropfchenphase herzustellen. Die Azid-
funktionalisierten SiNPs auf den Pickering-Emulsionstrépfchen wurden ferner einer
seitenselektiven  Silanisierung mit Biotin-Polyethylenglykol (PEG) -Ethoxysilan
unterzogen. Danach immobilisierten wir Ferritin mittels Klickreaktion auf die Azid-
funktionalisierte Seite und die Biotingruppen wurden mit Streptavidin konjugiert, das mit
ultrakleinen Gold-NPs markiert war. Um die Vorteile und Limitationen unseres Ansatzes

4
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aufzuklaren, haben wir bei jedem Prozessschritt eine detaillierte Charakterisierung der
Partikel durchgeflihrt. Die Ergebnisse zeigten, dass diese Methode eine skalierbare
Plattform fur die vielseitige Herstellung von Janus-NPs im Protein-Nanobereich darstellt,
die prinzipiell mit einer Vielzahl von Proteinen verwendet werden kénnen. Wir nutzten
ferner die etablierte Methode, mit der die Protein-Protein-Funktionalisierung im
Nanobereich demonstriert wurde, um Janus-SiNPs flr eine bestimmte Bioanwendung auf
einem Prokaryoten-basierten System herzustellen. Wir haben eine skalierbare Methode
fur die Herstellung magnetischer Janus-NPs vorgestellt, die in der Lage sind, an Bakterien
zu binden und gleichzeitig eine Agglomeration zwischen Bakterienzellen zu verhindern.
Zu diesem Zweck haben wir Silica-beschichtete Magnetit-Janus-NPs hergestellt, die mit
einem bakterienspezifischen Antikérper auf der einen Seite und PEG-Ketten auf der
anderen Seite funktionalisiert sind, wobei die etabliete Wachs-in-Wasser-
Emulsionsstrategie verwendet wurde. Diese magnetischen Janus-NPs interagierten
spezifisch mit einer Art von Bakterien aus einer Mischung von Bakterien Uber spezifische
Antigen-Antikérper-Wechselwirkungen. Im Gegensatz zum Einfangen von Bakterien mit
isotrop funktionalisierten Partikeln blieben die Bakteriensuspensionen frei von Zell-NP-
Zell-Agglomeraten. Dies ist in der Passivierungsbeschichtung mit PEG-Ketten begrindet,
die an einer Halfte der magnetischen NPs angebracht waren und welche von der
Bakterienoberflache wegzeigen. Das selektive magnetische Einfangen von Escherichia
coli (E. coli)-Zellen wurde aus einer Mischung mit Staphylococcus simulans (S. simulans)
erreicht, ohne die Lebensfahigkeit der Bakterien zu beeintrachtigen, und mit einer
Effizienz von Uber 80%. Dieser Ansatz ist eine vielversprechende Methode zur schnellen
und agglomerationsfreien Trennung lebender Bakterien zur Identifizierung, Anreicherung
und Zellzahlung von Bakterien aus biologischen Proben. Darlber hinaus haben wir nach
der erfolgreichen Herstellung von Janus-NPs fur das selektive Einfangen von Bakterien
Janus-NPs hergestellt, die fir die Anlagerung an eukaryotische Zelloberflachenmolekiile
mit minimaler Zellaufnahme ausgelegt sind. Zu diesem Zweck synthetisierten wir
Rhodamin-dotierte SiNPs, die mit 1,2-Distearoyl-sn-glycero-3-phosphoethanolamin
(DSPE) auf einer Hemisphare der NP-Oberflache funktionalisiert waren, und langkettiges
PEG auf der anderen mittels der Wachs-Pickering-Emulsionstechnik. Die NP-
Lokalisierung wurde mit NIH 3T3-Mausfibroblasten in vitro untersucht. In diesen Studien
wurden die Janus-NPs an die Zelloberflache gebunden und im Gegensatz zu isotropen

5
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Kontrollpartikeln wurde selbst nach 24-stundiger Inkubation nur eine vernachlassigbare
Aufnahme in die Zellen beobachtet. Die Studie ergab, dass die verlangerte Anlagerung
der Janus-NPs hochstwahrscheinlich das Ergebnis eines unvollstandigen
Makropinozytoseprozesses ist und unabhangig von der Caveolae- und Rezeptor-
vermittelten Endozytose zu sein scheint. Konstruktionsbedingt haben diese Janus-NPs
folglich das Potenzial sich Uber langere Zeitraume fest auf Zelloberflachen zu verankern,
was in verschiedenen biotechnologischen und biomedizinischen Anwendungen wie der
Markierung von Zelloberflachen, der magnetischen Manipulation der Zellmembran oder

der nicht-invasiven Arzneimittel- und Genabgabe eingesetzt werden kann.
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Glossary

APTES
Ab
AB/AM
Au

Az
azidosilane
B

BSA
BSE
Cc=C
CD
COOH
CTAB
CFU(s)
CuAAC
Cy3

D

DH
DBCO-Cy3
DDAB
DDSA
DLS
DMEM
DMP-30
DNA
DSPE
E

E*

E”

(3-Aminopropyl) triethoxysilane

antibody

antibiotic-antimycotic solution

gold

azide

3-azidopropyltriethoxysilane

Magnetic flux density

bovine serum albumin

backscattered electrons

acetylene group

cluster of differentiation

carboxylic acid group

cetyl trimethyl ammonium bromide

colony forming unit(s)

copper(l)-catalyzed azide-alkyne cycloaddition
cyanine dye derivative

dimensional

hydrodynamic diameter
dibenzylcyclooctyne-Cy3
didodecydimethylammonium bromide

dodecyl succinic anhydride

dynamic light scattering

Dulbecco’s Vogt modified Eagle’s minimum essential medium
2,4,6-(Tris dimethyl)-phenol

deoxyribonucleic acid
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine
storage modulus (elastic modulus)

complex surface elasticity

loss modulus (or viscous modulus)
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E.coli
EDC
EDTA
EPON™812
FCS

h

H
IGEPAL®CO-520
Kd
magnetite
magnetite@SiO2
mPEG
MTT
NAD*
NADH
NH2

NIH 3T3
nm

NHS
NMA

NPs

o/w

oD

PAA

PBS

PCR

Pd

PDI

PEG

Pl

PMS

PS

Escherichia coli
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide e HCI
ethylenediaminetetraacetic acid

epoxy resin

fetal calf serum

hour(s)

magnetic force

polyoxyethylene nonylphenylether
dissociation constant

FesO4 (iron oxide)

silica coated magnetite

methoxy poly(ethylene glycol)
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide (hydrogen)
amine group

3-day transfer inoculum of 3x10° of NIH mouse embryo cells
nanometer

N-hydroxysuccinimide

nadic methyl nhydride

nanoparticle(s)

oil-in-water

optical density

poly (acrylic acid)

phosphate buffered saline

polymerase chain reaction

palladium

poly dispersity index

poly (ethylene glycol)

propidium iodide

phenazine methyl sulphate

polystyrene
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RBITC
RH
rem

rH

RS

RT
SDS
SE
SEM
S.simulans
SiO2
SH
SiNPs
SSA
Bow
TEM
TEOS
w/o
WST-1
ZP (0)

rhodamine b isothiocyanate mixed isomers
relative humidity

rotation per minute

hydrodynamic radius

reductase system

room temperature

sodium dodecyl sulphate
secondary electrons

Scanning Electron Microscopy
Staphylococcus simulans

silica

thiol group

silica NPs

Specific Surface Area

contact angle at oil-water interface
Transmission Electron Microscopy
tetraethyl orthosilicate

water-in-oil

water-soluble tetrazolium salt

zeta potential

Nomenclature of Janus particles

For describing the stepwise surface functionalization introduced on the Janus particles,

we use the forward slash (/) to denote the segregated sides on a single particle surface

and further functionalizations introduced on the respective sides are denoted by using a

hyphen (-). For the “Janus azidosilane — ferritin / biotin-PEG silane — streptavidin “, silica

particles that have been functionalized on one side with azidosilane followed by ferritin

and on the other side with the biotin-PEG silane followed by streptavidin. In case of the

“PEG/azide-biotin-streptavidin-antibody(Ab) magnetite@SiO2” particles, is a silica-coated

magnetite particle that has been functionalized on one side with PEG and on the other

side with azide, followed by biotin, followed by streptavidin-conjugated antibody. The

9
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“PEG/DSPE” describes a RBITC doped silica particle that has been functionalized on one
side with PEG and on the other side with DSPE (the PEG linker between DSPE and the
particle surface as well as the 3-aminopropyltriethoxysilane (APTES)-functionalization to

attach this PEG linker have been omitted for brevity).

10
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Chapter 1

General Introduction

Parts of this chapter have been published and have been adapted here with permission
from Wiley:
Kadam.R, Zilli.M, Maas.M and Rezwan.K. ,Nanoscale Janus particles with dual protein

functionalization” Particle and Particle systems characterization, 2018, 35, 1700332

11
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1. Introduction

1.1 General introduction

The design of different materials with unique properties, structures and functions for
different applications has been an interesting field of research. Since several years,
macro- to nano-sized materials exhibiting a multitude of functions have gained importance
in medical, chemical, electronic and technological applications. Nanomaterials are
especially attractive since they exhibit large surface areas when compared to macroscopic

materials.

Tunability of properties, functions, shapes, materials make it possible to synthesize
nanomaterials of choice. Such nanomaterials are an attractive platform for fulfilling
innovative applications. Among a wide choice of materials chosen to synthesize
nanomaterials, silica NPs have been widely used over the years. The ease of adjustment
of the structural properties of silica makes it possible to immobilize proteins such as
antibodies, dyes, lipids and other biomolecules. The alteration of surface properties to
introduce new functionalizations using silanization as well as dye- and drug-loading

properties are some of the commonly used applications among silica NPs.

Different combinations of materials can be used alongside silica to create engineered
materials at the nanoscale along with a different array of functions to fit the needs of
specific applications. With the continued development of the nanotechnology-based
research, we have come a long way in discovering innovative nanoscale materials. They
further have the potential to be applied in real-life scenarios including pharmaceutical

formulations, catalysis, and biotechnological processes to name a few.

Anisotropy in materials can be defined as the variation in physical, chemical, or
mechanical properties, when observed along different planes of the material. The use of
anisotropic colloidal particles has been vastly exploited in the past years. In
nanomaterials, the patchy, multicompartment and Janus types of anisotropies are shown

in Figure 1-1. Put forth by Du et al., the geometries imparting anisotropy can be chosen

12
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such that either the bulk properties vary, or the surface chemistry can be altered for
multifunctionality [1]. Control over the fine tuning of materials to create anisotropies is one
of the challenges when preparing anisotropic nanostructures. Shape and property-based
anisotropy along with regiospecific surface chemistry anisotropy can also be the grounds

for building interesting nanomaterials [1-5].

One such type of anisotropy, namely “Janus” has gained popularity since the past 30
years and has attracted the interest of the colloidal research community. “Janus” is the
term derived from the Greek god Janus who has two oppositely directed faces.
Uniqueness of the term Janus for modification of materials with opposite features, similar
to the Greek god, makes the idea extremely interesting to deploy. Janus materials,

therefore, present asymmetric features on face-separated sides making them
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Figure 1-1: Different types of anisotropy: A) (1-3) Janus micelles; (4) Janus multicompartment micelles; (5)
patchy Janus micelles; (6) multi-compartment micelles; (7) patchy multi-compartment micelles; (8) patchy
micelles. B) Different types of anisotropic particles (A) Janus (B) multicompartment (C) patchy particles (D)
patchy Janus particles (E) multicompartment patchy particles. Adapted from [1] with permission from the

Royal Society of Chemistry.

In the area of nanotechnology, Janus NPs are nano-sized particles with optical, magnetic,
oppositely charged, etc. on the opposite sides of the particle. The presentation of the
properties can vary along the different faces of the particle, making the presence of
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incompatible properties on a single NP surface possible. Based on the application of the
Janus particles, properties for the functionalization on the NP surface can be customized.

Various fabrication techniques have been used for the synthesis of the Janus particles.

Theoretically, the general idea of preparation of Janus particles is to mask one-half of the
particle and to coat the other half with the property of interest. The process of introducing
two separate faces on particles has been realized by methods such as spray coating,
metal vapor deposition, polymer-based phase separation and/or microfluidic systems
based on biphasic polymer chemistry, all summarized in recent reviews [2,6,7]. Many of
these strategies rely on the deposition of particles on planar substrates which inherently
allow production of only very limited quantities of particles [8]. While some techniques
used to synthesize polymer-based Janus particles are able to yield successfully
synthesized particles in large quantities, these methods were reported to work with very
specific polymers like block-copolymers, and the resulting soft NPs often lack the flexible

surface chemistry of inorganic NPs [9,10].

Another method for Janus particle synthesis is the sputtering method, where particles are
attached to a substrate as a monolayer followed by metal deposition on the exposed
surface to create half-metal coated Janus colloids [11-13]. This method is commonly used
to fabricate micro-sized Janus particles. For hard particles, the Pickering wax emulsion
technique introduced by Granick is a particularly promising method in terms of scalability
and yield [14—20]. The Pickering emulsion technique is used for masking one of the sides
of the spherical particle surface using solid wax and is known to be a scalable method for
the preparation of gram quantities of particles and is noted to produce Janus particles

even at the nanoscale.

Biofunctional Janus particles are an emerging tool in cell targeting [21,22], imaging [8,23],
manipulation of cell immune response [24], and are particularly promising for tailoring cell
membrane interactions due to their inherent amphiphilicity [25-28]. For use in applications
at the nano-bio interface, Janus NPs need to be functionalized with biological ligands,
such as proteins. Homogenous chemical surface functionalization of NPs has been widely
reported in the last years with numerous possible industrial and biotechnological

applications [9,14,29,30], while combining multiple surface features have recently gained
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importance to enable functions such as dual targeting or the combination of properties for

both targeting and diagnostics in theranostic nanomedicine [24,31-33].

While the preparation of biofunctionalized Janus particles at the microscale has seen
considerable research interest in the last years [14,31,34,35], fewer reports exist on
nanoscale Janus particles [6]. Like the particles themselves, this challenge presents two
separate faces: first, the initial realization of the Janus aspect by generating two separate
sides; second, the utilization of orthogonal methods that allow highly selective

functionalization’s of the respective hemispheres..

1.2 Aim of the thesis

Several research groups over the years have put forth synthesis techniques for
preparation of Janus particles and their applications. However, most of the research
groups have demonstrated the successful preparation methods and applications using
micron-sized particles. The challenge here lies in producing Janus particles at the
nanoscale and at the same time controlling the balance of Janus anisotropy. Additionally,
the developed methods of synthesis produce extremely low yields, making these
approaches unsuitable for biomedical and technical applications, where the demand of
significantly smaller sized particles (less than <1um) and good quantities exists. Fewer
reports exist on the preparation and use of bulk quantities of nanoscale Janus particles

for bio applications.

To investigate Janus nanoparticles in a biological setting, we had to choose, adapt and
develop the respective synthesis methods. The wax Pickering emulsion technique has
been reported to yield Janus particles in large gram quantities and therefore it was used

throughout this thesis.

To achieve this goal, we focused on the preparation of Janus particles using the
introduction of Janus character via bio functionalization. Here, we formulated design
strategies to graft two different functional groups on the same NP surface, which is a
challenge on its own. We took advantage of the introduced functional groups to further
functionalize two different proteins on the particle surface and therefore establish
anisotropy using biofunctionalization. We took a step further using the established
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protocol with dual biofunctionalized NPs, to design Janus particles that selectively
separate a single bacterial species from a two-bacteria mixture. The functional groups
introduced on inorganic SiNPs with a magnetic core, were specifically chosen to fulfil the
purpose of prevention of agglomeration at the same time as selective separation of the
bacterial species. And finally, we introduced a synthesis protocol for Janus NPs with
capabilities to attach to eukaryotic cell surfaces over an extended period of time without
undergoing endocytosis for up to 6 hours. The nanosized inorganic Janus particles were
doped with a dye and remained attached to the surface of fibroblasts, the model cell type
used in this thesis to evaluate the persistent attachment of the NPs. The design strategy
of the particles in this thesis was primarily aimed at tailoring surface properties of inorganic

silica particles at the nanoscale and fulfilling the bio application that we envisioned.

1.3 Thesis overview

This thesis is divided into 6 chapters. The introduction of the thesis gives an overview of
the unique features of the Janus particles and their versatile applications in different fields.
This chapter also introduces the aim of the thesis including the motivation behind the
research performed. Chapter 2 summarizes the up-to date literature on the Janus particle
research, an overview of the multitude of synthesis techniques used for the preparation of
the Janus particles, the interesting properties functionalized on the particle surfaces and
subsequently their potential bio applications. This chapter gives an insight into the wide-
spread popularity of Janus particles within the nanotechnology research community and
the advantages of using such particles as biomaterials. Chapter 3 describes in detail all
the methods used in the thesis, including the original synthesis technique for Janus
particles that was adapted and further developed in this thesis as well as the methods
used to confirm the successes of the proposed potential bio applications. As starting
material, silica particles either commercially purchased or synthesized have been used
and modified according to the required functionalizations and applications. One of the
proposed bio applications in this thesis concerning the Janus particles is the
functionalization of two proteins on the particle surfaces at the nanoscale. The results
have been summarized the Chapter 4 which gives an overview of the synthesis technique

and the detailed characterization of the prepared particles. Chapter 5 includes the results
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and the discussion concerning the experiments performed using Janus NPs for the
selective removal of one bacterial type. The as-prepared Janus particles were applied to
achieve a selective agglomerate-free separation of the bacterial species from a two-
bacteria mixture. Finally, Janus particles were prepared as potential agents for attachment
to the surfaces of eukaryotic cells for prolonged periods of time. The preparation of such
Janus NPs as well the results obtained after application of these particles on mouse

fibroblasts, has been summarized in Chapter 6.
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Chapter 2

State of the art

Parts of this chapter have been adapted from the following publications with permissions

from Wiley, the American Chemical Society (ACS) and the Royal Society of Chemistry:

Kadam.R, ZilliM, Maas.M and Rezwan.K. ,Nanoscale Janus patrticles with dual protein

functionalization® Particle and Particle systems characterization, 2018, 35, 1700332.
Kadam.R, Maas.M and Rezwan.K. ,Selective, agglomerate-free separation of bacteria
using biofunctionalized, magnetic Janus nanoparticles” ACS Applied Bio Materials, 2019,

8, 35628-3531.

Kadam.R, Ghawali.J, Waespy.M, Maas.M and Rezwan.K. ,Janus nanoparticles designed
for extended cell surface attachment” RSC Nanoscale, 2020, 12, 18938-18949.
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2. State of the art

2.1 Introduction to NPs

NPs are ultrasmall entities in the size range from 1 nanometer (nm) to 100 nm (1 nm =
10 m). According to the International Organization of Standardization in 2008, an entity
can be termed “nano” if all three dimensions of the object according to the Cartesian
system are below 100 nm. However, a revised definition was then provided in 2011,
wherein nanosized objects can be classified, if any one of the Cartesian dimension is
under 100 nm [36,37]. According to that definition, objects possessing the characteristic
dimensions ranging from 1 nm - 100 nm can be termed as “nano” [38]. Colloidal particles
are solid particles of the inorganic, metal, glass, or polymer origin that are suspended in
liquid [39]. Properties such as particle size, shape, surface charge, crystallinity, material
are some of the deciding factors when a colloidal dispersion is studied. All the factors can
be fine-tuned, thus making it possible to prepare colloidal dispersions from a variety of
materials with interesting properties. Such colloidal dispersions consisting of particles of
various sizes and shapes are used for applications in the areas of material sciences, food,

cosmetics, electronics, medicine among several other applications [40,41].

NPs are attractive compared to their large-scale counterparts. Specially, when compared
to larger micro-sized particles, they project a higher surface area-to-volume ratio [42,43].
Keeping in mind that the rate of a chemical reaction is directly proportional to the available
surface area of the reacting material [44], NPs used in such reactions are favored

compared to micro-sized particles.

NPs have been used for applications such as biological sensing, recognition, delivery of
drugs and for bioimaging purposes. In the field of pharmaceuticals, the first
nanotechnology-based pharmaceutical was approved in the 1990s [38,45]. Uses of
nanomedicine-based research has been aimed at producing nanomaterials and nano
instruments as biosensors, in the field of molecular genetics, proteomics and making use
of NPs for the rapid diagnosis of diseases for therapy [46]. Other popular uses of
nanomedicine include drug delivery, theranostics, tissue engineering and
magnetofunction [47]. Small hollow nanosized vesicles called liposomes decorated on
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their surfaces using ligands such as proteins, peptides, and carbohydrates are loaded with
active substances and are now being increasingly used to attack pathogens, viruses and
tumors without affecting the neighboring tissue. Liposomes are also gaining importance
as attractive nanomedicines due to features such as biocompatibility, small size, freedom
to load active substances of choice, biodegradability, low toxicity to name a few [48,49].
Other examples of nanomedicine such as micelles and some specific polymers are also

popular and can be used for the transport of active substances [47].

Since several decades, advanced research is being made wherein NPs are applied to
combat cancer. Pedziwiatr-Werbicka et al., reviewed the research including the use of
unique NPs for tackling cancer and describing the 7use of NPs as effective nanomedical
tools for anticancer therapy by means of anti-cancer drug encapsulation [50]. Using such
loaded NPs is aimed to increase the targeted delivery of the drugs and significantly
decrease the potential side-effects of the drugs in use. This targeted delivery also ensures
the aimed supply of the drug to the desired organ or body part. Review articles exist that
summarize the advantages of using NPs in cancer treatment [51-53]. NPs have been
popular materials for drug delivery. The encapsulation of drug molecules within NPs is
beneficial for their targeted as well as controlled delivery of the drug molecules. Reports
have shown that drug encapsulation tends to improve their pharmacokinetics,
biodistribution as well as their efficiency. NPs can be fine-tuned to project selective target
specific ligands, increased half-life in vivo, effective payload delivery and efficient drug
loading characteristics. Experiments showed that NPs are beneficial in protecting the
structural and chemical properties of the encapsulated drugs in vivo. [54] The use of NPs
as effective drug delivery agents for maximizing the therapeutic benefit of the

encapsulated agents has been a popular method of choice over the years[55-57].

However, using nanomaterials for biomedical applications entail certain challenges.
Designed NPs for targeted delivery need to be agglomerate-free and target specific. Since
the discovery of protein corona, there have been questions regarding the effectivity of the
use of nanomaterials for cancer therapy and other diseases. The protein corona has
known to render particles ineffective for their targeted use. [58] Other factors such as long-
term storage and the stability of nanomaterial formulations has also to be taken into

account when using NP based therapy for diseases. Results obtained from in vitro
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application of NPs lack comparable results when used on in vivo systems making them
difficult to be used for clinical trials. The scalability of the intricately engineered particles
is challenging and sometimes costly [59]. Along with that, exposure of NPs to biological
systems can cause long-term irreversible damages to healthy cells including detrimental

effects such as toxicity [60].

De et al., reviewed the use of NPs of metallic, inorganic, polymeric and metallic oxide
origin for biological applications. The core material used for NP synthesis can be varied
and surface properties can be tuned to engineer them according to the envisioned

application [61].
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Figure 2-1: Overview of biofunctionalization possibilities on an inorganic NP surface to create a
multifunctional particle. Biofunctionalizations make it possible to apply such nanocarriers in applications
such as colorimetric probes (carbohydrates), drug delivery agents (drugs, aptamers), tracking and contrast
probes (fluorescent dyes), increasing circulation time and decreasing immunogenicity (PEG), gene silencing

(RNA, DNA). Reproduced from [57] with permission from Frontiers.

Some popular biological ligands chosen to be functionalized on particles to tune their
surface properties include proteins, carbohydrates, deoxyribonucleic acid (DNA),
oligonucleotides, peptides, fluorescent dyes, drugs, PEG (Figure 2-1). Such NP-
biomolecule conjugates have been applied as agents for transcription- [61,62], gene
regulation- [63,64], and enzyme-associated biological reactions [65,66].
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211 What are Janus particles?

Discovery of materials with interesting properties both surface and physical properties has
been given significant importance in the last years. The bottom-up approach of designing
materials using smaller interesting building blocks has been a popular choice for
nanotechnology-based research all around the globe. The idea is to use smart engineered
NPs preferably with a multitude of properties as building blocks for the design of such

materials.

Introduction of different and unique properties, such as optic, magnetic, electric, metallic,
polymer, inorganic, organic or biomolecules on particle surfaces makes them widely
applicable tools in a broad range of scenarios. A combination of more than one property
on the surface of NPs makes them multifunctional and thus applicable for more than one
of the desired functions. One such unique way of synthesizing and combining properties
on a single material surface is the “Janus” way. This type of anisotropy has been popular
in combining more than property on face-separated sides of the surface. Sometimes, the
“‘Janus” type of anisotropy can be used to combine non-compatible properties. Colloidal
particles imparting a “Janus” feature can be defined as a particle with different physical or
chemical properties, with side-separated distinction. Depicted in the Greek mythology,
Janus was the god of beginning and endings, with two faces each facing in the opposite

direction and believed to be symbolizing both the past and the future.

Based on this concept, Nobel laureate Pierre deGennes introduced the concept of “Janus”
particles in his acceptance speech in 1991 [67]. DeGennes promoted the Janus particles
as tools of self-assembly that aggregate at liquid-liquid interfaces and facilitate the
interparticle transport of materials through the gaps between the amphiphilic Janus
particles that occur between the interfaces. Casagrande and coworkers brought to light
amphiphilic “Janus beads” with both opposing hydrophobic and hydrophilic properties on
the surface of individual glass beads in 1988, however the speech by deGennes on dark
matter in 1991, made Janus particles a popular concept among researchers of the colloid
chemistry community [68]. Breaking the symmetry of particles with uniform surface

chemistries using additional features on opposite faces of the surfaces, makes Janus
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particles capable of performing a combination of roles including cellular targeting [31—
33,69], targeted drug delivery agents [22,69,70], biosensors[71], catalysts[72], surfactants
[73,74]. (Figure 2-3)
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Figure 2-2: Overview of the Janus particles prepared using either separated combinations of properties on
a single surface or two particle types fused together (middle), and different applications of the as-prepared

Janus particles. Reproduced from [75] with permission from Elsevier.

Concerning the structural build-up of these materials, they can be classified into spherical

3-dimensional (3D), cylindrical (2D), disk-like (1D) type of anisotropy (Figure 2-3).

S

(a) (c) (d)

Figure 2-3: Variety of Janus materials based on structural anisotropies. (a) spherical, (b,c) rod-like- (d,e)

disc-like-. Reproduced from [3] with permission from RSC.

Since the introduction of the “Janus” idea to the field of colloid chemistry about 30 years

ago, the research related to different synthesis techniques, their unique features and
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applications in different aspects ranging from bio-sensing techniques to their use as

surfactants has gained popularity.

The properties functionalized on the surfaces of Janus particles could be different and
moreover even opposing, making such particles unique and interesting materials to work
with. Since the introduction of the Janus concept, different materials including micro- and
nano- particles with interesting properties and their combinations along with an array of
synthesis techniques and thereafter a wide variety of applications have been studied.
Such anisotropic particles possessing unique properties capable of interesting
applications have been directly compared to their individual traditional homogenous NP
counterparts. For example, Janus NPs consisting of functionalized hydrophobic and
hydrophilic surfaces within a single NP have advantages compared to homogenous
hydrophilic- or hydrophobic particles. Such Janus particles can be directly compared to
surfactants to stabilize water-in oil or oil-in water emulsions [70]. Such amphiphilic
particles can also be used as platforms for the functionalization of both hydrophilic and
hydrophobic drugs and thereafter their targeted delivery [70]. Other such examples
include the introduction of optical and magnetic properties on a single particle surface
making them controllable via switching optical- and magnetic- fields [76]. Particles
consisting of stimuli responsive degradable polymers as separated faces of a particle or
their surfaces are useful for controlled drug delivery and for their release purpose triggered
by the respective stimuli [69,77—79]. The use of cellular targeting ligands and drug delivery
ligands/molecules both functionalized on a single NP surface can be used for targeted
drug delivery purposes [28,31,75].

Other interesting properties of Janus particles include their unique aggregation behavior
compared to spherical uniformly functionalized NPs. A pH induced aggregation into chain
like structures was observed by the polymer-based Janus particles synthesized by
Ruhland et al., after they were subjected to pH and temperature changes [80]. This effect
was observed due to the combined properties of pH- and temperature-dependency on
two halves of nanoscale particles. This unique aggregation was not observed when
isotropic particles were studied, thus making aggregation and self-assembly distinct and

noteworthy features of such Janus particles.
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21.2 Synthesis strategies

After the introduction of “Janus” particles by deGennes in 1991, there have been a wide
variety of methods chosen to synthesize Janus particles which are multifunctional and
present interesting properties with varied sizes, materials, shapes and functions. Some of
the methods include lithography [81,82], templating [83,84], partial masking [17,85],
microfluidic techniques [76,86] (Figure 2-4) [87]. However, all the methods used till date
are based on three basic methods; masking, phase separation and self-assembly [2,88].
Although a wide range of techniques have been employed to synthesize particles from
the nanoscopic scale to larger particles, the real challenge in obtaining the “Janus”
distinction lies in attaining the exact precision of the Janus balance. The methods entail a
fair number of challenges during the synthesis. During the synthesis of Janus particles at
the nanoscale, there are a limited number of techniques that can be used to successfully
synthesize particles. Along with that the methods are multi-step and successful
preparation of Janus particles in bulk quantities are not always guaranteed. Therefore, it
is extremely important to choose the right type of synthesis technique when undertaking
Janus NP synthesis. The methods used to confirm the success of preparation using
experimental methods are sparse [7]. Therefore, it is extremely important to choose the
right type of synthesis technique when undertaking Janus NP synthesis. Additionally,
techniques such as transmission electron microscopy (TEM) can be used to visualize and
confirm the compartmentalization of the particles. For example, Janus particles with two-

metallic faces can be confirmed using TEM [89-91].

25



|Chapter 2- State of the art

¢ ¢ = B

Masking Mixing Self Assembly

:

} !
¥ o ¢

Functionalization Phase separation Crosslinking

Janus Nanoparticles

Figure 2-4: An overview of the techniques used for the synthesis of Janus nanoparticles. Reproduced from

[88] with permission from Elsevier.

One of the most common strategies for synthesizing Janus NPs is the masking of the
particle on one side, and modification of the other exposed surface, with the functionality
of interest. The temporary masking from one end of the material is then further used to
easily modify the other face of the particle via techniques such as sputtering. Another
technique that follows the strategy of masking for Janus particle synthesis is the Pickering
emulsion technique. The interface of immiscible liquids such as oil and water that is
stabilized at the interface using solid particles is called a Pickering emulsion. [92]There
are different steps involved in the modification of particles via masking. i) partial chemical
or physical immobilization of particles on a surface. ii) modification using physical
deposition techniques such as sputtering or chemical treatment of the exposed surface iii)
release of the immobilized particles iv) chemical modification of the other face of the NPs
[7].

The method of sputtering based on the strategy of masking has been used in several
publications for Janus particle synthesis [12,77]. One of the pre-requisites of the sputtering

technique is the need to obtain a closely packed deposited layer of the material of interest.
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Wittmeier et al. prepared a closely packed monolayer of silica particles followed by
sputtering of the exposed surface using gold (Au) or palladium (Pd) metal vapors (Figure
2-5) [93]. This method of preparation of silica Janus particles with half metal coated layers
can be modified to adjust the thickness of the metal layers based on alterations in the
sputtering time, the directionality of the coating based on the deposition of the silica
particles and the angle in which sputtering is performed [77]. Sputtering has been
commonly used to synthesize dual functionalized micro-sized Janus particles, following
the above-mentioned steps followed by releasing the deposited particles and specifically
modifying the released surface of the particle. Gold particles coated with polystyrene (PS)
on one side were prepared using the sputtering method. The polymer coating was then
released from the exposed particle side using plasma etching, followed by the selective
deposition of (poly(4-vinyl pyridene) (P4VP). The as-prepared PS/P4VP Janus particles
exhibited two polymer domains which was confirmed using water contact angle
measurement. Preparation of Janus particles using the sputtering method has been
frequently used to modify micro-sized particles [7]. The particles need to be spaced out
on a flat surface to ensure regular deposition of the property of choice on the exposed
particle half , which is challenging, and the bulk synthesis of the Janus particles more than
a few milligrams is not possible using this method [7,71,94]. Further studies of the
interesting properties and the applications of the Janus particles are restricted due to the
miniscule quantities of the produced particles. Along with sputtering, the plasma-etching
ligand grafting method is another technique used to synthesize Janus particles. This has
been used for preparing micro-sized Janus particles particles and creates binding sites
on NPs surfaces using surface plasma treatment. These areas are then immobilized with
the desired functional group. Wang et al. used this method to obtain polymer grafted silica
particles [95]. To combat the scalability issue from the sputtering technique mentioned
above, the Pickering emulsion technique was used for nanoscale Janus particle synthesis
[16].
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Figure 2-5: (A) Schematic representation of Janus particle synthesis using the sputtering method. Particles
on a glass slide are sputtered using metal vapors. Evaporating or sputtering metal onto a monolayer of
particles coated onto, e.g., a glass slide. The amount of metal deposition (coated patch on the three particles
in the center) to impart the Janus character is determined by the masking to a neighboring particle (dotted
line B) and the angle of self-shadowing (dotted line o). (B) Janus particles with silica and Au/Pd halves

prepared using the sputter method.(A) Redrawn from [71], (B) adapted from [93] with permission from ACS.

2.1.3 The Pickering emulsion technique —
advantages and disadvantages

Compared to a classic emulsion, the Pickering emulsion typically uses solid particles that
stabilize the oil-water interface without the requirement of surfactants. Solid particles
stabilize the two liquid system and prevent the coalescence of the droplets. The type of
emulsion depends on the hydrophobicity or hydrophilicity of the used particles. Other
factors such as shape and size of the NPs also play a significant role in the stabilization
of these droplets [92]. The method of Pickering emulsion is used for the synthesis of Janus
particle synthesis.

Since the method of Janus particle synthesis by partial masking of the particle surface
using 2-D immobilization on a flat surface has been frequently used for the synthesis of
micro-sized particles and cannot be used to produce larger quantities of particles, an
alternative solution of producing oil-in water Pickering emulsions using colloidal particles
was proposed by Hong et al. [16].

The problem of active rotation of particles at the interface of liquid/liquid emulsions [96]

can be avoided by freezing the particles at the interface followed by modification of the
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exposed surface (Figure 2-6). The method introduced by Hong et al., from the research
group of S. Granick includes the preparation of oil-water emulsions using molten wax as
the oil phase [16]. A diagrammatic representation of the method of preparation is shown

in Figure 2-7.
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Figure 2-6: Schematic representation of Janus particle synthesis using an emulsion of molten wax and
water. These wax Pickering emulsion droplets are stabilized on the surface by inorganic silica particles and
further subjected to lower temperatures causing the molten wax to transform into “frozen” droplets, thus
resulting in the locking of the particles at the interface. The freezing of the oil phase allowed the manipulation

of the exposed surfaces (lighter upper half highlighted in the “frozen” wax droplet- right). Redrawn from [71].

After cooling down the temperature of the molten wax and water emulsion, solid wax
droplets were formed with particles locked at the interface and remained partially surface-
protected by the wax. A chemical modification was then introduced to the exposed side
via the water phase followed by dissolution of the wax to release the Janus particles using
cyclohexane. The dissolved wax was then removed. Micron-sized Janus particles with
dual properties were prepared in gram-quantities (Figure 2-8). Bipolar Janus particles with
cationic and anionic halves using the wax emulsion technique as well as hydrophobic and
hydrophilic halves were prepared by Hong et al. [16]. Several groups have thereafter
followed the inexpensive, however effective bulk synthesis concept for Janus particle
preparation introduced by Granick et al. and presented different modifications on the
particles. The advantages of the wax Pickering emulsion technique as highlighted by Hong
et al., include the stability of the wax droplets and the retention of the particles at the
interface of wax and water phase. This further enables the easy chemical modification of
the particles that are not protected by the solid wax droplets. The wax Pickering emulsion
technique was also termed effective in preparing stable wax emulsions with smaller

nanosized particles and thereafter also for the synthesis of Janus particles [16]. Ever
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since, Janus NPs were synthesized using this method with a wide array of functionalities
[17,18,89-91,97—-101]. Being a rather cost-effective technique using wax wherein good
yield of successfully prepared particles is assured, makes this technique popular among

researchers synthesizing Janus particles. [102]
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Figure 2-7: Schematic representation of Janus particle synthesis using the molten wax in water liquid-liquid

emulsion demonstrated by Granick et al. Wax Pickering emulsion droplets stabilized on the surface using
1.5 um silica particles. a) scanning electron microscopy (SEM) image of a single micron-sized wax droplet
post filtration b) cross section view of the wax droplet c¢) close-up view showing particles on the outer surface
of the solid wax d) large quantities of solid wax droplets decorated with silica particles. Adapted from [16]

with permission from ACS.
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As demonstrated by Jiang et al., amphiphilic particles were prepared using the wax
Pickering emulsion technique, as well [97]. After the preparation of the wax droplets, the
solid spheres were then subjected to chemical modification to introduce the Janus
character. The adsorption of the particles on the surface of the wax needs to be studied
before and after chemical modification. Any losses encountered need to be noted, which
is most popularly studied using SEM analyses [16,17,97]. As shown in Figure 2-8, the
morphology of the emulsion droplets before and after chemical modification to observe
the particle adsorbed on the wax droplets was studied using SEM. It is important to note

the presence of the particles after chemical modification to ensure the success of the

chemical modification and thereafter the Janus alteration [97].

Figure 2-8: SEM images of the wax Pickering emulsion technique used for the synthesis of amphiphilic
Janus particles. The outward projecting side of the particles were modified chemically before being released
from the wax surface. The morphology of the droplets was analyzed using SEM; A) before chemical
treatment B) after chemical modification to render the particles on the solid wax droplets hydrophobic via
solvent based modification. C). hydrophobic wax droplets decorated with particles post-chemical

modification. Reproduced from [97] with permission from ACS.

In order to successfully functionalize silica particles deposited on the surface of the wax
droplets, without causing any potential particle loss, wax droplets were exposed to silane
vapors in dry nitrogen or argon gas. The adhesion of the particles to the wax surfaces was
observed to be better in case of the solvent-free Janus particle chemical modification
compared to the otherwise solution-based modification [97]. The Pickering emulsion
technique has been used not only in the case of inorganic Janus particles but also in case
of soft particles [74,88,95,98,103]. For example, Berger et al., prepared micrometer-sized
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Janus particles with stimuli responsive polymers using the wax Pickering emulsion
technique[103].
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Figure 2-9: Particles at the oil-water interface stabilized using the surfactant didodecydimethylammonium
bromide (DDAB). A). By increasing concentration of the DDAB causes silica particles to penetrate deeper
into the wax. B). SEM images of the wax droplets synthesized using silica particles combined with increasing
concentrations of DDAB (left to right- 0, 20, 60 mg L' respectively) C). The holes created in the wax surface
after particles were washed off, were used to study the contact angle in the presence of 20 (left) and 60 mg
L' (right) of DDAB. Reproduced from [104] with permission from ACS.

The work required to move a dual functionalized hydrophilic-hydrophobic Janus particle
present at the oil-water interface into the oil phase normalized to the work required for the
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transfer into the water phase was termed as the “Janus” balance for particles by Jiang et
al. The balance of the chemical modification on the Janus particles prepared using the
wax Pickering emulsion strategy was noted to be dependent on the three-phase contact
angle of the particles at the wax-water interface and the geometry imparted on the
particles [105]. The three-phase contact angle is the equilibrium contact angle formed at
the solid-liquid-gas interface [106]. To understand and study the Janus balance achieved
after chemical modification of the particles, it is important to study the three-phase contact
angle. This was done by Jiang et al., wherein, the holes created by the particles, after they
were removed from the solid wax droplet surfaces, were studied and the contact angle
was determined. Those voids can also be used to study the variation of different
parameters during the emulsification process, for example variation of surfactant
concentration (Figure 2-9).

Addition of a surfactant that is oppositely charged compared to particle surfaces can be
used to alter the three-phase contact angle [107]. As shown in Figure 2-10, if the contact
angle (Bow) oOf the particles at the oil-water interface is <90°, a larger portion of particle
remains in the aqueous phase compared to the oil phase. In case of hydrophobic particles
with 6ow>90°, larger portion of the particle remains in the oil phase. When surfactants are
added into such an emulsion system, the otherwise planar oil-water interface, would be
curved aiding emulsion formation [107]. Based on the 60w, the larger portion of the
particles remains on the outside of the curved interface, which determines the type of
emulsion. In case of the hydrophilic particles (6ow<90°) and hydrophobic particles
(6ow>90°), oil in water (o/w) and water in oil (w/0) emulsions were formed respectively
[104,107]. Studies have showed that altering the concentration of the surfactants during
the emulsification process has an impact on the packing of the particles on the emulsion
droplets. Electrostatic repulsion of the particle surface charge is screened due to the
addition of the oppositely charged surfactant which leads to close packing of the
hydrophobized particles. Variations in surfactant concentrations and thereby alterations
in the contact angle have also caused better adsorption of otherwise hydrophilic particles
at the interface [17,99,104,108]. As shown in Figure 2-9, variation in the DDAB surfactant
concentration caused better embedding of the particles in wax. Surfactants that are
oppositely charged compared to the particles have been used to successfully prepare wax
Pickering emulsions, however, such effects were not observed when similar charged- or
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neutral surfactants were used. This effect was caused due to no significant contact angle
alterations observed while using such surfactants. This can be attributed to low surfactant-
particle adsorption when neutral and same charge surfactants were used. Accordingly,
oppositely charged surfactants can be used to prepare nanoscale particle stabilized wax-

water emulsions and thereafter also for their Janus modification [17,89-91,95,99,104].

water
oil
oil
w water
water

Figure 2-10: Diagrammatic representation of the contact angle (6ow) measurement of a spherical particle at
a plane oil-water interface 6ow <90°(left), exactly 90° and >90°(lower) particles, based on the 00w, at a curved
oil-water interface. The Bow determines whether o/w- or w/o emulsions are formed. Reproduced from [107]

with permission from Elsevier.

In this thesis, the method of Janus particle preparation using the wax Pickering emulsion
technique and was chosen due to the following advantages:
1) This method is scalable, and up to gram quantities of Janus particles can be
obtained using the wax Pickering emulsion technique.
2) Despite being a multi-step modification method, this method is cheap and is found
to be an effective method of synthesis.
3) By varying the amounts of surfactants used during the synthesis, the contact angle
of the particles at the wax-water interface can be varied and therefore the Janus

balance can also be altered.
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4) a multitude of chemistries according to the function of choice can be immobilized
on particle surfaces providing a basis to obtain versatile multifunctional Janus
particles. Initially, the method was proposed for the preparation of amphiphilic
particles [16] and has now been extended to the preparation of Janus particles at
the nanoscale and with a combination of functions ranging from effective
surfactants, catalysts to cell labelling and drug delivery.

Along with the advantages, certain disadvantages of the wax Pickering emulsion
technique for Janus particle preparation method should also be noted:

1) There is less control over the Janus balance.

2) This is a multi-step method, which is also time- extensive.

3) The wax Pickering emulsion technique is not particularly costly however, it depends

on the intended functionalization for the introduction of the Janus character.

21.4 Tailoring surface functionalization

In the field of chemistry, surface functionalization can be defined as the introduction of
new chemistries, functionalities, properties or features on a material surface. Tailoring
surface properties of materials can be used for increasing biocompatibility, adding
functionalities as well as increasing stability of materials. Materials such as NPs are
versatile materials used to introduce additional functionality using tailored surface
functionalization [109—113]. Tuning surface properties of SiNPs using functionalization
can further be used for the conjugation of biomolecules such as proteins [89,114,115],
other fluorescent molecules [22,116,117], peptides [118-120], antibodies [90,91,121,122]
as well as for the attachment to bacteria [90,123—-126] and viruses [127,128]. Tailoring
surface properties has been a popular method of choice to create multifunctional NPs.
NPs have been commonly conjugated with functional groups such as amine (NH2)
[91,112,129-131], carboxylic acid group (COOH)[129,132,133], thiol (SH)[134,135],
azide(Az) [89,136,137] to name a few. Positively charged NPs prepared using amine
group functionalization can be used to further conjugate negatively charged carboxylic
acid groups present on other molecules or particles via non-covalent electrostatic
interactions. Similarly, negatively charged particles can be also be used to attach

positively charged particles.
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NPs have been frequently used for the functionalization with biomolecules such as
proteins[34,89,114,132,138]. Several different types of forces of interaction such as van
der Waals, electrostatic and ionic play an important role during the bioconjugation of NPs
with proteins and other biomolecules and can be functionalized onto NPs using charge
modification and electric potential alteration. Alteration of the pH of an incubation solution
according to the protein’s isoelectric point to tune the net overall charge of the protein is
a technique popularly used to attach proteins onto NPs. The interactions of such
biomolecules with material surfaces cannot be understood completely, however, certain
factors such as surface chemistries of the material and density and type of the functional
groups are some of the key deciding factors that influence the success of functionalization
[112,133]. When protein interactions with materials and surfaces are studied, emphasis
has been given to the understanding of different forces that come into play. Material
surface chemistry as well as the protein orientation need to be considered when
biomolecule conjugation onto NPs is done. Microparticles and NPs are commonly used
materials of choice for the functionalization of different proteins. Protein functionalized
particles have further been used for applications in the field of medicine as drug delivery
agents, sensors, pharmaceuticals and in bioreactor systems to name a few
[22,55,115,138].

2.1.41 Functionalization strategies for nanoparticles

In this thesis NPs were functionalized with azide, biotin, amine and carboxylic acid groups
according to the choice of the Janus features and the bio applications envisioned. A
general introduction into the chemical reaction for the introduction of the chemical
functionalization is presented in the forthcoming subsection, the detailed procedure of
each functionalization is introduced in chapter 3 and the results of their characterization
are shown in chapters 4, 5, and 6.

There are different strategies to couple biomolecules onto NPs. The choice of chemical
functionalization is dependent on the application intended and the chemical makeup of
the NP surface. There have been many publications describing different functionalization
strategies. Non-covalent coupling including electrostatic binding, physical adsorption,

hydrophobic coupling, biotin-avidin as well as covalent coupling including carbodiimide

37



|Chapter 2- State of the art

reaction, click chemistry, maleimide coupling reactions are up-to-date known methods to
introduce biofunctionalization on particles.

Physio adsorption of organic groups on the surface of SiNPs would eventually lead to
desorption of the functionalized groups in ionic liquid environments. One of the commonly
used approaches to avoid any unstable functionalization is using silanization. Silanization
is popularly used for immobilizing functional groups on SiNPs. Silanization is the method
of surface functionalization using alkoxysilane molecules with organofunctional groups
[112,129,139-142]. Due to a displacement reaction between the hydroxy groups on
particles and alkoxy groups on the silane to form a covalent bond -Si-O-Si-, surface

modification of SiNPs is possible (Figure 2-11).
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Figure 2-11: General scheme of surface modification of SiNPs using silanization. Silica NPs are subjected
to silanization using a silane containing the functional group “R”. Hydroxy groups on the surface of the
particle react with the alkoxysilane groups on the silane yielding surface modified silica particles with the

functional group “R”. Reproduced from [143] with permission from Elsevier.

This method has been commonly used to introduce specific functionalization on materials
and popularly on SiNPs in the past years. In this thesis we have designed experiments to
introduce different functionalization on the specific halves of the particles to impart the
Janus character. Based on this approach, we purchased silanes with the respective
functional groups of choice. We also used already established methods to introduce
functionalization and adapted it according to the application intended. We grafted our
particles with azide, biotin, polyethylene glycol (PEG) and amine to further immobilize

other biomolecules such as proteins and antibodies.
21411 Azide

Azide functionalization has been commonly used for conjugation with other molecules with
either acetylene (C=C) or thiol (SH) groups via copper-mediated or copper-free click

chemistry technique respectively [144]. The term click chemistry introduced by Sharpless
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et al. in 2001 is a one pot chemical reaction between azide and alkyne groups performed
at room temperature (RT) and in aqueous solutions [144]. Click chemistry is commonly
used for bioconjugation between the two reactive groups. The azide-alkyne click
chemistry reaction used in this thesis requires the presence of copper as a catalyst for the
success of the reaction and is commonly termed as Copper(l)-catalyzed azide-alkyne
cycloaddition (CUAAC). A schematic representation of the reaction is shown below (Figure
2-12).

||| Cu! N—N
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Figure 2-12: Copper catalyzed reaction between azide and acetylene groups termed as CuAAC. The final
product is a 1-2-3 triazole compound and is commonly used for the coupling of NPs and biomolecules.

Reproduced from [145] with permission from Elsevier.

This chemical reaction is highly specific and is often used in reactions involving drug
discoveries, proteomics and bioconjugation reactions. The triazole biproduct formed using
the click reaction can further react with other biomolecules and cell targets via hydrogen
bonding and dipole-dipole interactions. Thus, the CuAAC plays a significant role in

functionalization reactions and further for drug delivery based discoveries [146].

21.4.1.2 Biotin

Another type of functionalization is the NP surface modification using biotin [57,72,147].
Biotin is a vitamin present in several living systems and playing an important role in the
day-to-day functioning of the regulatory processes. Biotin itself is a small molecule and is
well known for its affinity to streptavidin. This affinity reaction can be used for specific
conjugation to other proteins such as antibodies, thus making it an excellent component
of detection assays often used in biochemistry. In nature, the biotin-streptavidin non-
covalent reactions are widespread, highly specific and observed to occur in several
biological reactions. Biotin attached to a molecule also called as a biotin tag is often used

in combination with biotin-binding proteins in applications such as affinity purification of
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the molecule, co-immunoprecipitation, pull-down assays, enzyme-linked immunosorbent
assay (ELISA). Since the reaction between biotin and the biotin-binding proteins is
extremely specific, biotin functionalization is considered advantageous in several
experiments. There are several commercially available biotin-labelling assays,
biotinylated proteins and biotin-silanes [57,109,148]. Aslan et al., studied the induced
aggregation of biotin functionalized gold NPs in the presence of streptavidin with potential
application in the development of colorimetric assays for DNA hybridization detection,
immunoassays assays and understanding the controlled assembly of NPs [147]. Keeping
in mind the advantages of the biotin-functionalization strategy, we used biotin-silanes in
this thesis to functionalize the different SiNPs. The biotin-silane modified NPs were further
attached with streptavidin-labelled proteins to get protein functionalized NPs.

Chemical functionalization of ligands on the surface of pre-synthesized particles have
been often used for applications including targeted drug delivery and cell tagging.
Modification of NPs with the ligand of choice using chemical coupling reaction are often
known to be expensive however ensures the success of functionalization. Using silanes
coupled with the required functional groups and following established methods of
silanization can yield particles modified with the ligand of choice. One such commonly
used ligand for tumor targeting, targeted drug delivery functions and theranostic agents in
cancer therapy is biotin [72,112,148,149]. Biotinylation of NPs can also be achieved using
commercially available constructs with the choice of functional groups and biomolecules
of interest. An antibody combined with spacers such as long chain PEG also with
functional groups such as primary amine is one such example. Biotinylated gold NPs were
prepared using carboxyl group functionalized particles in the presence of (+)-biotinyl-
3,6,9-trioxaunddecanediamine and the functionalization was confirmed using aggregation

caused due to interaction with streptavidin (Figure 2-13) [147].
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Figure 2-13: Schematic representation of the biotin functionalized NPs interacting with streptavidin. (A) Due
to the specific interactions between biotin and streptavidin, biotin functionalized NPs incubated in the
presence of streptavidin yield NPs decorated with streptavidin (B). The coverage of the streptavidin on the
NP surface can either be monolayer (B) or can bind with other biotin functionalized particles further leading

to aggregation (C). Reproduced from [147] with permission from ACS.

The streptavidin-biotin reaction is of high specificity and has a dissociation constant (Ka)
around 107" [150]. Another protein, avidin, is also known to show affinity to free biotin
molecules. Both biotin-avidin and biotin-streptavidin reactions are well known in
biochemistry. Biotinylated NPs can also be biofunctionalized with avidin conjugated
proteins, for example, to prepare protein functionalized NPs. Biosensors prepared using
biotin have made the detection of molecules much easier due to the specific biotin-avidin
interaction [72,147]. The isoelectric point of avidin is 10 [150]. Even though biotin-avidin
reactions are known to be specific, the pH of the solution and the high isoelectric point of
the glycoprotein avidin may cause unspecific interactions between the components of the
reaction mixture. Hence another related molecule, streptavidin has also been a popular
choice when studying biotinylation of a NP. Streptavidin produced from Streptomyces
avidnii, unlike avidin, is not a glycoprotein and has an isoelectric point of 5-6. Therefore,
the problem of unspecific interactions in the case of streptavidin are sparse. Additionally,

the structure of avidin as well as streptavidin have 4 binding sites for biotin [150].
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In this thesis, biotinylated SiNPs were incubated in the presence of streptavidin

functionalized proteins and antibodies for the purpose of biofunctionalization of NPs.

21413 PEG

In applications including drug delivery and targeted cell therapy, it is necessary for the
particles to circumvent macrophage-based uptake, increase circulation time and to have
a longer plasma half-life. To fulfill all such functions, particles are often functionalized with
long polymer chains of poly- (ethylene glycol). Along with the above-mentioned
advantages, PEG functionalization has been known to prevent the binding of other
proteins present in the circulation system termed the “protein corona” formed around
particles designed for in vitro and in vivo applications by creating an inert hydrophilic layer
around NPs [57,58,129,138,151]. Steric hindrance provided by PEG functionalization is
known to prevent binding of other biomolecules in the circulation system. Functionalization
of PEG on NPs requires choosing the density of PEG groups which also contributes to
the colloidal stability of the particles [149,152].

Difference in the uptake of the particles by macrophages in vitro was observed based on
the length of the PEG chains functionalized on magnetic NPs. Macrophages were
incapable of taking up particles with PEG, with molecular weights higher than 3000 Da,
functionalized particles [153] and this in turn also increased the half-life of the particles

around macrophages [112,153-155].

In some cases, PEG functionalization is carried out using commercially synthesized
silanes containing varying molecular weight polymer chains and sometimes as spacer
molecules combined with biomolecule moieties as well as a functional group such as
amine, thiol etc. Advantages such as increased circulation time of the functionalized
particles and prolonged half-lives were recorded irrespective of whether the PEG groups
occurred on the particles as end groups or as spacers [90,112,155-157]. Certain
disadvantages were also recorded. Due to the opposition created by long PEG chains
functionalized on NPs, the targeted delivery of therapeutics was affected [158], however,
this can be averted by using stimuli based PEG detachment from the functionalized NPs.
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21414 EDC-NHS coupling

For physisorption of biomolecules onto NPs based on electrostatic interactions,
negatively- or positively charged molecules can be attached to amine- or carboxylic acid-
functionalized NPs. However, carboxylic acid groups in biomolecules can be covalently
cross-linked to primary amine groups functionalized on NPs using the carbodiimide
chemical linking using the compounds 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide

hydrochloric acid (EDC) and sulfo-N-hydroxy succinimide (NHS) (see Figure 2-14).
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Figure 2-14: EDC (A) and sulfo-NHS (B) used for the covalent carbodiimide coupling reaction of amine

groups and carboxylic acid groups.

Functionalization of amine (-NH2) groups is done to impart a net positive charge on the
particle surface. Based on the ionic interactions between charged components in the
solutions, NPs can be coupled with either other oppositely charged NPs [5,7,159-161] or
biomolecules such as proteins [162—-164]. NPs functionalized with the transferrin via ionic
interactions were used to study their interaction with the blood-brain barrier and tumor
cells as potential cancer treatment agents [165].

With intended applications such as self-assembly and aggregation, NPs assembled using
the simple ionic coupling strategy can further be used to form macrostructures [5,7,159—
161]. The success of the coupling reaction using amine functionalization is dependent on
factors such as the available amine groups on the particles, available oppositely charged
functional groups, and the overall net charge of the reaction solution. In case of the protein
coupling onto NPs via amine functionalization, it is important to note the isoelectric point
of the protein and the pH of the solution. The isoelectric point is the pH at which the net

charge of the protein is zero [138]. lonic interactions occur not only between the NPs and
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the biomolecules, but also between other components of the reaction system. Hence there
are possibilities of some non-specific interactions as well. The adsorption of the proteins
onto particle surfaces may also affect the structural properties of the protein. Such
structural alterations might in turn disturb the overall functioning of the protein and its
biological activity when applications such as cell targeting, and other such functions are
considered. Formation of protein coronas are predominantly observed when NPs are
present in systemic circulation such as body fluids [58,112,129,133,136]. Hence careful
studies of the structure and the required orientation of the biomolecule needs to be done

before adopting the ionic coupling method of functionalization. (Figure 2-15)
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Figure 2-15: Using ionic interactions to immobilize biomolecules onto charged particles. (left) positively
charged NP surface coupled with negatively charged small interfering ribonucleic acid (siRNA). (right)
negatively charged particles coupled with positively charged proteins. Reproduced from [57] with permission

from Frontiers.

The surface functionalization of the NPs with amine groups can be further used to
immobilize other biomolecules [91,115,154,166].

EDC is a small molecule that is used to combine functional groups such as primary amines
with carboxyl groups and the amine reactive ester formed during the reaction is further
stabilized by the presence of sulfo-NHS. Amine groups from proteins, peptides etc. and
carboxyl groups have been frequently used to create biofunctionalization on materials.
The method is advantageous because reactions can take place in aqueous solutions, the
by-products formed can easily be separated from the reaction mixtures by using dialysis
or gel filtration [167] and this method is widely applicable for imparting biofunctionalization
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using biomolecules such as enzymes, peptides, antibodies on a wide range of materials.
Nevertheless, there are certain disadvantages to the EDC/NHS carbodiimide coupling
reaction. The reaction occurs fast under suitable experimental conditions to yield an
intermediate amine-reactive-sulfo NHS ester, that is crucial for the reaction and can
immediately undergo hydrolysis. Along with that, the amount of EDC is calculated such
that excess of the compound present in the solution can be avoided. An excess of EDC
might affect the stability of the NPs, in turn causing aggregation. The ratio of EDC and
NHS also needs to be adjusted for the successful biofunctionalization of NPs using this
coupling method [151,154,166,168—174]. An overview of the EDC/NHS coupling reaction

commonly used by researchers is shown in figure 2-12 [57].
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Figure 2-12: Functionalization of a biomolecule with free primary amine groups onto a carboxyl group

functionalized NP using the EDC-NHS coupling reaction. EDC in the reaction mixture combines with the

carboxyl groups to yield amine-reactive sulfo-NHS. Reproduced from [57] with permission from Frontiers.

215 Special properties and applications of Janus
particles

A combination of the functionalization mentioned above can be used to impart
multifunctionality. Multifunctional particles such as the Janus particles have been widely
applied due to their face separated opposing properties such as hydrophilicity-
hydrophobicity, positive-negatively charged, metallic-non-metallic etc. One striking
feature of Janus NPs is the ability of the particles to undergo self-assembly. Lattuada et
al, prepared particles that were functionalized with on one side with a pH responsive
polymer poly(acrylic acid) (PAA) and the other half with either positively charged
polydimethylamino ethylmethylacrylate, a negatively charged pH responsive polymer or
temperature responsive poly N-isopropyl acrylamide. These particles were further

subjected to temperature changes which caused the particles to undergo random
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clustering. Clustering was observed on particles that were functionalized on all the
polymer combinations charged polymer combinations, which further affected the particle
stability. The combination of uncharged and positively charged particles resulted in the
formation of finite clusters whereas uncharged and negatively charged particles caused
an increased particle stability when subjected to solutions with varying pH values
[175,176].

One of the initial ideas for confirming the preparation of Janus particles was imparting
incompatible properties on the NP surface. Rendering the particles amphiphilic by
combining hydrophilic and hydrophobic features on the particle surface thus depicting the
success of the “Janus” feature was performed by Granick et al., and further followed by
several other researchers [16]. Surface active properties of bimetallic Janus particles
consisting of gold and iron oxide halves prepared by Glaser et al., were directly compared
to isotropic metallic iron or gold particles by measuring the interfacial tension at the
water/n-hexane interface. The gold/iron Janus particles tended to be more surface active
than the isotropic iron and the gold metallic particles. The bimetallic particles were touted
to be excellent Pickering emulsion stabilizers [27]. Another example of the Janus
characteristic imparted on silica particles was by functionalizing one side with alkyl silane.
The unfunctionalized half of the particle consisting of silanol groups helped render the
particle “Janus”. Such particles were prepared by several researchers using varied alkyl
groups and used as examples of amphiphilic particles to analyze their orientation at an
oil-water interface. In the case of Takahora et al., spherical assemblies of such amphiphilic
particles were used to encapsulate other water-immiscible agents. Silica particles were
rendered partially hydrophobic by the functionalization of the surfactant
cetyltrimethylammonium bromide (CTAB) on the particle surface and the particles
assembled at the dichloromethane/water interface [17]. The exceptional behavior of
assembly at the interface was the result of the face-separated properties of Janus
particles, otherwise lacking in the isotropic ones. Janus particles were prepared using two
incompatible polymer solutions PS and PAA halves. When the two polymer solutions were
mixed, the Janus particles were observed at the interface It was observed that the
particles accumulate at the interface of the polymer solutions and stayed there even when
high temperature and shear conditions were applied [177]. When particles functionalized
with hydrophobic and hydrophilic properties were exposed to an atomic force microscope

47



|Chapter 2- State of the art

tip to study their asymmetric surface properties, a strong adhesion was observed due to
the confirmation changes by the particles towards the tip [178]. Janus particles have been
observed to exhibit interesting properties with tailorable functions and high applicability.

In this thesis, we prepared Janus particles in gram quantities for three different
applications such as functionalization of proteins on two halves of the particles, for
performing selective agglomerate-free separation of prokaryotes such as bacteria from a
mixture of bacteria and for extended cell attachment on the surface of eukaryotic cells

such as fibroblasts.

2.1.5.1 Functionalization with proteins

Materials have been rendered bio functional by the immobilization of biomolecules such
as proteins on their surfaces for creating a unique biomaterial type or for imparting an
additional functionality. Different protein types such as membrane, globular and fibrous
can be used for immobilization on inorganic materials to impart interesting features. The
combination of protein types on the surfaces of inorganic materials can be used to impart
structural and functional variations on such materials. Hence Janus particles with multiple
protein types can be used to create multifunctional particles. The properties imparted by
the proteins combined with a variety of metallic, metallic oxide, inorganic or conductive
properties of the materials makes such biofunctionalization an attractive method for
generating multifunctional materials [1,7,19,35]. One such protein type, ferritin, which is a
cage protein with iron storage capacity has been functionalized on particles to impart
biohybrid features. Ferritin also exhibits interesting structural features such as reversible
self-assembly and disassembly [179]. Due to the presence of an iron core, ferritin can also
be observed using the TEM. Particles functionalized with ferritin can therefore be
visualized to confirm the success of functionalization [89]. Functionalizing Janus particles
with two different proteins would allow the combination of otherwise incompatible proteins
on a single NP surface and would thus enable applications in targeting, signaling or a
similar combination of functions. Face-selective functionalization usually starts with
equipping the surface with specific functional groups [180] or by creating a single patch of
a different material on the NP surface [28,31,181]. The functional groups can thereafter

be used to attach (bio)molecules onto the respective sides. Here, azide-alkyne copper
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catalyzed click chemistry or the thiol-maleimide chemical reaction are mostly used for
protein functionalization [136] on Janus particles due to their superior specificity compared
to the otherwise regularly used carbodiimide-based coupling methods. High specificity is
especially critical for protein-functionalization at the nanoscale due to the general
stickiness of particles and proteins at this size range [182]. Moreover, care needs to be
taken to avoid or to mitigate the formation of a non-covalently bound protein corona which

can rapidly form on NPs in the presence of biological media [58].
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Figure 2-13: Schematic representation of the procedure of 500 nm silica Janus particles. (a) The method
of synthesis is by using masking and the conjugation of antibodies CD3 and CD25 using azide-alkyne click
chemistry and biotin-streptavidin method. The particles were masked using the PDMS stamping method
followed by release of the masked particles using sonication. (b) These micro-sized Janus particles were
prepared to activate T-cells and in turn manipulate immune responses. Reproduced from [24] with

permission from RSC.

As of yet, only few reports exist on dual biofunctionalization of Janus particles, most of

them utilizing particles at the micrometer to sub-micrometer scale. At the lower end of the
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size spectrum, Lee et al. prepared 500 nm silica Janus particles using a microcontact
printing procedure with azide functionalized SiNPs followed by side-specific antibody
attachment via amine-carboxy carbodiimide chemistry. The covalently attached
antibodies were thereafter shown to selectively target cluster of differentiation(CD)3 and
CD25 receptors on T-cells (figure 2-13) [24].

Tang et al. prepared bifunctional 2.0-4.5 um silica and PS Janus particles using a metal
deposition technique followed by the orthogonal approaches of carbodiimide chemistry
and biotin-streptavidin binding for protein functionalization at the respective faces [34].
Similarly, Bradley et al. presented 850 nm Janus particles with multiple clickable PS and
poly(propargyl acrylate) sides using thiol-yne click chemistry for conjugation. Here, the
initial face separation was realized via the seed emulsion technique [183]. Honeggar and
coworkers prepared 1 um PS and silica particles which were partially coated with gold
using a metal evaporation technique to introduce the Janus character [114]. An even
smaller number of reports exist that describe the preparation of inorganic Janus particles
with dual biofunctionalization at the nanoscale [15,20,180]. Sanchez et al. used the wax
Pickering emulsion technique to prepare 100 nm silica particles with single gold patches
and then attached horseradish peroxidase on the silica face and biotin on the gold face
[20]. Villalonga et al. presented a similar preparation technique using mesoporous silica
particles with a gold face for the controlled release of the dye tris(2,2-bipyridyl)
ruthenium(ll) chloride [15]. Zhang et al. described a preparation technique using PS
instead of wax, and prepared 150 nm silica Janus patrticles with conjugated proteins using
click chemistry [180]. Lépez et al. again used the wax-emulsion technique to prepare
mesoporous silica Janus NPs (d = 160 nm) with folic acid and triphenylphosphate using
carbodiimide chemistry for dual targeting of tumor cells and mitochondria [32]. Since
detection of proteins with TEM can be difficult, in the paper by Lépez et al., the Janus
aspect was verified by adsorbing ultra-small gold NPs to the aminated hemisphere before
biofunctionalization. Similarly, the other mentioned papers mostly describe successful
preparation of nanoscale Janus particles as proof-of-principle for specific applications
[13-16,24,32,74,75].
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2.1.5.2 Janus particle application on prokaryotes and
prokaryote-based systems

With increasing resistance against antibiotics, bacterial contamination and infection are
both long-standing and pressing issues in healthcare, nutritional industries and
environmental engineering. Although new ways for eliminating pathogens have been
developed in the last years, for example based on metal NPs [186] or carbon
nanomaterials,[187-189] the precise detection and efficient elimination of pathogenic
bacteria remain significant challenges [116,124,190,191]. An especially promising
approach for clinical diagnosis as well as environmental monitoring of pathogens is based
on superparamagnetic iron oxide NPs, which have become a staple in biomedicine in the
last decades for cell labeling, separation and tracking [192—195]. Magnetic NPs can be
employed to capture and magnetically separate live bacteria from sewage water,
biological fluids and similar systems for further analysis or elimination [121,122,130,196—
199]. However, bare magnetic NPs show low bacterial capture efficiency without further
functionalization, especially due to their poor colloidal stability in biological media [190].
Consequently, the development of magnetic-NP-based systems with highly improved
bacterial capture, separation and elimination efficiency is desired. To this end, various
surface functionalizations of magnetic particles have been reported in recent publications,
e.g. bacteria-specific antibodies[190,200,201], amino acids [194,202], aminated
silanes[115,203,204], drugs[115], surfactants[205] or synthetic ligands[206] which have

improved capture efficiency to some extent.
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Figure 2-14: Schematic representation of positively charged magnetite@SiO2 NPs used for bacterial
separation. Amino- and polyethyleneimine- functionalized particles were used to selectively capture the
negatively charged bacteria via electrostatic interactions. Reproduced from [126] with permission from
Wiley.

Because the surfaces of bacteria are mostly negatively charged at physiological pH,
efficient bacterial capture has been demonstrated with various positively charged NPs that
efficiently bind to bacteria surfaces. In this respect, Fang et al. showed that the larger the
number of amine groups on magnetic NPs surfaces, the higher is the capture efficiency
of the Escherichia coli (E. coli) cells (figure 2-14) [126]. Zhang et al. demonstrated the
synthesis of polyallylamine functionalized cationic magnetic NPs to isolate negatively
charged bacteria and to identify which species actively took part in phenol degradation
[196]. Bhaisare et al. used positively charged magnetic NPs functionalized with an
imidazole derivate to capture bacteria from blood [123]. As a more specific alternative to
positively charged particles, several groups described the synthesis of antibody-
functionalized magnetic polymer nanospheres for rapid capture and enrichment of one
bacterial type [190,200,201].

However, since positively charged particles unspecifically bind to negatively charged
bacterial surfaces, NP-bacteria complexes can result in agglomerated biomasses and

rapid flocculation due to electrostatic heteroagglomeration. Similarly, particles that are
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isotropically functionalized with bacteria-specific antibodies cause agglomeration by
forming bacteria-particle-bacteria bridges. Agglomeration and flocculation can strongly
hamper isolation and analysis of bacterial species [115,126,191,203,204,206,207].
Particularily, agglomeration can lead to incorrect bacterial cell counts [191,208-211].
Furthermore, agglomerates of one bacteria type might potentially engulf other types of
bacteria or other dispersed components of the bacteria suspensions.

Hence, for sensitive detection of bacteria along with realization of exact bacterial counts,
Janus particles can be used. Such Janus particles could be designed for bacteria-specific
capture on one side and for preventing binding on the other side. In this respect,
functionalization with PEG is a common strategy to suppress particle binding to cell
surfaces and most biomolecules [58,112,212,213].

Janus particles that are equipped with a combination of bio functional properties on a
single NP surface are gaining interest over the past several years [6,88,89,204,214,215].
In the context of bacterial capture, Vilela et al. used magnesium Janus particles coated
with magnetite and silver halves, which provide magnetic and bactericidal properties
respectively. These so-called microbots are effective tools for rapid water disinfection
[216]. Chang et al. reported the rapid detection of food-borne bacteria by using Janus
nanorods consisting of a single magnetite NP attached to a mesoporous silica particle that
was loaded with an antibacterial agent. While the reported anisotropic systems at this
point seem to provide no clear functional benefit over magnetite particles fully embedded
in a spherical structure or other isotropic designs, in these works, the authors clearly
demonstrate the potential of sophisticated multifunctional nanostructures for such

applications [116,124].

2.1.5.3 Janus particle application on eukaryotes and
eukaryote-based systems

Based on the powerful properties of NPs in biomedical applications, it is highly desirable
to attach NPs to the plasma membrane of living cells. However, NPs that adhere to the
surface of eukaryotic cells, as a general rule, are rapidly incorporated via various
endocytosis pathways, depending on physical and chemical parameters of the particles

including size, shape, charge and surface chemistry [94—96]. This process, which usually
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leads to NPs being engulfed in endosomes and transported into the cytosol, makes it
extremely difficult to retain NPs at the cell surface for relevant periods of time.

NP uptake into cells can be mostly avoided by coating the particles with a passivation
layer, which is commonly comprised of PEG [155,220]. This so-called stealth coating
prevents interactions with serum proteins and cell surface receptors while also reducing
non-specific physico-chemical interactions between particles and cell surface molecules.
On the other hand, NPs can be modified with a wide variety of surface functionalizations
[9] to tailor the particles for specific interactions including antigen-antibody binding,
receptor-mediated recognition or anchoring of lipids into the plasma membrane [217]. This
results in two opposing functionalization strategies: minimization of NP-cell interactions
altogether via stealth coating or utilizing specific interactions that quickly result in
endocytosis. The fundamental approach of the present work is to use Janus NPs to
incorporate both functionalization strategies on opposing hemispheres of the same NP to
create particles that firmly adhere to cell surfaces without being promptly endocytosed
[155,221].

Janus particles have gained popularity since their introduction by de Gennes in 1991 [67]
and have since been used in various applications like bioimaging [6], drug delivery
systems(figure 2-15) [21,69,214,222,223], magnetotherapy [224] or bacterial
extraction[90,124]. Janus particle preparation can be achieved by several methods
including masking at interfaces [225], templating using emulsions [99] and self-assembly,
[226]. While most methods result in a relatively small number of produced Janus particles,
Janus particle preparation using the wax Pickering emulsion method is a scalable method
which easily yields gram quantities of approximately half-coated particles. In this
approach, one hemisphere of the particles is masked at the surface of solidified wax
emulsion droplets and hence the exposed particle hemisphere can be modified with a

separate functionality [14,16,89].
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Figure 2-15: Nanocorals prepared using gold capping on one half of the particle as well as anti-receptor
antibody as well as drugs for targeted drug delivery. These multifunctional entities are useful in functions
such as targeting and sensing along with drug delivery. (left) diagrammatic representation wherein gold
(vellow) and PS (grey) halves of the particles were synthesized followed by ligand and drug functionalization
on the PS half. (right) SEM images of the gold and PS Janus particles. Reproduced from [21] with permission
from Wiley.

In a seminal paper from 2013 [221] and its follow-up from 2015 [227], Gao and Yu explored
the endocytosis and fate of micron-sized Janus particles which were coated with anti-CD3
antibodies and a passivation layer of bovine serum albumin (BSA) on respective sides. In
this first detailed study on the uptake of Janus particles, the authors were able to show a
two-step endocytosis pathway in which the antibody-coated side was progressively
engulfed via receptor-mediated endocytosis. Afterwards the BSA-coated side was
covered with a further extension of the cell membrane in an actin-mediated process. Full
endocytosis of these Janus microparticles by Jurkat T cells was reported to take 1-5 min,

which was significantly longer than endocytosis of isotropic particles (figure 2-16).
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Figure 2-16: anti-CD3 antibody functionalized on one half of a particle surface and the other half coated
with aluminum (Al) metal. After particles reach the target cell, endocytosis begins with membrane protrusion.
Time elapse images are made to understand the uptake of the a) janus particles b) isotropic silica particle

by macrophages. Reproduced from [221] with permission from ACS.

In a similar approach, Sanchez et al. studied the effect of PEG functionalization on one
hemisphere of Janus microparticles on their uptake by macrophages. The passivation with
PEG instead of BSA resulted in strongly reduced internalization of about 25 % of the
incubated particles measured after 30 min. With anti-CD3 antibodies on the binding
hemisphere, they report that also about 25 % of the particles remain bound to the cell
surface after an incubation time of 30 min [155]. Note that the reported experimental
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studies have been carried out with micron-sized particles whose anisotropic features are
easily visualized with fluorescence microscopy. Compared to microparticles, NPs interact
significantly different with biological systems due to their much higher surface area to
volume ratio and dimensions that are much closer to proteins which might lead to
drastically different uptake behavior [182]. Additionally, a fairly large body of
computational studies about Janus particle interactions with phospholipid membranes
provide theoretical background to some aspects of these observations which are

summarized in a recent review [228].
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Chapter 3

Experimental section

Parts of this chapter have been adapted from the following publications with permission
from Wiley, ACS and RSC:
Kadam.R, ZilliM, Maas.M and Rezwan.K. ,Nanoscale Janus patrticles with dual protein

functionalization® Particle and Particle systems characterization, 2018, 35, 1700332

Kadam.R, Maas.M and Rezwan.K. ,Selective, agglomerate-free separation of bacteria
using biofunctionalized, magnetic Janus NPs, ACS Applied Bio Materials, 2019, 8, 3528-
3531.

Kadam.R, Ghawali.J, Waespy.M, Maas.M and Rezwan.K., ,,Janus NPs for extended cell
surface attachment“ RSC Nanoscale, 2020, 12, 18938-18949
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3. Experimental section
3.1 Synthesis of inorganic silica Janus NPs

3.1.1 Wax Pickering emulsion method

The preparation and application of Janus particles presenting surface asymmetry entails
issues like preparation of bulk quantities of particles at the nanoscale and the ability to
control and fine tune the Janus balance. Isotropic particles are easily modifiable to attain
surface properties of interest, however, imparting surface “Janus” anisotropy at a
nanoscale in bulk quantities has been a challenge. Preparation of Janus microparticles
and to some extent at a nanoscale has been successfully done using different methods
of preparations. Effective synthesis techniques for Janus particle preparation should be
able to regioselectively modify surface properties of particles at the nanoscale and provide
high success rates of preparation along with good vyields. To fulfill such requirements,
several techniques have been adapted and modified over several years using three major

phenomena, phase separation [229], self-assembly [230] and masking [3].

Following the principle of masking, the Pickering emulsion technique was used to prepare
Janus particles. Pickering emulsions are formed when two immiscible liquids are mixed
together and are stabilized at the interface using solid particles. First proposed by
Ramsden and further recognized and utilized by S.U. Pickering in 1907, Pickering
emulsions are created when oil and water are mixed with each other to form an o/w
emulsion and solid particles are used to stabilize these droplets. These droplets do not
coalesce because the particles impart stability [92]. The wettability of the particles by
either of the phases, determines whether the particles have the ability to stabilize such
emulsions. Other factors such as shape and size of the particles also affect the stability of
Pickering emulsions. In this thesis, nanoscale inorganic particles such as silica were used
to create stable Pickering emulsion droplets, where molten wax as the oil-phase and the
water phase such as aqueous liquids were used. In order to realize adsorption of the
highly hydrophilic particles such as the silica particles used in this thesis were coated with
oppositely charged surfactants. In case of the negatively charged silica particles,
positively charged surfactant CTAB, (Sigma Aldrich, Germany, product number 855820)
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was used to increase their hydrophobicity. In case of the positively charged particles,
which were silica particles functionalized with amine groups, sodium dodecyl sulphate
(SDS, Sigma Aldrich, Germany, product number 436143) was used [17]. A stable
emulsion is established because of the particles deposit themselves at the interface of the
two liquids and stay at the interface. The molten wax then solidfies after the emulsion is
cooled. This protocol for Janus particles synthesis was used in this thesis and published
in one of our publications [89], which was adapted from the approach by Granick et al.[16].
Compared to the original protocol, the surfactant concentration was roughly proportional
to the increased surface area after functionalization exhibited by the nanoscale particles
[89]. A paraffin wax-in water emulsion was prepared in batches of 50 ml adapting the
protocol described by the Granick group who first introduced it [16]. 140 mg of the
functionalized particles were homogenously dispersed in water. 2 mg CTAB was added
to this mixture to partially hydrophobize the NPs by physio adsorption. 1 g of wax (melting
point 75°C to 90°C, Merck Millipore, Germany, product number 8002-74-2) is then added
to this dispersion. This entire setup was heated to a temperature of 80°C to melt the wax,
and an emulsion was prepared using an ultra Turrax homogenizer at 9500 rotations per
minute (rpm) for 90 s. This setup was allowed to cool down for the solidification of the
wax. The solidified wax droplets were then washed three times with water using vacuum
filtration to remove excess of CTAB and unbound NPs. Analysis of the solid wax
emulsions after the washing steps and the upcoming functionalization steps was done
using the SEM.

3.1.3 Janus particle synthesis

To introduce different functionalities on the particle surfaces, we grafted functional groups
on two halves of the particle using the wax Pickering emulsion technique. In this thesis,
we used functional groups such azide and biotin groups (Chapter 4), azide and
polyethylene glycol (PEG) (Chapter 5), amine and PEG groups (Chapter 6). Surface
functionalization can be achieved using surface chemistry modification post particle
synthesis. Silanization is commonly used to create surface functionalized inorganic
particles [231]. The specific surface area (SSA) of the particles was measured using the

BET method (section 3.2.5) and accordingly the amount of silane used for the
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functionalization was adjusted. Modification of the surface properties using
functionalization was done to introduce additional functionalities and attach other bio

functional moieties or to increase colloidal stability [57,111].

Chapter 4 includes the use of two commercially purchased SiNPs of two different sizes
(80 nm and 150 nm) functionalized with azide groups and biotin groups. The method was
adapted from the functionalization protocol described by Lo Giudice et al. [136]. To
prepare the fully azide functionalized particles, silica particles were first dispersed in an
organic solvent such as absolute ethanol (9 mL) using sonication at a concentration of 8.7
mg/mL. 0.5 mL of ethanol containing 21 pL of azidosilane (ABCR GmbH, Germany,
product number AB268770) were added dropwise to the NP solution at RT over a period
of 60 min followed by heating for another 60 min at 90°C. The azide-functionalized NPs
were then dried and used as required. The azide group quantification was performed using
the protocol described in [136] using dibenzylcyclooctyne-cyanine dye derivative (DBCO-
Cy3, Biomol GmbH, Germany, product number 920). The particles were washed three
times using MilliQ water to remove unspecifically bound dye by repeated centrifugation at
12,000 rpm for 20 min and redispersion using ultrasonic bath. The fluorescence of the
bound- and unbound-Cy3 was determined by excitation at 553 nm and emission at 563
nm using the spectrometer plate reader (Chameleon™ V, Finland). To prepare fully
functionalized biotin functionalized particles, 5 ml of 10 mg/ml particles were dispersed in
ethanol and then incubated with 40 pl of ethoxy-PEG-biotin silane 3400 (biotin-PEG-
silane, Laysan Bio Inc, USA, product number 145-40) for 8 h under stirring at RT. The
particles were washed using ethanol and water by performing centrifugation and
redispersion steps. The particles were air dried before use. Biotin group quantification was
done using Fluoreporter biotin quantification kit (Invitrogen, Germany, product number
F30751). Following the product specification sheet, biotin end groups on the particles were
determined. The kit consists of ligands that attach to biotin groups on the NPs which in
turn quenches the fluorescent dye ,Biotective™ green reagent”, also present in the kit.
The fluorescence signal is directly proportional to the amount of biotin functionalized on
the particle surfaces. The number of biotin groups on test samples are calculated based
on a calibration curve prepared using known concentrations of biotin. The fluorescence of

the dye was determined by excitation at 495 nm and emission at 519 nm using the
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spectrometer plate reader. For the preparation of Janus azidosilane/biotin-PEG-silane
silica particles, 10 mg of the aforementioned Pickering emulsion droplets decorated with
azide SiNPs were further dispersed in 9 ml absolute ethanol. 1 ml of 8 mg/ml biotin-PEG
silane solution in ethanol was slowly added to this mixture under nitrogen bubbling
conditions at RT for 2 h. This amount corresponds to approximately 9 times a monolayer
of silane molecules related to the total SiNP surface area. The functionalized Pickering

emulsion droplets were then washed thrice with ethanol to remove any silane residues.

Cyclohexane (Sigma Aldrich, product number 227048) was added to these wax droplets
overnight at ambient temperature to dissolve the wax. The particles were extracted using
10 mM 2-(N-morpholino)ethanesulfonic acid buffer (MES buffer, Sigma Aldrich, Germany,
product number 011M8418). The prepared NPs were immediately used for protein

conjugation purposes.

The particles were centrifuged at 3000 rpm for 3 min to remove excess of the
agglomerated SiNP. Three repeated centrifugation and redispersion cycles in MES buffer
were used to wash the particles. The final supernatant was used as the final particle
suspension for the protein conjugation purposes. The particle concentration used in every
protein conjugation step was 10 mg/ml of MES buffer. The protein conjugation steps were
performed in a two-step method. Ferritin, which is attached via copper mediated click
chemistry to the azide side, was functionalized with an acetylene group using the protocol
described in [136]. The particles were dispersed in 2 ml of 10 mM MES buffer, and then
incubated with 10 ul of streptavidin-gold for 2 h at 4° C to enable protein bioconjugation
with biotin. As stated by the manufacturer, each 10 nm gold NP is decorated with 20
streptavidin molecules. SiNP conjugated with ferritin and streptavidin-gold were further
washed with 10 mM MES buffer thrice using centrifugation and redispersion steps as done
previously. Finally, the particles were dispersed in 2 ml of fresh 10 mM MES buffer. A
schematic representation of the Janus particle synthesis is shown in figure 3-1.
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Figure 3-1: Schematic representation of the synthesis route of nanoscale Janus particles with dual protein
functionalization. Step 1: Unfunctionalized SiNPs were coated with azidosilane. Step 2: Formation of a wax-
in-water Pickering emulsion stabilized by the azidosilane-functionalized particles and the surfactant CTAB.
Step 3: The emulsion droplets are functionalized with biotin-PEG silane (green) and the wax was further
dissolved to yield a Janus NP dispersion in MES buffer. Step 4: Janus particles with azide and biotin end
groups are functionalized with the proteins ferritin (blue) and gold-conjugated streptavidin (pink),

respectively. Reproduced from [89] with permission from Wiley.

Chapter 5 includes the use of magnetite@SiO2 NPs functionalized with azide and PEG
groups. The protocol used for the functionalization of azide and PEG groups on
magnetite@SiO2 NPs is similar to the method used previously for azide and biotin
functionalization with slight changes in the amount of silane used, which was calculated
according to the available SSA of the NPs. Other parameters such as incubation time and
temperature of functionalization remained unaltered. PEG functionalization on NPs has
been widely studied to improve targeting efficiencies of NPs by reducing protein corona
formation [58,111]. Polymer chains arising from PEGylation on NPs precludes them from
interacting with other NPs and components of biological systems, particularly surface-
active proteins. This renders such NPs less vulnerable to agglomeration and strongly
reduces their interactions with cell surfaces. To prepare PEG functionalized particles, 2
[methoxypoly (ethyleneoxy)propyl] trimethoxy-silane (PEG silane, 90%, 6-9 PE units,
molecular weight 459-591 g/mol, Gelest Inc., Germany, product number SIM6492.7) was

used. Confirmation of the successful functionalization of PEG on the NPs was performed
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by adsorption of Lysozyme (from chicken egg white, Sigma Aldrich, Germany, product
number L6876) and albumin from bovine serum fluorescein isothiocyanate conjugate
(FITC BSA, ThermoFischer Scientific, USA, product number A23015), which was
assessed by measuring the zeta-potential and residual protein concentrations,
respectively. 10 mg ml' of PEG functionalized NPs were dispersed in 1 ml of 1 mM
phosphate buffered saline (PBS, Sigma Aldrich, USA, product number P4417) and
incubated with 2 mg ml-! of FITC-BSA for 1 h. This mixture was then washed thrice with
PBS to remove unbound FITC-BSA. The residual and adsorbed FITC-BSA concentrations
were then quantified using a fluorescence plate reader. By measuring of fluorescence
signal at Aex: 495 nm, Aem:525 nm of known increasing concentrations of FITC-BSA (1
nmol to 20 nmol FITC/ml of PBS), a calibration curve was prepared which was used to
calculate unknown concentrations of FITC-BSA from the samples. Additionally,
functionalization of PEG functionalization was confirmed by lysozyme adsorption.
Lysozyme exhibits an isoelectric point of 11 [232] and therefore is positively charged in
PBS at pH 6.2. Consequently, it adsorbs on negatively charged magnetite@SiO2 due to
electrostatic interactions, which would be evidenced by the change in surface charge of
the NPs. The zeta potential (ZP) of the particles was measured before and after lysozyme
adsorption using the DLS (Zeta Sizer Nano ZSP, Malvern instruments, USA) device.

To prepare azide/PEG magnetite@SiO2 Janus NPs, the 10 mg of the as-prepared particle-
coated wax droplets were functionalized using 20 pl PEG silane following our established
protocol. The concentration of the PEG-silane was twice the theoretically calculated
monolayer coverage on the particle surfaces to ensure successful functionalization. After
dissolving the solid wax droplets using cyclohexane with repeated sonication steps, the
azide/PEG magnetite@SiO2 NPs were extracted with water. Using the azide-acetylene
copper mediated click chemistry reaction,[136] the linker acetylene-PEGas-Biotin (Jena
Bioscience, Germany, product number CLK-TA105) was attached to the azide-
functionalized side of the Janus particles. This linker is required for the attachment of
streptavidin-conjugated anti-E. coli antibody. The PEG backbone in this case is used as
a spacer to improve accessibility and flexibility of the conjugated antibodies. The linker
attachment was performed in ethanol following the protocol from reference [89]. After 16
h, the Janus NPs were collected via magnetic separation and washed with ethanol. To
synthesize antibody-conjugated Janus NPs, anti-E. coli antibody (Abcam, United
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Kingdom, product number ab137967) was first conjugated with streptavidin using the Lynx
Rapid Streptavidin Antibody Conjugation Kit (BioRad, USA, product number
LNK161STR). 10 pL of streptavidin anti-E. coli antibody (1 mg/ml) were incubated with 10
mg of azide-biotin/PEG magnetite@SiO2 NPs in PBS for 2 h at 4°C to allow for binding
between the streptavidin conjugated antibody and the biotin groups on the Janus NPs.
Fully antibody functionalized NPs (non-Janus) were used as the positive control in our
experiments. Success of this functionalization step was assessed by conjugating the
surface grafted biotin groups with gold-labeled streptavidin (O.D 10, Cytodiagnostics,
Canada, product number AC-10-04-15) instead of the streptavidin-conjugated antibody
for visualizing with TEM. Schematic representation of the synthesis procedure has been

shown in figure 3-2.
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Figure 3-2: Schematic representation of the synthetic route of the preparation of magnetite@SiO2

PEG/azide-biotin-streptavidin-Ab functionalized Janus NPs. Step 1: azidosilane functionalization of

magnetite@SiO2 prepared using magnetite and tetraethyl orthosilicate (TEOS). Step 2: Preparation of wax

Pickering emulsion droplets using azide-functionalized magnetite@SiO: in the presence of CTAB. Step 3:

PEGylation of the wax droplets was performed using PEG-silane to attach a second functionality on the

exposed surfaces of the NP. The linker acetylene-PEGs-biotin was attached using azide-acetylene click

chemistry. Step 4: anti-E. coli antibody labeled with streptavidin was then used to produce magnetite@SiO2

PEG/azide-biotin-streptavidin-Ab NPs. Reproduced from [90] with permission from ACS.

Functionalization of amine groups on SiNPs is commonly done to impart a positive surface

charge to a negatively charged particles. One of the popular methods of functionalization

of amine groups on silica particles is, by using a silane with amine end groups. Chapter 6
includes the design of PEG/DSPE functionalized RBITC doped SiO2 NPs for extended cell
surface attachment. Grafting of amine and PEG groups onto RBITC doped SiO2 NPs is
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done using APTES (Sigma Aldrich, USA, product number 440140) and mPEG (methoxy
poly(ethylene glycol)) silane (molecular weight 5000 g/mol, Laysan Bio. Inc, USA, product
number MPEG-SIL-5000) respectively. 10 mg/ml of RBITC doped SiO2 NPs were
suspended in 20 ml toluene using a sonication bath for 10 min and subjected to heating
at 70°C. 21 yl APTES was added dropwise to the solution and stirred for 6 h. After
functionalization, NPs were washed twice with both ethanol and water sequentially. The
NPs were air-dried and stored at RT. The density of the grafted amine groups on NH2-
functionalized RBITC doped SiO2 was then quantified spectrophotometrically using the
reagent ninhydrin by adapting the procedure described by Soto-Cantu et al.[131]. The
NPs were dispersed in absolute alcohol at a concentration of 10 mg/ml using
ultrasonication for 10 min. 200 pl of 0.35 % (w/v) solution of ninhydrin (Sigma Aldrich,
USA, product no. 151173) in ethanol was added to the particle solution followed by
sonication for 5 min. This sonicated ninhydrin-NP mixture was incubated in a heating bath
at 65 °C for 5 min, which was further left to cool for 5 min. The Eppendorf tubes were
centrifuged to remove any unreacted ninhydrin molecules at 13,000 rpm for 20 min. The
absorbance of 1 ml of the supernatant was then measured using a spectrometer
(MultiscanGo, Thermo Scientific, Finland, product number 5111930) at 588 nm. The
amount of unbound ninhydrin was used to calculate the amount of bound ninhydrin, from
which the amount of NH2 groups/nm? of the surface area of the NPs was deducted.
Increasing concentrations of a standard solution of hexylamine (0.12 mM to 0.87 mM) was
used to prepare a calibration curve. Functionalization of PEG using mPEG silane for
RBITC doped SiO2 particles and their characterization was similar to the method
described for magnetite@SiO2 NPs. For the preparation of azide/PEG RBITC doped SiO2
Janus NPs, the wax-embedded azide particles were functionalized first with PEG on the
exposed hemispheres. To this end, 10 mg of wax droplets were incubated with 20 mg of
mPEG silane using the protocol mentioned previously. For the PEG-functionalization step,
twice the calculated monolayer concentration of the silane was used in the
functionalization protocol. The NPs were then extracted by dissolving the wax spheres in
cyclohexane. The as-prepared NH2/PEG functionalized Janus NPs were air-dried and
stored in the dark. Following the protocol of carbodiimide based coupling described by the
manufacturer,[72,233] 0.5 ml of 10 mg/ml NH2/PEG functionalized Janus NPs were
incubated with 0.5 ml of 10 mg/ml of DSPE-PEG(2000)-carboxylic acid (DSPE-PEG-

67



|Chapter 3- Experimental section

COOH, Avanti Polar Lipids, Inc, USA, product number 880135) in 4 % (v/v) ethanol-water
to obtain lipid-functionalized Janus NPs. To this mixture, EDC (Sigma Aldrich, USA,
product number E6383) and NHS (Sigma Aldrich, USA, product number 130672) were
added at a molar ratio of 5:1, also prepared in 4 % (v/v) ethanol(> 98%, Sigma Aldrich,
USA, lot number SZBB1570 V)-water and thoroughly vortexed for 1 min. The reaction
mixture was incubated at 4 °C under constant shaking. After 16 h, the obtained
DSPE/PEG RBITC-doped SiO2 Janus NPs were washed several times, dried and stored
in the dark. With the same approach, further NPs were prepared with and without Janus
functionalization for control experiments: isotropic unfunctionalized particles, fully APTES-
coated particles, fully PEG-coated particles, fully DSPE-coated particles and anisotropic
APTES/PEG Janus NPs. Isotropic unfunctionalized particles were utilized as prepared.
The preparation of the fully APTES-coated silica particles is mentioned above. For the
preparation of fully PEG-coated particles, 5 ml of 10 mg/ml RBITC-doped SiO2 NPs in
ethanol was incubated with 40 ul of mMPEG silane incubated for 8 h under stirring at RT
[112]. The silanized particles were washed several times using absolute ethanol and
double deionized water (conductivity< 0.4 uS cm™ purified using SynergyUltra Water
System, Millipore Corp., USA) using alternative centrifugation and redispersion cycles. In
case of the fully DSPE-coated particles, 5 ml of 10 mg/ml fully APTES-coated particles in
ethanol were incubated with 40 pl of DSPE-PEG-COOH using the EDC-NHS coupling
procedure as mentioned previously. An overview of the synthesis procedure of
DSPE/PEG RBITC-doped silica Janus NPs is shown figure 3-3.
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Figure 3-3: Schematic representation of the synthesis route of DSPE/PEG functionalized RBITC-doped
SiO2 Janus NPs. Step 1: NH2z-functionalization using silanization with APTES on RBITC-doped SiO2 NPs.
Step 2: Wax Pickering emulsions are prepared with the NH2-functionalized NPs. Step 3: The solidified wax
droplets are functionalized with PEG-silane. Step 4: DSPE-PEG-COOH is conjugated to the non-PEGylated
half of the NPs based on EDC-NHS carbodiimide linkage. Reproduced from [91] with permission from RSC.

All particle types were prepared and characterized in triplicates and the amount of azide-

, biotin-, PEG-, and amine- functional groups/nm? were expressed along with their
respective standard deviations.
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3.2 Characterization techniques for
biofunctionalized Janus nanoparticles

3.2.1 Dynamic light scattering: Particle size
measurement and zeta potential analysis

Dynamic light scattering is a method used to characterize the hydrodynamic size of
colloidal particles in aqueous solutions [234,235]. Based on this data, it is also possible to
obtain information regarding the colloidal stability of dispersed particles.

In particle dispersions, there is constant movement of the particles through the liquid
medium. Small particles such as NPs dispersed in liquids undergo Brownian motion due
to collisions with diffusing liquid molecules occurring throughout the sample. Smaller
particles tend to move at a higher speed. The translational diffusion coefficient (D1) can
be used to deduce the motion of the particles in the solution which can be calculated using
the Stokes-Einstein equation (equation 3.1). Thereafter particle sizes can also be

obtained.
_ kpT _ kpT
o 6mn(T)ry o 3nn(T)Dy

Dy (3.1)

where, rq and D+ is the hydrodynamic radius and diameter, ko is the Boltzmann's constant,

T is the temperature, n(T) is the temperature dependent viscosity,

The dynamic light scattering technique measures the hydrodynamic diameter of the
particle. When particles are dispersed in solution, a thin electric dipole is formed on the
surface of the particle due to the adsorption of oppositely charged ions. The hydrodynamic
size is the hypothetical sphere that is assumed to diffuse, migrate and scatter light similar
to the actual particle itself [236]. The values obtained by Dh measurements are higher due
to the adsorbed cloud of electrons on the particle surface measured using the DLS when

compared to other techniques such as electron microscopy.

Factors such as the ionic strength and temperature of the solution have an impact on the
D values obtained. In this thesis, the NP dispersions were subjected to sonication before

size measurements, which led to slight heating of the particle solutions. Temperature in
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turn also influences the viscosity, which is another determining factor for size analysis. To
avoid the influence of temperature on the size measurements, the samples were cooled
to RT.

Particles that have large diameters as well as particle agglomerates scatter light more
than the particles with smaller diameters [237].

When nanoscale particle dispersions are prepared in cell culture media substituted with
protein containing solutions such as fetal calf serum (FCS, Invitrogen, Germany, product
number 010M3395), the proteins adsorb to their surface and form a protein corona around
the particles. This in turn directly affects the Du measurement causing increased
diameters values [58,112,129].

Polydispersity index (PDI) values can also be obtained using the DLS. The PDI shows the
broadness of the particle size distributions dispersed in the solution. Monodispersed
samples will show a narrow width of size distribution peak and whereas polydisperse
dispersions will mostly give information about larger particles, since they significantly
scatter more light. PDI values range between 0.1(10%) to 0.2(20%). In the presence of
monomodal (single size particle distribution) particles throughout the sample, a value of

0.1 is obtained and indicates monodispersed particles.

The basic setup of the DLS is depicted in the figure shown below (Figure 3-4). The light
from a monochromatic laser is projected via an attenuator onto the sample placed in
cuvette positioned in a sample holder. The attenuator tunes the intensity of the laser beam
incident onto the sample. As described above, the light is scattered from the moving
particles in the dispersions. This motion leads to fluctuations in the intensity of the
scattered light over time (figure 3.4-bottom left). Theses fluctuations are analyzed by an
autocorrelator which provides the correlation coefficient as a function of the correlation
time (Figure 3.4- bottom right). In the simplest case of a perfectly monodisperse
dispersion, this graph describes an exponential decay and the diffusion coefficient of the
NP is its decay coefficient in the exponent. More complex mathematical approaches are

required for polydisperse systems, as described in the Mie theory.[238]
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Figure 3-4: View of the setup of the DLS device. It consists of a laser that further passes through an
attenuator before passing through a sample consisting of a colloidal dispersion of particles. Size of the
particles, speed of migration through the sample, ion concentration in the solution, the laser is reflected
through the sample, which is captured using the back angle detector (173 degree).Time dependent intensity-
based graph is plotted by the device based on the continuous motion of the particles through the solution.
This curve is further correlated to create a correlation curve also plotted against time which may be

evaluated using algorithms to provide a size distribution.

When a particle is dispersed in liquid, an opposite charge develops on the particle surface
due to the adhesion of oppositely charged ions in the solution. The strongly bound ions
on the particle outer surface make up the Stern layer. The stern layer is followed by a
layer of loosely bound charges, which consist of both same and oppositely charged ions.
These two layers are together called the electric double layer. It forms due to the surface
charge of particles. The electric double layer is also called the diffuse layer, since the ions
in this layer are mobile. The net charge on the particle is dependent upon the ions and the
charge distribution throughout the stern- and the diffuse layer. The zeta potential (ZP, )
is the electrostatic potential measured at the slipping (shear) plane close to the point at
which the Stern layer ends and the diffuse layer begins in the bulk dispersion medium
(see figure 3-5). The surface charge measured by DLS is also dependent on the
adsorption and desorption of the ions on the particles, thus altering the stern layer and
therefore the mobile diffuse layer [234,235,239].
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The ZP can be obtained using the method of electrophoretic light scattering. On
application of an oscillating electric field based on its surface charge, the particle is set
into motion towards the cathode or the anode. The particles are again scattering incident
laser light and the particle velocity can be obtained by analyzing the frequency shift of the
scattered light due to the Doppler effect. The speed of the particle motion toward to the
respective electrodes is influenced by the dielectric constant of the medium, the surface
charge of the particles, and the strength of the electric field applied shown by the

Smoluchowski equation [240].
vy = 4me, % (1+ ka) (3.2)

where ve is the electrophoretic mobility, €0 is the permittivity of free space, D is the
dielectric constant of the solution relative to the dielectric constant of vacuum, n is the
viscosity of the solution, k is the Debye-Huckel parameter, a is the diameter of the particle.

Accordingly, the ZP is calculated from the electrophoretic mobility of the particles.

SiNPs are populated with hydroxyl groups on their surface and undergo protonation and
deprotonation in aqueous media. In this thesis, the NPs were functionalized with functional
groups such as azide, biotin, amine, long chain polymers such as PEG, lipids and proteins.
Biofunctionalization of silica particles were mostly done in aqueous buffer solutions with
known ionic strengths and pH values. These conditions were chosen to avoid alterations
in structural and functional properties of the functionalized biomolecules. The surface
charge of the particles was analyzed before and after all surface modifications
[89,111,112,129,234,235,239,241,242].
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Figure 3-5: Electric double layer surrounding a negatively charged particle suspended in a dispersant
medium. The layer immediately surrounding the particle surface is the Stern layer consisting of oppositely
charged ions. The diffuse electric double layer consists of both positive and negative ions. The interface
between the Stern and the diffuse layer is the shear plane and the point where the zeta potential (W)
measurement is made at. Wo is the surface potential of the particle and Xz is the distance from the surface
to the shear plane. Xaqis the Debye-Huckel length, which is defined as the length from the surface of the
particle to the end of the diffuse layer after which the charge between the diffuse layer and the dispersant

medium is not distinguishable.

3.2.2  Scanning electron microscopy

Scanning electron microscopy is a method commonly used to study external
morphological properties such as texture, surface roughness as well as surface elemental
compositions. This type of microscopy uses a beam of high energy electrons in a vacuum

enclosed environment using a heated filament. Imaging using this method helps
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characterize surfaces due to this electron-surface interaction creating a 2D image which
helps understand the surface properties better. The incident beam of electrons is
decelerated on the solid surface of the sample. One of the type of electrons are the
secondary electrons (SE), which are knocked out of the sample itself and which are
predominantly used for generating an SEM image. The electrons from the beam can also
be reflected back, which as their name suggests, are called the backscattered electrons
(BSE). The SE help in obtaining the topographical illustration of the sample and the BSE
indicate multiple contrast levels based on differences in the composition of the materials.
Each type of electron is received by a specific type of detector and are used to create an
SEM image.

Good image quality is ensured by avoiding the accumulation of the electrons on the
sample surfaces by using conductive specimen holders as well as rendering the samples
conductive. By using conductive metal coatings such as gold or carbon, the electron
scattering is ensured and hence accumulation of electrons is prevented [243,244].
However such coatings might limit the observation of the particles using SEM and
therefore metal coating on samples was avoided. Silicon wafers glued onto a carbon tape

placed on a metal holder were used to observe all the samples.

Electron microscopy imaging using SEM is known to provide accurate information at
scales of 1-2 nm [243]. In this thesis, electron microscopy using SEM was performed using
the device, Supra 40 (Carl Zeiss, Germany) operated at a voltage of 1 kV. Different NP
decorated wax Pickering emulsion droplets and Janus particle attachment on bacteria
were studied using SEM.

For observation of the NP decorated wax Pickering emulsion droplets, the washed
vacuum dried wax droplets decorated with NPs before and after surface functionalization
were left to dry overnight at RT. The dried wax droplets were deposited onto the silica
wafers (3x3 mm). Electron microscopy images of overview and close-up view of the wax
droplets were prepared to ensure the presence of particles on the surfaces of the wax
structures. Confirmation of the selective attachment of NPs onto surfaces of the bacteria
such as E.coli and S.simulans as a part of the experiments described in chapter 5, was
also achieved using SEM [116,126,245]. The bacterial suspension with the attached NPs
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was deposited onto silica wafers placed in a 6-well plate. To ensure that the negatively
charged bacteria attach to the silica wafers, we first functionalized the silica wafers with
APTES. Due to electrostatic interactions between the negatively charged bacteria and the
positively charged wafers, we ensured that the bacteria would not be washed away by the
upcoming steps of fixation, washing and dehydration. These steps were important due to
the potential interference of the electrons inside the cells, due to the inherent water that
they contain. These silica wafers were first fixed using 2.5% glutaraldehyde and further
dehydrated using increasing concentrations of alcohol. 25, 40, 60,80, 95 and 100%
absolute alcohol diluted using PBS was used as a part of the dehydration protocol [188].

The silica wafers were dried at RT before analysis.

3.2.3 Transmission electron microscopy

Transmission electron microscopy, similar to SEM, makes use of electrons from an
electron beam which are transmitted through the sample. TEM consists of an electron gun
producing the electron beam and the condenser system, which helps focus the beam onto
the sample. The projection of a highly magnified image is dependent on the image
producing system consisting of a fluorescent screen and a digital camera. The electron
generated image must be converted to a visible image. The monochromatic visible image
produced by the TEM makes viewing of the minute details possible. The electrons from
the electron gun interact with the atoms in the sample before penetrating the sample.
Variation in the atomic number throughout the sample contributes to the differences in the
contrast obtained in the image of the sample. Based on the theory of mass-thickness
contrast, the regions of the sample with higher atomic number would scatter more
electrons and therefore create a darker region of an image whereas areas of the sample
with lower atomic number make up the brighter parts of the image [246,247].

In this thesis, TEM analysis of NPs before and after Janus modification was done by
creating a dispersion of the NP sample in aqueous solutions at a concentration of 0.1 g/L
using ultrasonication. 4 uL of this solution was pipetted onto Formvar light carbon coated
copper grids (Plano GmbH, Germany) and allowed to dry overnight. The carbon layer
provides extra stability and added protection from the high intensity electron beam. TEM

microscopy was performed using Zeiss EM900 (Zeiss, Germany, product number
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SN8246) at a voltage of 80 kV. Images were acquired using a charge-coupled device
camera attached to the software ImageSP.

Biological samples such as NIH3T3 fibroblasts with Janus particles were also analyzed
using the TEM following the procedure described by Apte et al.[248]. NIH 3T3 cells
incubated for 1 h, 6 h and 24 h in the absence or presence of NPs, respectively, were
washed twice with 1 mM PBS (Sigma Aldrich, product number SLBF5741 V) followed by
trypsin-EDTA treatment to detach cells. Cells were centrifuged at 6,000 rpm for 3 min and
further treated for 1 h with 2.5% formaldehyde in 0.1 M Na-cacodylate at RT. After that,
cells were washed with PBS and stained using 1 mM osmium tetroxide solution in PBS
for 1 h at RT, resulting in a black cell pellet. This cell pellet was further washed twice with
PBS, embedded in 2% agar in water and solidified at 4°C. Small 1 mm wide blocks were
cut into squares and dehydrated with increasing concentrations of ethanol such as 30%
(twice for 5 min each), 50% (twice for 5 min each), 70% (3 times for 10 min), 90% (3 times
for 10 min), and 100% (twice for 15 min). Epoxy resin (Epon™812, Sigma Aldrich,
Germany, product number 45345) embedding was performed on the dehydrated agar
blocks containing the fixed cell pellet. To perform epoxy resin embedding of the cell pellet,
5 ml of the resin mixture was prepared using 5 ml the resin mixture containing 3 volumes
of Epon A (6.2 ml of glycidether and 10 ml of Dodeceyl Succinic Anhydride (DDSA
hardener)) and 7 volumes of Epon B (5 ml of glycidether and 13.35 ml of Nadic Methyl
Anhydride (NMA) hardener). Finally, 4 drops of 2,4,6-(Tris dimethyl)-phenol (DMP-30)
was added to the above prepared mixture and mixed thoroughly. The dehydrated agar
blocks containing the fixed and stained cell pellet were then incubated with the resin
solution mixed with 100% ethanol (1:1) for 30 min each twice. The blocks were then
treated with a 1:2 mixture of 100% ethanol and resin solution twice for 90 min each. The
cell pellets were then immersed in the resin solution containing the DMP-30 and carefully
poured into molds followed by incubation at 60°C overnight. When analyzing biological
samples such as the NIH3T3 fibroblasts in this thesis, it was important that the sample
thickness is below 100 nm. This helps in the easy penetration of the electrons from the
TEM through the samples. Sectioning of the cells embedded in epoxy resin was performed
using the ultramicrotome (Ultracut R, Leica, Germany) [248]. The ultrathin cuts obtained
were collected on mesh copper grids, allowed to dry overnight and then analyzed using
the TEM set at a voltage of 80 kV. The localization of the Janus NPs in fibroblasts was
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also studied using fluorescence microscopy. Since, the Janus particles used to perform
cell surface attachment studies were fluorescently labelled, an additional method such as

the TEM would give further information on the localization of the NPs.

3.24 Pendant drop tensiometry

Pendant drop tensiometry is a method commonly used to determine the surface tension
of liquids using the curvature of a suspended drop [249]. It is a technique used to study
wetting phenomena of particles, to gain in-depth understanding of emulsions and other
interesting phenomena with colloidal particles and surface-active molecules [25,26,250].
Compared to particles with uniform wettability, Janus particles project interesting behavior
when studied at interfaces [25-27,107,251].

The volume of the liquid drop containing the sample suspended from the tip of a needle
is oscillated over a period of time. Dilational interfacial rheology is the method used to
study stability of emulsions using time-based expansion and contraction of an emulsion
droplet. The oscillating pendant drop was photographed and the obtained drop images

were further used to determine the interfacial tension (figure 3-6).

The obtained droplet profiles were fitted by an algorithm that uses the Young-Laplace
equation to obtain interfacial tension values as a function of time. These interfacial tension
values can be used to understand the adsorption-desorption kinetics of surface-active
molecules at interfaces. Analysis of the interfacial tension using the pendant drop
tensiometry is advantageous since precise measurements can be done using small
sample volumes. The tip of the needle generates a drop using the heavier phase (usually

the liquid) within a lighter phase (in the work of this thesis, air).
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Figure 3-6: (above) Schematic representation of the general setup of a drop which is illuminated by a light
source on one side and the camera to record images of the drop at defined time points on the other. (below)
The Young-Laplace equation fitted on the pendant drop. The drop is suspended from the tip of the needle,
which is oscillated, and images recorded are used to fit on the Young Laplace equation to further calculate
interfacial surface tension. For calculating the principle radii of the curvature, R1 and Rz are shown, and P
is the principle point, which is the last point of the drop. The drop shape is used to analyze and define the

radii.
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In this thesis Janus NPs with face separated protein halves were prepared (Chapter 4).
The changes in the interfacial tension (y) properties of the dispersion of Janus particles at
a buffer-air interface was measured using pendant drop tensiometry (DataPhysics,
Germany, product number OCA25) over a period of 2.5 h. In order to study the viscoelastic
properties of the protein-protein functionalized Janus NPs, movies of the oscillating drop
formed at the tip of a small steel capillary were recorded and the changes in the interfacial
tension (IFT) over time were used to calculate values of storage modulus (or elastic
modulus) E’, which is the real part of the complex surface elasticity E* and loss modulus
(or viscous modulus) E”, which is the imaginary part of E*. An 8 ul drop of 10 mg/ml NP
dispersions in 10 mM MES buffer was created at the tip of the capillary (size @ of 0.5mm)

and oscillated at an amplitude dA/A of 1% and a frequency of 1 Hz over a period of 2.5 h.

3.2.5 Gas adsorption for specific surface area
measurement

The theory of surface area measurement was first proposed by Brunauer, Emmett and
Teller (BET), which involves the use of physical adsorption of gas molecules onto solid
materials as well as powders. The method is simple and straightforward and uses non-
reactive gases such as nitrogen and argon to calculate parameters such as pore sizes
and SSA. Famously termed as BET theory based on the initials of the scientists who
discovered it, the amount of gas adsorbed can be corresponded to the specific external
and internal area of the material. For SSA measurements, the amount of gas adsorbed
onto surfaces of materials was measured at the boiling point of liquid nitrogen (-196°C).
[252,253] The condensation of liquid nitrogen occurs onto the surface of the sample
because at the boiling temperature, liquid nitrogen is below its critical temperature.
Assuming the amount of gas adsorbed onto the sample surface is a monolayer, the
amount of adsorbed gas is correlated to the amount of surface area available. Physical
adsorption occurs due to the relatively weak van der Waals forces between the gases and
the surface of the materials. This method has been frequently used to measure the SSAs

of nano powders and has also been used in this thesis to calculate the SSA of SiNPs
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either commercially purchased (chapter 4) or synthesized (chapter 5 and 6). BET theory

is expressed using the formula 3.7.

P _ 1, n_p
ng(Po—P) StOtal B npC T n,C % /PO (3-7)

where na is the quantity of adsorbed gas in volume units, P is the equilibrium pressure
and Po is the saturation pressure of the gases at adsorption, Stwta is the total surface area,
Nm is the monolayer gas quantity, C is the BET constant, and P/Po is the relative pressure.
SSA measurements using BET follows steps such as degassing, evacuation, volume,

evacuation, adsorption and finally desorption.

Commercially obtained nano powders used for the experiments described in chapter 4,
were dried for 24 h at 70°C prior to SSA determination. Aqueous solutions containing
magnetite@SiO2NPs and RBITC doped SiO2NPs prepared and used for the experiments
described in chapters 5 and 6 respectively were concentrated using centrifuged followed
by drying at 70°C. All the dried nano powders were then subjected to a degassing step.
BET measurements aimed to determine the gas adsorption isotherms and usually involve
the degassing step as the initial step. Degassing is important so that any vapors or
previously adsorbed gasses can be removed from the sample surfaces to obtain accurate
and precise adsorption isotherms during BET measurement. In this thesis, nitrogen gas
was flushed through the sample at an elevated temperature taking care of any
temperature dependent alterations to the sample under analysis. The sample was then
cooled and the before and after weight of the sample was noted down to compare any
mass losses incurred during degassing. Evacuation of the sample and reference tube was
performed using vacuum flushing. A dead volume measurement was performed using
inert gas such as helium followed by noting the amount of the adsorbate on the sample
and further corrected with the sample value. The amount of helium adsorbed on the
sample should also be equally adsorbed onto the reference tube. The dead volume was
then evacuated. During the adsorption phase, a Dewar vessel containing liquid nitrogen
(77.4 K) was raised up to a certain point so that the sample and reference tube were
immersed. A specific volume of adsorbant gas was allowed to enter into the sample which

caused the pressure inside the tube to fall. This occured until the adsorbate such as the
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atoms and molecules on the surface of the sample and the adsorptive, which is the
adsorbant gas inserted into the sample, were in equilibrium. The volume of adsorptive gas
on the sample at the equilibrium pressure, is the difference of the volume of gas admitted
into the sample and the volume of gas remaining in the gas phase of the sample [252—
254]. For the experiments performed in the thesis, no desorption step was performed.

The NPs used in this thesis were functionalized with functional groups such as azide,
biotin, PEG, amine. The modification of the surface properties using silanization onto silica
particles was performed according to the SSA values. As the first step of modification,
silica particles were modified based on the SSA values obtained from the BET
measurements for the introduction of the first functionality. This step was followed by the
preparation of the wax Pickering emulsion droplets as mentioned above (see section 3.1.2
and 3.1.3). This was followed by an approximation based on the measured SSA of the
unmodified particles for the introduction of the “Janus” character i.e., second functionality
via the wax Pickering emulsion droplets. After the introduction of the functionalizations,
the “Janus” character was expressed based on the number of functional groups
characterized using the above-mentioned assays (see section 3.1.2). Specific assays
were used to express ,number of functional groups/nm?“ and thereafter gave an insight
into the Janus character of the prepared particles. In order to achieve the Janus feature,
understanding and calculating the theoretical SSA available for functionalization has been
used throughout the thesis to design the Janus particles. In addition, the amount of
surfactants used to prepare wax Pickering emulsion droplets using functionalized particles

was also calculated according to the SSA of the NPs.

3.2.6 Vibrating Sample Magnetometry

Based on Faradays law of induction, if there are changes in the magnetic field an electric
current will be produced. The current produced in this way can be measured and helps
understand the magnetic field. The vibrating sample magnetometry (VSM) works on the
same principle and is a technique used to measure magnetic properties of materials.
When a sample placed in the VSM is subjected to a uniform magnetic field, magnetization
of the sample will occur. Since the sample is magnetic, a magnetic dipole moment is

created around the sample due to the constant magnetic field. Due to the vibration and
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up- down movement of the sample in the magnetometer placed between the
electromagnet pole, changes in the magnetic dipole moment are noted as a function of
time as well as their magnetic hysteresis loop to give a detailed insight into the magnetic
properties of the material. A magnetic hysteresis loop is expressed as a correlation
between the magnetic flux density (B) and the magnetization field strength (H) of a
magnetic material. This loop is often termed as the B-H loop. The magnetic hysteresis
loop gives additional information of the magnetism projected by magnetic materials such
as iron wherein the changes in the magnetization intensity are measured in relation to the
magnetization field [255,256].

In this thesis, magnetite particles were prepared using the technique by Ding et al.[257]
and were further coated with silica (Chapter 5). The results concerning the
characterization of magnetic properties of magnetite and magnetite@SiO2 NPs has been
described in detail in chapter 5. The magnetism of the dried samples of magnetite and
magnetite@ SiO2 NP powders was analyzed using VSM (EZ9, Microsense, USA). Any
changes in magnetic properties after coating of magnetic NPs with SiO2 was recorded
after the VSM analysis. Selective separation of bacterial cells using magnetite@SiO2
Janus NPs was based on the magnetic properties of the as-prepared particles analyzed
using the VSM method.

3.3 Characterization of prokaryotes after Janus
particle application

3.3.1 Selective recognition of E. coli

In this thesis, bacterial concentrations were measured for the experiments including
selective agglomerate-free separation of one bacterial species from a mixture of bacteria.
The pure cultures of E. coli K12 (DSMZ-1077) and S. simulans (DMSZ 20324) were
purchased from “Deutsche Sammlung Mikroorganismen und Zell Kulturen” (Germany)
and were grown overnight in Luria broth medium and Tryptic soy broth respectively at
37°C for 24 h at 150 rpm continuous shaking. Concentrations of E. coli and S. simulans
individually and in combination were adjusted by measuring the optical density (OD) at
595 nm (ODsoes) to obtain a total concentration of 107 cells/ml in PBS (pH 6.2) according to
McFarland standards [191].

83



|Chapter 3- Experimental section

3.3.2 Fluorescence microscopy

Fluorescence microscopy is an important technique used in several biomedical and
biotechnological applications. Fluorescence microscopy offers several advantages
compared to traditional optical microscopy. Fluorescence microscopy is specific and
highly sensitive for visualizing different parts of materials or biological specimens based
on the fluorophores used. When specimens do not exhibit autofluorescence, fluorophores
are used to stain specific parts of the cell. Fluorophores are molecules capable of
absorbing the light of a specific wavelength and then emitting light of a different
wavelength. Such fluorophores which are fluorescent markers can be used to selectively
stain different compartments of the cells. Fluorophores conjugated to an antibody which
attaches to antigens in specific parts of the cells, makes the visualization of sub-
compartments of the cells possible [258—260].

The fluorescence microscope along with the excitation and emission lamps, also consists
of specific filters that collect specific wavelength of light, thus making visualization of
different fluorophores and mapping of specific areas of the cells possible. Fluorescence
microscopy visualization of the sample itself such as tissue sections, cells in well plates,
ceramic materials doped with fluorophores, depends on the physical properties of the
sample itself [260]. Attributes such as thickness, amount of fluorophore tagged, and the
absorption characteristics of the sample are important parameters to note in order to
obtain good quality images. Other parameters such as exposure time, brightness, contrast
and light intensity are important factors to fine tune the images obtained from the imaging
software. Care needs to be taken when adjusting exposure times or contrasts so that no
manipulation of the imaging signal occurs and in turn does not lead to loss of information
and alteration of the results [258,259]. For example, when performing localization studies
of NPs in eukaryotic cells, increasing exposure times could also be mistaken for
background signals or noise being interpreted as NPs [112,259]. When performing toxicity
studies using the fluorescence microscopy based live-dead staining, increasing or
decreasing exposure times or sharply increasing contrasts, could mask signals which
would otherwise be interpreted as dead or alive cells. When increasing exposure times,
the sample is exposed to specific wavelengths of light for longer times which might also
result in photobleaching. Photobleaching of the fluorophore causes the chemical structure
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of the fluorescent molecule to be permanently altered due to longer exposures. This can
render the sample unable to fluoresce anymore following such an irradiation. Therefore,
care needs to be taken when visualizing the samples and thereafter interpreting results

obtained using fluorescence microscopy [258—260].

3.3.3 Optical density measurement

Measurement of bacterial cell concentration in a liquid solution can be done using the
spectrometry-based technique such as McFarland turbidity standards. Alternatively,
colony forming unit (CFU)/ml values can be obtained using the plate count method (see
section 3.3.4.1). When bacterial suspensions observed in visible light appear to be “milky”,
cells are present in the sample. The McFarland turbidity standards are based on a similar
visual tool of cell number estimation wherein sample cell concentration can be calculated
using standards containing specific concentrations of bacterial cells [261]. Another
technique based on the principle of light scattering is the spectrophotometry-based
turbidity measurement technique. Turbidity in samples is measured using the
spectrophotometer using visible light. The wavelength of this measurement is fixed at 595
nm. OD measurements are based on the Beer-Lambert law and are an easy way to
monitor continuous growth of bacterial cells along with cell count estimation [262]. Based
on the concentrations of cells present in the light path, light scattering is observed since
most bacteria are known to scatter light [263]. Alongside the scattering regime, the
remaining outgoing light intensity passing through the solution is read by the detector. The
light intensity captured by the detector is used to obtain OD values. This value is then
used to interpret the number of cells using the McFarland standards (see figure 3-7)
[261,262,264].

The ability of the designed Janus particles to extract bacteria was tested by dispersing
100 ug of Janus NPs in 1 ml E. coli suspension in the absence or presence of S. simulans
in PBS buffer (Chapter 5). The negative controls included the exposure of NPs to S.
simulans without E. coli to confirm the specificity of the conjugated antibody. After 1 h of
incubation, an external magnetic field was applied by placing a large neodymium magnet
(50.8x50.8%x25.4 mm, 10.5-12.0 kOe) under each bacteria-containing well to collect the

Janus NPs and the ODsgs of the supernatant as well as the pellet was measured using a

85



|Chapter 3- Experimental section

spectrophotometer-based plate reader (Chameleon V, Hidex, Germany). Based on this

data, the bacterial capture efficiency was calculated based on the equation 3.8.

Initial [bacteria]OD -magnetically seperated [bacteria]OD
[ ] 595. : g : y p [ ] 595 X 100 (3-8)
Initial [bacteria]ODsg5

Capture efficiency(%) =

Bacterial suspensions without NPs were analyzed as growth control.

Incoming light outgoing light

-------------------------

detector

light source

cuvette with bacteria light scattering -

Figure 3-7: OD measurement using spectrophotometry. Sample is placed in a cuvette is irradiated with light
(595 nm). Depending on the concentration of the cells present in the sample, higher the concentration of
the cells, more light scatter is observed and less outgoing light is sensed by the detector. The Beer-Lambert
law is used by the spectrophotometer to obtain OD values thereafter an estimation of the number of

microbial cells.

3.34 Bacterial viability

Growth and division of bacteria is a crucial factor in the lifespan of these organisms and
has been commonly used to measure cell viability. Commonly used methods for
determining bacterial cell viability include methods assessing cell division, active
metabolism [265] and membrane integrity [191,266,267]. The ability of bacterial cells to
divide and multiply in nutrient medium thus forming visible colonies on agar plates can be
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used to understand principles such as anabolic activity of the cells as well as toxic effects
of a test material [191,268,269]. Bacterial membrane integrity is another assessment that
can be used to determine cell viability. Using a mixture of two nucleic acid dyes such as
green, fluorescent dye SYTO 9 that stains all bacterial cells and red fluorescent Propidium
iodide (PI) that enters and stains only membrane damaged cells, makes the method of
live dead staining easier to qualitatively determine bacterial cell viability. Hence as a
measure of cytotoxicity in bacterial cells after being exposed to NPs, bacterial viability was
tested using methods such as CFU counting, adenosine triphosphate (ATP) quantification

and live-dead staining in this thesis.

3.3.4.1 Colony forming unit quantification

When individual bacterial cells are plated onto agar in petri dishes, the cells grow and
develop into colonies. Each colony developed from a single bacterial cell is termed as a
CFU. Viable cells would in turn form CFUs, making the method of colony counting an
important measurement tool in studying toxicity effects of particles when exposed to
bacteria. This method of viability analysis is an important method when new nanomaterials
are designed for biological applications [269,270].

The cells were plated onto nutrient media with agar in petri dishes after serial dilutions
since overcrowded plates would make manual counting extremely difficult. If bacteria cells
plated onto agar would form larger number of colonies, the problem of underestimation
would arise since plates would be packed with colonies making it difficult to distinguish
and count. There is also the possibility of achieving smaller colonies than normal, due to
limited substrate availability and confinement of space [271]. Hence dilutions of the
bacterial samples were made for the toxicity studies of the NPs on bacteria. Compared to
other methods of toxicity analysis such as microarray based probing and quantitative
polymerase chain reaction (PCR), measuring CFUs to understand cytotoxicity is a
straightforward and reliable method. Compared to PCR and microarray based methods,
CFU counting involves lesser pipetting errors and is cost friendly since no extra reagent
addition is required [272].

In our experiments, we measured CFUs formed after known concentrations of E. coli in

the presence/absence of S. simulans were incubated with the NPs under experimental
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conditions further described in chapter 5 were plated onto agar. These plates were
incubated at 37°C and the colonies formed were counted manually after 24 h. Under
conventional conditions, an optimal count is colonies between 30 and 300 obtained on an
agar plate of 8 cm in diameter [273]. It is necessary to accordingly adjust the concentration
of the bacterial solutions by performing optimization experiments using serial dilutions of
the cells. The number of colonies obtained after pipetting a serially diluted sample to
achieve countable colonies is further multiplied by the dilution factor to obtain the number
of colonies in the original sample. The formula for calculation of CFU/ml (equation 3.9) is

as follows:

n
c = Sxd (3.9)

where, cis the concentration CFU/ml, n is the number of colonies counted, S is the volume
of the sample used, and d is the dilution factor.
CFU/ml was used to address cytotoxicity of the NPs tested on the bacterial cells, E.coli

and S.simulans.

3.3.4.2 Adenosine Triphosphate quantification

Quantification of adenosine triphosphate (ATP) amounts is a useful parameter in
estimating the number of live and viable cells in the system. Alive cells contain ATP that
are produced when the cells metabolize sugar, fats and other such biomolecules thus
generating copious amounts of ATP [274]. When cells are exposed to particles, they might
face cytotoxicity and loss of membrane integrity which in turn leads to the loss of cytosolic
ATP production [269,270]. The ATPases in the cells utilize the ATP present as a part of
their energy generation process [274]. The luciferase-based BacTiter-Glo™ Luminescent
Cell Viability Assay (Promega GmbH, Germany, product number G8231) was used to
measure the amounts of ATP-activated bioluminescence of luciferin and further correlate
that to the number of viable cells present after particle exposure. The kit consists of a
single reagent (BacTiter Glo) is directly added to the medium containing the bacterial cells
and luminescence was recorded using the plate reader (Chameleon V, Hidex, Germany).
Bioluminescence of luciferin, which is activated by ATP present in viable bacterial cells

was measured using this assay.
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3.3.4.3 Membrane integrity assessment

Membrane integrity was assessed using the live/dead assay (Live/Dead®, BacLight™, Life
technologies, Germany, product number L7007). For the live/dead assay, a mixture of the
cell staining dyes Pl and SYTO 9 was added to the bacteria suspension after exposure to
NPs according to the manufacturer instructions. Equal parts of the stock solutions of both
the dyes were mixed thoroughly and 10 pl aliquots of were prepared. 3 pl of this dye
mixture was added to the wells containing 1 ml of the cell culture media with bacteria. The
dye mixture was carefully pipetted up and down followed by incubation in the dark for 15
minutes. The bacterial suspension stained using the Live/Dead assay was then analyzed
using fluorescence microscopy (Axiovert Imager M1, Zeiss, Germany) at an excitation

wavelength 485 nm and an emission wavelength of 530 nm (green) and 630 nm (red).

3.4 Characterization of eukaryotes after Janus
particle application

3.4.1 Confocal laser scanning microscopy

CLSM is a visualization technique used very often to analyze biological samples where a
high intensity and highly penetrating laser beam is used to 3-D reconstruct the cells or
other biological materials. In this technique, the laser scans the sample on several focal
points and different depths. It further combines the images taken at these points to create
a 3-D image. CLSM follows the basic principles of optical microscopy, however, it differs
in the type of principle light source used. CLSM uses a laser beam whereas traditional
optical microscopy technique uses visible light for imaging. An overview of the general
setup of the CLSM is depicted in the figure 3-8 below. The detectors present on the
emission end of the CLSM act as a photomultiplier that functions to convert the received
photons into electric signals [275,276].

In this thesis, evaluation of potential NP attachment and cellular uptake in fibroblasts was
done using CLSM. After exposure of the cells to the NPs for the respective time points,

the NP dispersions were removed, and cells were washed thrice with pre-warmed PBS to
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remove any loosely or unspecifically bound (for example as a result of sedimentation) and
non-internalized NPs. The cells were then fixed with 4 % paraformaldehyde (PFA, Sigma
Aldrich, Germany, product number 53260) for 15 min at RT and then permeabilized using
0.5% Triton X-100 (Sigma Aldrich, Germany, product number MKBL5839V) for 3 min at
RT. Similar to the staining protocol used to perform fluorescence microscopy, NIH3T3
fibroblasts were incubated with RBITC dye doped SiNPs for specific time points on glass
coverslips and further stained using 4’,6-diamidino-2-phenylindole (DAPI, 0.5ug ml',
Sigma Aldrich, Germany, product number 1242642) and Alexa fluor 488 phalloidin
(AF488, 2U/ml, Sigma Aldrich, Germany, product number 1151587) as nuclei and

cytoplasm- specific dyes.
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Figure 3-8: Diagrammatic setup of the CLSM. Light from a laser passes through a primary dichroic mirror,
which also acts as a beam splitter. The beam then passes through the x and y scanners where it is set to
raster scan. The laser light is further directed to raster scan the sample via the objective lens. Samples,
either labelled using fluorophores or exhibiting autofluorescence, emit the fluorescent light towards the
mirror and then the pinhole. The pinhole is further projected through a secondary dichroic mirror that

separates the specific wavelength of this emission onto detectors. These detectors convert the photons

eventually into pictures. Adapted from [276].

Images were acquired using the CLSM (Zeiss LSM 880, Zeiss, Germany) with a Plan-
Apochromat 63/1.4 DIC M27 lens. The following settings were used for measurement:
DAPI: track 2 Ch1 emission filter 410-494 nm laser 405 nm (exposure time 20 ms). Actin
AF488 phalloidin: track 1 ChS1 emission filter 490-544 nm, laser 488 nm (exposure time
40 ms). RBITC NPs: track 2 Ch2 emission filter 566-685 nm laser 561 nm (exposure time
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50 ms). The pinhole setting for all the measurements was 50 ym for the 3 channels

mentioned above.

3.4.2 Microtome slicing

The electrons sourced from the TEM are unable to penetrate through biological samples
that are more than 150 nm thick. Hence for precise examination of biological samples
using the electron microscope, ultra-thin sections between thickness of 30-60 nm should
be prepared. The ultramicrotome is a device used for making ultra-thin sections of the
cells used for viewing using the TEM [277]. Biological samples were first embedded into
an epoxy resin as described in the section 3.2.3 followed by sectioning using the
microtome. The samples were trimmed into 1 mmx1 mm front block face which are either
square or trapezoidal to maximize the presence of the sample at the front using a razor
blade. Trimming was continued to obtain initial cuts using the glass knife attached to the
microtome (Ultracut R, Leica, Germany), where semi-thin sections of the sample were cut
(0.5 pm to 2 um). The semi-thin sections were first hydrolyzed in water followed by an
incubation in toluidine blue staining solution (0.01 vol% in water) for 3 min. These cuts
were then washed several times with water before observing them under the light
microscope. This step was used to confirm the presence of the sample in the cuts
prepared. Finally, ultra-thin sectioning was made using the diamond knife with a trough
containing water, where the cuts float after being sliced from the sample block. The cuts
were collected using copper grids which were used to lift the cuts from under the water
surface. The grids containing the slices were left to dry overnight before being observed
under the TEM at a voltage of 80 kV [248,278,279].

3.4.3 Inhibition of endocytosis

Endocytosis is the process of uptake of nutrients, biomolecules and fluids into the cells.
Through the process of endocytosis, engulfment of matter occurs by creating an
invagination of the plasma membrane around the material followed by vesicle formation.
This vesicle is pinched off. This vesicle travels within the cell before releasing the cargo

to the targeted compartments or are sent towards the process of degradation as
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lysosomes. There are different types of endocytosis pathways occurring at the cell
surfaces for the transport of NPs namely, clathrin-, caveolae- and macropinocytosis-
mediated [217,219].

Clathrin-mediated endocytosis is the most commonly observed endocytosis pathway in
cells. The protein clathrin binds onto the pits to form a clathrin coated vesicle. Receptor
mediated endocytosis occurs using this endocytosis pathway. NPs that attach to receptors
on the cell surface trigger clathrin-mediated endocytosis, which are further taken up during
vesicle formation. The endosomes containing NPs are further transported for degradation
by fusion into lysosomes that contain hydrolytic enzymes. These degradation processes
inside the lysosomes makes the process of using NPs targeting molecules challenging for
biomedical applications. Additionally, it is also important to elucidate the endocytosis
pathway used by the cells to ingest the NPs into the cells. To understand this process, it
is necessary to use commercially available endocytosis inhibitors to inhibit such pathways

and gain knowledge of the cellular processes for NP entry [217].

In this thesis, two different commercial endocytosis inhibitors were used to identify the
potential uptake pathways that are triggered by our synthetic NPs. NIH 3T3 cells were
incubated in the presence of hypertonic medium containing highly concentrated sucrose
(0.45 M, Sigma Aldrich, Sigma Aldrich, Germany, lot number 1076511000), nystatin (10
MM, Sigma Aldrich, lot number 020M13491) or wortmannin (300 nM, Sigma Aldrich,
Germany, lot number 023M4072) in combination with the NPs for 1 h, 6 h or 24 h,
respectively. To prevent effective endocytosis, cells were incubated at 4°C for 1 h, 6 h and
24 h in the absence or presence of NPs. Following incubation, cells were fluorescently
stained and imaged as described in 3.4.1. As control, cells were analyzed in the absence

of endocytosis inhibitors at all the respective time points.

3.44 Membrane integrity measurement

Cellular toxicity assessment is vital factor to be taken into consideration while performing
invitro studies using NPs. Such colloidal systems interact with cells and alter the normal

cellular processes and one of them being affecting cellular viability. Toxicity studies are
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important to derive conclusions of the effects of the particles on cells and to rule out
possibilities of effects occurring due to cellular toxicity such as membrane damages.
Effects of such particles on viability of the cells can be assessed using several tools that
measure cell membrane integrity. Effects such as reduced metabolic activity, the
presence of cytosolic enzyme LDH in the extracellular fluid, membrane impermeable
dyes, such as trypan blue or Pl that enter cells further staining intracellular components
due to compromised cell membrane integrity are indicators of cellular toxicity [269]. Many
live-cell and dead-cell protease markers have also been designed that stain live and dead
cells based on membrane integrity [268]. Two such methods have been used in this thesis
to measure NP induced cell toxicity including LDH quantification and reduction of

metabolic activity using the water-soluble tetrazolium salt (WST-1) assay.

3.4.41 Lactate dehydrogenase quantification

As a part of the cell viability analysis, membrane integrity of the cells was measured. An
intact membrane indicates a healthy cell. Damages to this membrane would result in the
displacement of some of the cellular constituents. One such constituent is the cytosolic
enzyme lactate dehydrogenase (LDH). The presence of LDH in the extracellular
environment is one of the first indicators of damage to the cellular membrane and reduced
cell viability. The leakage of LDH was assessed by quantification of LDH in the
extracellular liquid as well as the cellular LDH to determine the totality of LDH present in
the cell. Comparisons were made to an ideal setup, where the natural conditions were
maintained, and no foreign materials were exposed to the cells. the LDH quantification
and in turn cell toxicity is dependent on the type of cells used, concentration of the particles
and the time of exposure of the particles [280,281].

LDH quantification proceeds by catalyzing the enzymatic conversion of lactate to pyruvate
coupled with the reduction of nicotinamide adenine dinucleotide (NAD*) to NADH.
Diaphorase, a part of the quantification kit, further uses NADH to reduce the tetrazolium
salt (INT) to formazan. The red colored formazan can be quantified colorimetrically at 490

nm. LDH amounts can be proportionally correlated to the amount of formazan quantified
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using this assay. The chemical reaction of this assay has been depicted in the figure below
(figure 3-9).

Damaged cells

\\

/ / \\ Pyruvate NADH

\\ }} X diaphorase
/ . Lactate NAD* Formazan

Figure 3-9: Cell viability measurement using the LDH assay. Membrane integrity measurements using

\

4

quantification of LDH enzyme secreted due to holes created in the membrane as an effect of cytotoxicity.
Final product, Formazan, was quantified colorimetrically at 490 nm. The figure has been adapted from the

data sheet provided by the manufacturer (Thermo Fisher Scientific GmbH, Germany).

In this thesis, intra- and extracellular quantities of LDH were quantified in the absence and
presence of the NP dispersions using the Pierce assay (Thermo Scientific, Germany, lot
number OL17881450). For the quantification of extracellular LDH released by damaged
cells due to the loss of membrane integrity, the media was collected after incubation of
the cells with the NPs and centrifuged at 10,000 g for 3 min to remove any dispersed NPs.
The quantification of released LDH was performed following supplier instructions using 50
ML of cell culture medium. To obtain the intracellular LDH concentration, cells were
detached from cell culture plates by trypsin-EDTA treatment and centrifuged at 600 x g
for 10 min to harvest the cells. Afterwards, cell lysis was performed using lysis solution (1
% vlv Triton X-100 in 0.9% w/v NaCl in water). The suspension was mixed by pipetting
several times to obtain a clear solution and 50 pl of the cell lysate was used for the LDH
assay. After incubation for 30 min in the dark, the absorbance of the samples after addition
of 50 pl of the assay solution was analyzed at 490 nm along with a reference measurement
at 680 nm using the Multiscan GO spectrophotometer. Cells incubated in DMEM+FCS
(10%) and AB/AM (1%) were used as minimum LDH activity control (100% cell viability)
and cells incubated with 2 % v/v Triton X-100 in 1 mM PBS buffer were used as maximum

95



|Chapter 3- Experimental section

LDH activity control (0% cell viability). The amount of LDH was normalized to the total

LDH concentration (extracellular LDH + intracellular LDH).

3.4.4.2 WST-1 assay

Similar to LDH quantification, the WST-1 assay is based on the colorimetric method for
quantification of cell growth, proliferation and cell toxicity. The assay kit used in this
method includes the water-soluble tetrazolium (4-[3-(4-lodophenyl)-2-(4-nitro-phenyl)-2H-
5-tetrazolio]-1,3-benzene sulfonate (WST-1), which in turn converted into formazan, a
colored soluble product. This product is quantified using a spectrometer at 440 nm with a
background measurement at 600 nm. Cell toxicity studies are performed using salts such
as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and WST-1. NADH
occurring inside the cells acts as an electron acceptor for the reduction of the MTT salt,
an indicator of metabolically active cells. The second generation tetrazolium salt WST-1
[269], unlike MTT, is a negatively charged salt, which makes it membrane impermeable
[282]. Hence the reaction predominantly proceeds at the surface of the cells. Being unable
to penetrate the cells, this salt also requires an intermediate electron acceptor for the
reduction reaction that can transfer the electrons from the cytoplasm to the cell surface to
form the colored formazan product. NADH is oxidized to NAD* yielding the electrons that
are accepted by phenazine methyl sulphate (PMS), also a part of the reaction solution.
The reduced PMS product leaves the cells to further convert the WST-1 to formazan. This
reaction is catalyzed by the mitochondrial succinate-tetrazolium reductase system, which
is associated with the enzyme mitochondrial dehydrogenase. This enzyme is present in
metabolically active cells. Increasing amounts of formazan correspond to the increase in
cell proliferation where active cells have actively increasing amounts of dehydrogenase
enzyme. The reaction using the WST-1 for quantification of cell viability has been shown

in figure 3-10.
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Figure 3-10: Conversion of WST-1 salt to formazan. WST-1 is slightly red in color and the final product,
formazan which is dark red in color, is photometrically quantified at 440 nm. EC is the electron coupling
agent such as PMS and the reaction in the cytoplasm is catalyzed by the mitochondrial succinate-
tetrazolium-reductase system (RS). Figure has been adapted from the datasheet provided by the kit

manufacturer (Merck Millipore, Germany).

In order to determine whether the synthesized NPs and/or the endocytosis inhibitors
affected cell viability, a colorimetric WST-1 cell proliferation assay was performed as
described in refs [129,283]. In brief, 100 pl of WST-1 (Roche Diagnostics GmbH,
Germany, product number 14310100) cell proliferation reagent was added to the cell
culture wells and incubated for 1 h at 37 °C, 10% CO2 and 95% RH. The medium
containing the WST-1 proliferation reagent was then collected from the wells and
centrifuged at 10,000 g for 5 min to remove the NPs. The cells attached to the bottom of
the cell culture plates were trypsinized using trypsin-EDTA solution and centrifuged at
1000 g to collect the cells. Formazan, which is a product of the enzymatic conversion of
tetrazolium within living cells, was quantified by measuring adsorption at 450 nm using
the Multiscan GO spectrophotometer (Thermo Scientific, Finland). DMEM+FCS (10%) +
AB/AM (1%) which has not been in contact with cells was incubated with the WST-1

reagent and used as a background signal control.
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Chapter 4

Nanoscale Janus
particles with dual

protein functionalization

This chapter of the thesis has been adapted from the following publication with permission
from Wiley :
Kadam.R, Zilli.M, Maas.M and Rezwan.K. ,Nanoscale Janus particles with dual protein

functionalization Particle and Particle systems characterization, 2018, 35, 1700332
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4. Nanoscale Janus particles with dual
protein functionalization

In this thesis, we designed a general approach for the preparation of nanoscale (below
100 nm) Janus particles with dual protein functionalization to establish a platform for the
synthesis of such particles with a wide variety of proteins. Specifically, we chose proteins
that could be easily visualized in TEM in order to straightforwardly elucidate success and
limitations of our approach. To this end, we synthesized biofunctionalized Janus particles
by combining and extending several well-known techniques. We used 80 nm SiNPs
modified with 3-azidopropyltriethoxysilane (azidosilane) surface to prepare Pickering
emulsions using molten wax as the droplet phase. The presence of the azide groups on
the SiNPs enables the subsequent use of click chemistry. The azide functionalized SiNPs
on the Pickering emulsion droplets were further subjected to face-selective silanization
with biotin- PEG ethoxy silane. Afterwards, we grafted ferritin on the azide-functionalized
side via a click reaction and the biotin groups were conjugated with streptavidin, which
was labeled with ultra-small gold NPs. Ferritin, which contains an iron oxide core, and
gold-labeled streptavidin were primarily selected for their visibility in transmission electron
microscopy and can in principle be substituted by many other proteins via click chemistry
on one side and by using biotin-conjugated proteins to bind to streptavidin on the other
side. To prove the existence of Janus particles in a quantifiable way, we performed a full
colloidal characterization of the particles including quantification of the surface groups,
dynamic light scattering (DLS) and TEM. Since DLS does not provide information on the
distribution of proteins on the particle surface and the statistics of TEM analysis are
generally poor, we also characterized the collective behavior of the Janus NPs in
dispersion by investigating the viscoelastic properties of thin films of particles adsorbed at
the air/water interface. All measurements were repeated for 150 nm silica particles to

confirm the general applicability of the method.
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4.1 Results and Discussion

4.1.1 Preparation of azidosilane-functionalized
particles

For the preparation of Janus NPs with protein immobilization on face-separated halves of
the particle surface, commercially purchased SiNPs (FiberOptic Center, USA, product
number SIOP010-01-100G) of the size 80 nm and 150 nm were used. The first step of
our preparation strategy is the functionalization of SiNPs with an azidosilane using an
established sol-gel coating method.[136] BET measurements to calculate the SSA of 80
nm and 150 nm SiNPs was observed to be 2.83x 10'® nm?/mg and 1.509 x 10'® nm?/mg

particles.

The particle size before functionalization is 80 nm + 20 nm with fairly low polydispersity
(PDI = 0.15). After functionalization, the size of the particles is 90 nm £ 10 nm, and some
agglomerates can be observed (PDI = 0.26). The success of surface functionalization can
be mainly assessed via a change in ZP of the NP surface; here, the presence of azide
groups on the surface of SiNPs (R-N=N*=N-) should neutralize the surface potential.
Immobilization of azide groups on 80 nm SiNPs yielded a net negative charge of -25 £ 2
mV, which is moderately less negative compared to the non-functionalized particles (-37
+ 3 mV). The moderate change in ZP indicates that most of the SiNP surface is still
covered by OH~ groups, which is also indicated by the quantitative analysis of surface
groups (Figure 4-4 and 4-5). Figure 4-1 A and B show representative TEM micrographs
of the azide-SiNPs. See Table 4-1 for an overview of the prepared particles and their
sizes, polydispersity and ZPs. An overview of the Janus particle synthesis is shown in

chapter 3 (figure 3-1).

4.1.2 Preparation of wax-water Pickering emulsions

In the next step, the azide-functionalized particles were adsorbed at the surfaces of
emulsion droplets of molten wax at 80°C using the method first described by Granick et

al. [16] Adsorption proceeds via the well-known Ramsden-Pickering effect [92] that leads
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to a decrease in surface free energy upon adsorption of particles at the liquid-liquid droplet

interface, but only if the particles are able to be wetted by both liquid phases.

Figure 4-1: A and B. TEM micrographs of the prepared azidosilane-functionalized NPs. C. SEM micrograph
of wax-water Pickering emulsion stabilized by azide particles and the surfactant CTAB. D. Close-up view of

a wax core stabilized with monolayer of azidosilane-functionalized particles.

In order to realize adsorption of the highly hydrophilic silica particles, they were coated
with the positively charged surfactant CTAB to increase their hydrophobicity.[16,17] Due
to the high surface area of the nanoscale particles, the surfactant concentration in the
silica/wax/water dispersion had to be significantly increased compared to the original
protocol, directly proportional to the actual surface area of the particles. After cooling of
the emulsion to RT, and with that solidifying of the Pickering emulsion droplets, the NP-

covered wax microparticles have been analyzed via SEM (Figure 4-1 C and D).

The wax microspheres showed sizes between 10 to 60 um with an irregular monolayer of
azide-SiNPs on the surface that was able to withstand the filtration and washing steps that
were necessary to remove excess surfactant. Since this method easily allows the
production of these microparticles in gram quantities, it is a scalable approach for the

production of Janus particles.

By firmly adsorbing at the wax droplet surfaces, the NPs are partially masked against
functionalization from the wax phase which allowed the modification of the water-facing
surface using biotin-PEG silane, again via a simple sol-gel coating procedure in ethanol

at ambient temperature. Here, an excess of the biotin-PEG silane ensured that an
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adequate amount of biotin groups covered the exposed azide functionalized particle

surface.

Figure 4-2: A. SEM micrograph of wax-in-water Pickering emulsion droplets stabilized by azide particles
and the surfactant CTAB after functionalization with biotin-PEG silane. B. Close-up view of a wax-core

coated with azidosilane-functionalized particles.

Since this ethanol-based method might cause harm to the wax microparticles, we again
investigated the morphology of the wax spheres using SEM after the modification of the
spheres with biotin-PEG silane (Figure 4-2).

After sol-gel coating, the wax spheres tend to shed some SiNPs from their surface,
however, a majority of the particles remained, ensuring the success of the
functionalization of the water-exposed SiNP face with biotin end groups. The partial
dissolving of wax in some areas during the reaction and, subsequently, several washing
steps to wash off any residual silane molecules, might be the reason for the loss of the

SiNPs from the wax droplet surfaces.

We already optimized this coating method for maintaining the integrity of the NP-covered
wax microspheres. Experiments with methanol, toluene, longer reaction times and slightly

elevated reaction temperatures proved unsuccessful (data not shown). Wax microspheres
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prepared with other organic solvents such as methanol, toluene did not sustain the
experimental conditions and hence after SEM analysis yielded either deformed or melted
wax spheres with no NPs on their surfaces respectively. Varied temperature and elevated

temperature conditions also contributed to the deterioration of the microsphere shape.

After side-selective functionalization of the SiNPs with biotin-PEG silane, cyclohexane
was used to dissolve the wax cores and hence to release the SiNPs with azide and biotin
end groups on their respective sides. After wax removal, these Janus SiNPs were
observed to be less negatively charged (-11.3 £ 2 mV) compared to the homogeneously
azidosilane-functionalized SiNPs. This trend was also confirmed with fully (non-Janus)
biotin-functionalized 80 nm particles (-4.4 + 0.5 mV). Due to their low zeta-potential, the
Janus particles were only slightly agglomerated (92 £ 15 nm, PDI 0.22) which was also

observed in case of the 150 nm Janus NPs (Table 4-2).
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Table 4-1: Size and ZP analysis of the 80 nm SiNPs after the applied functionalization steps.

Functionalization of the respective hemispheres is marked by a dash.

NP surface NP Zeta potential Size PDI
functionalization type (mV) average
(d.nm)

Unfunctionalized -37.3+3 80 + 20 0.15
Azidosilane (control) -25.2+2 90£10 0.26
Biotin-PEG silane (control) -44+05 160 =+ 6 0.14
Janus azidosilane / biotin-PEG -11.3+2 92+15 0.22
silane

Azidosilane — ferritin (control) -27.3+5 165 + 25 0.33
Biotin-PEG silane — streptavidin +18.1+6 80 + 25 0.25

(control)

Janus azidosilane — ferritin / -17.1+5.5 145 + 68 0.15

biotin-PEG silane

Janus azidosilane / biotin-PEG +7.6+2.3 96 + 50 0.18
silane — streptavidin
0 4
Q@ un £
Janus azidosilane - ferritin / & ¢ , +18.316 156 + 20 0.21
biotin-PEG silane — streptavidin =~ ¢ % =
0 =
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Table 4-2: Size and ZP analysis of the 150 nm SiNPs after the various functionalization steps.

Functionalization of the respective hemispheres is marked by a dash.

NP surface NP type Zeta potential Size PDI
functionalization (mV) average
(d.nm)

Unfunctionalized -33.2+3 150 + 20 0.21

Azidosilane (control) -23.5+6 152 + 52 0.40

Biotin-PEG silane (control) 2167 160 + 46 0.32
Janus azidosilane / biotin-PEG -6.7+24 155+7 0.21
silane
+15.5+7 3107 0.23

Azidosilane — ferritin (control)
Biotin-PEG silane — streptavidin -7.8+6.1 160 + 20 0.19
(control)

o,
Janus azidosilane - ferritin / ::_i; ‘ - -11.4 + 8.6 300 +48 0.16
biotin-PEG silane 9% N

%

Janus azidosilane / biotin-PEG +10.4 +4.7 165 + 21 0.15

silane — streptavidin

Janus azidosilane - ferritin /  jee ., +29.7+ 4 310+ 50 0.25
biotin-PEG silane — streptavidin =~ o ¢ *_
% ° '13'%
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The number of biotin and azide surface groups were quantified using the Fluoreporter®
biotin quantification kit and the fluorescence of DBCO-Cy3, respectively. We attained a
much higher number of biotin groups on the SiNPs compared to the number of azide
groups (Figure 4-3 and 4-4). An analysis of the azide groups using the DBCO-Cy3
fluorometric analysis yielded only 8.03 + 2.3 groups per fully azide-coated 80 nm SiNP
(Figure 4-4). An average of 63.6 + 7.3 azide groups were found on each fully azide-coated
150 nm SiNP (Figure 4-4). Comparatively, 80 nm and 150 nm Janus particles with an
azide-coated hemisphere presented only 6.02 + 4.5 and 21.2 + 0.3 azide groups per SiNP,
respectively. This difference between the 80 and 150 nm particles correlates directly to
the surface area ratio based on the two particle diameters of 3.5. The surprisingly low
number of azide groups still provides sufficient moieties for the subsequent click reaction
as described below and are also reflected in the minor change in ZP as discussed above,
as well as in the patchy binding with ferritin as shown below. Using the Fluoreporter®
Biotin quantification kit, an average of 6430 + 44 biotin groups on fully biotin-functionalized

80 nm SiNPs and of 2009 + 12 groups per 80 nm Janus SiNP were found (Figure 4-3).

Ly A 803 groups/SiNP Ly

0.00040 4 0.35
6.02 groups/SiNP

B 6430 groups/SiNP

0.00035 0304 1

o o~
E 000030 £
Bl | 2 0.25
£ 0.00025 - g
B | 2 0.20
= 000020 =
5 0.00015 ] g 015
B ] = 2009 groups/SiNP
L 0.00010- 5 0104
7

0.00005 0.05

ontrol) . pEG silane

Figure 4-3: Number of biotin and azide functional groups per square nanometer on the surface of 80 nm
NPs. The number of available and azide and biotin groups on the SiNPs were determined using the
fluorescence of DBCO-Cy3 and the Fluoreporter® Biotin quantification kit, respectively. The numbers on
the dark black and shaded bars represent the number of biotin (A) and azide groups (B) per SiNP. The fully
coated SiNPs (first bar), were compared to the half-functionalized Janus azidosilane-biotin PEG silane NPs

(second bar).
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A similar evaluation of the 150 nm fully and half biotin-functionalized Janus particles
yielded 28260 + 25 and 8478 + 53 groups, respectively (Figure 4-4) which again closely
represents the surface area ratio between these two particles. The high numbers of biotin
moieties on the silica surface represent roughly 0.3 functional groups per surface area,

which shows that the surface is densely covered with biotin groups.

1 A 63.6 groups/SiNP "1 B 28260 groups/SiNp
0.0010
1 0.40 T
0.354
~_ 0.0008 %
E E 0.304
(2] 7]
g‘ 0.0006 -| 5 0251
E’ _E.’ 0.20 4
© 21.2 groups/SiNP s )
5 000044 S 0151 8478 groups/SiNP
‘g é 0.10
T 0.0002 b
0.05]
i 0.00 - :
0.0000 - (Cor\tro\) . PEG silane ortrh) o siane
paidos® jaosiane / bioti® {in-PEG S12"° “ jlane | piotin-PE
Z\ Bioun- 1dosS\
Janus @ az!

Janus

Figure 4-4: Number of biotin and azide functional groups per square nanometer on the surface of 150 nm
NPs. The number of available and azide and biotin groups on the SiNPs were determined using the
fluorescence of DBCO-Cy3 and the Fluoreporter® Biotin quantification kit, respectively. The numbers on
the dark black and shaded bars represent the number of azide (A) and biotin groups (B) per SiNP. The fully

coated SiNPs (first bar), were compared to the half-functionalized Janus azidosilane-biotin PEG silane NPs
(second bar).

41.3 Preparation of Dual Biofunctional Janus NPs

The functionalization strategy with azide and biotin groups on the respective sides of the
SiNPs enables orthogonal binding of proteins in further reaction steps. This we
demonstrate with the model proteins ferritin and streptavidin. The azide groups can be
utilized for the azide-acetylene cycloaddition click reaction, [284] which is able to link
proteins that are modified with an acetylene group. Here, we used acetylene-modified
ferritin, which, owing to its iron-containing core, can be efficiently visualized using TEM.
The protein immobilization strategy, which is compatible with proteins and avoids the use
of harsh chemicals, is performed in 10 mM MES buffer (pH 6.1) at RT. The isoelectric

point of ferritin of 5.5 imparts a slight negative charge to the non-Janus SiNPs after
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functionalization at the buffer pH of 6.1, which was confirmed by ZP measurements (-27.3
+ 5 mV) (see Table 4-1). Similarly, ferritin functionalization on the azide/biotin-PEG Janus
particles restores the negative charge of the non-protein origin of the patches is most likely
the low surface density of azide groups as discussed above. Non-covalent adsorption of
ferritin was ruled out by control experiments in the absence of the copper catalyst for the
click reaction. Uncontrolled protein adsorption onto NPs, the well-known protein corona
effect, can be attributed to the clustered iron cores that can be observed on all ferritin-
conjugated particles (Figure 4-5 A-C, G-l and Figure 4-6 A-C, G-I). In solution, ferritin is
only slightly negatively charged (-1.62 + 0.2 mV), which might further contribute to
agglomeration between the protein molecules. functionalized SiNPs from -11.3 + 2 mV to
-17 £ 5 mV. TEM analysis shows the presence of agglomerated ferritin patches on the 80
nm control particles (full azide functionalization, Figure 4-7 A-B) as well as on the Janus
particles (Figure 4-6 A-C).
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Figure 4-5: TEM micrographs of the prepared 80 nm Janus particles functionalized with azidosilane on one
side and biotin-PEG silane on the other side. The rows show the different combinations of protein
conjugation: (A-C) and conjugated only with ferritin, (D-F) only streptavidin (G-I) and both proteins. Column
A, D, G shows overview images, while the remaining images show close-ups of individual, representative

particles. The scale bars in A-C apply to each image in the respective columns.

The other hemisphere of the Janus particle was biofunctionalized with biotin-PEG silane,
which was chosen to avoid unspecific interaction with proteins due to the PEG backbone
and to ensure face-selective protein attachment via the highly specific biotin-streptavidin
moiety. We used as-purchased streptavidin molecules that were conjugated to 10 nm gold
particles to again ensure visibility in TEM and a good contrast to the iron oxide cores of

ferritin.
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Figure 4-6: TEM micrographs of the prepared 150 nm Janus particles functionalized with azidosilane on
one side and biotin-PEG silane on the other side. The rows show the different combinations of protein
conjugation: (A-C) and conjugated only with ferritin, (D-F) only streptavidin (G-I) and both proteins. Column
A, D, G shows overview images, while the remaining images show close-ups of individual, representative

particles. The scale bars are indicated for the respective images.

Functionalization with streptavidin was performed in 10 mM MES buffer and was first
tested for the non-Janus particles with full biotin-PEG coating (Figure 4-7 C,D). These fully
biotin-PEG coated 80 nm particles had a positive net charge after streptavidin
functionalization (+18.6 + 6 mV, -4.4 + 0.5 mV before coating). On the Janus particles,
side-specific functionalization with streptavidin could be observed, as well (Figure 4-6, D-

F). As expected for only half a coating, the ZP is lower (+7.6 £ 2.3), while size and PDI
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remain stable, which indicates a stable dispersion. The 150 nm particles which were

biofunctionalized in the same way as described here closely follow the same trends (see

Table 4-2, Figure 4-6).

100 nm

500 nm 50 nm

Figure 4-7: TEM micrographs of the prepared 80 nm monofunctional SiNPs (controls). A, C. Overview TEM
micrographs of SiNPs monofunctionalized with azidosilane (A) or biotin PEG silane (C) respectively
functionalized with azide functionality on one side and a biotin end group on the other. Size bars are
indicated in the figure above. B, D. Close up of particles with respective protein functionalized on either of

the silanes. These images indicate the success of the functionalization protocols for the preparation of the

Janus particles.
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Finally, Janus particles with dual protein faces were successfully prepared and the clear
segregation of the ferritin and streptavidin sides is evident from the differences in iron and
gold contrasts in the TEM micrographs (Figure 4-5 and Figure 4-6, G-I). Note, however,
that the functionalization is not completely homogeneous which is most likely a result of a
varying immersion of the particles in the wax surface as well as multilayer formation on
some parts of the wax surface. The dual biofunctionalized particles maintain their colloidal
stability with only minor changes in PDI and some dimerization. The success rate of this
face-wise two-step protein functionalization was determined by counting the number of
Janus particles in the TEM micrographs of the samples with dual biofunctionalization. We
observed that 24 % of the 80 nm SiNPs were successfully coated with bifacially separated
proteins, while 60 % were Janus particles with only one protein and only 8 % did not show
any Janus aspect. The remaining particles were Janus particles with either ferritin or
streptavidin coatings on one side (Table 4-3). In case of the 150 nm biofunctionalized
Janus particles the success rate for dual biofunctionalization was 28 %, as summarized
in Table 4-4.

Table 4-3: Success rate of protein functionalization of the 80 nm Janus particles. 50 random particles in
each sample from three separate samples were examined and counted manually using TEM to assess the

success of the preparation technique.

Name Number %

Janus azidosilane — ferritin / biotin-PEG silane — 12+ 6 24 + 12

streptavidin

Janus azidosilane/biotin-PEG silane — streptavidin 10 + 3 20+ 6
Janus azidosilane — ferritin/biotin-PEG silane 20+ 4 40+ 8
Not biofunctionalized 8+1 16+ 2

Along with the mentioned irregularities of the wax spheres, moderate agglomeration of
the particles prior to protein immobilization may influence the functionalization and hence
may cause the lowering of the reported success rates. However, the observed
dimerization (DLS sizes around 160 nm for 80 nm particles) is not necessarily connected
to the Janus properties of the particles, as it was also observed in some of the

homogeneously functionalized controls (see Table 4-1). Additionally, some complications
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might arise as a result of incomplete dissolution of the wax causing particles to be trapped
in residual wax, which might also prevent proper redispersion of the NPs. This aspect
might necessitate further process optimization in regard to the envisioned biological

applications of these Janus particles [136].

Table 4-4: Success rate of protein functionalization of the 150 nm Janus particles. 50 random particles in
each sample from three separate samples were examined and counted manually using TEM to assess the

success of the preparation technique.

Name Number %

Janus azidosilane — ferritin / biotin-PEG silane — 14 + 2 28 +4

streptavidin

Janus azidosilane/biotin-PEG silane — streptavidin = 12+ 3 24+6
Janus azidosilane — ferritin/biotin-PEG silane 18 £ 2 36+4
Not biofunctionalized 61 12+2

414 Pendant drop tensiometry

In order to characterize the collective behavior of the Janus particle dispersions, pendant
drop tensiometry was used to measure the interfacial tension of the various Janus NPs
over periods of several hours at the air/MES-buffer interface (Figure 4-8 A). Additionally,
the interfacial dilatational rheology of the droplet interface was characterized by oscillating
the droplet volume and recording the complex two-dimensional elasticity of the surface
(Figure 4-8 B). The number of particles chosen for the analysis was maintained at 10
mg/ml, which is more than sufficient for populating the full droplet surface [25]. The
aqueous MES buffer showed a surface tension of 69 mN/m which was not significantly
changed by the presence of unfunctionalized (black) and non-biofunctionalized Janus
SiNPs (green), indicating that the highly hydrophilic SiNPs themselves are not surface
active [285,286]. The freely dissolved proteins ferritin and gold-conjugated streptavidin
were highly surface active (Figure 4-8 A), as is well documented for various other proteins
[287]. Here, ferritin seems to have slightly a slightly stronger effect when compared to
streptavidin-gold. They both form highly elastic interfacial films (Figure 4-8 B) as is

evidenced by the high two-dimensional storage modulus E’, which again has a typical
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value for proteins [287]. Based on the surface activity of the conjugated proteins, the

protein-coated particles are all observed to decrease interfacial tension.
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Figure 4-8: Interfacial tension and elastic storage modulus vs time using a pendant drop tensiometer for
the 80 nm SiNPs. 0.1 M MES buffer was used as the drop phase. A. Average interfacial tensions recorded

at the air-water interface. B. The two-dimensional storage module E’ of the droplet interface at a constant

frequency of 1/s and an amplitude (dA/A) of 1%.
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Accordingly, the fully protein coated SiNPs (pink and bright blue) are more surface active
compared to their half protein counterparts (green and red). Following the trend for the
free proteins (Figure 4-9), half and fully ferritin functionalized SiNPs show a stronger effect
compared to the streptavidin functionalized controls (Figure 4-8 A). This is also reflected
in the two-dimensional elastic modulus (Figure 4-8 B) and viscous modulus (Figure 4-10)
of the dilatational rheological measurements. The dual biofunctionalized Janus particles

(dark blue) are highly surface active compared to non-functionalized SiNPs (black).

1A O— ferritin 09 _u ferritin(E")
4 - O idi s x g
6 ] O~ streptavidin 1004 @ streptavidin(E') "
] “. % O ferritin(E") /\
| “ = " e " [ ] [ |
52 3 > streptavidin(E") [ ™ me ® "
L 80+ m " om W o W
- R o - R ANAY w
Q T [ / - . . g
\ / l\.. m |/ | | ll.:o o0 %ee ... o ®
_ Q = / . m [ L ]
Eswl 4 E mg g THE e )
2 b € 5 [P g
E 9 o S R o S5
~ 56 "o { , o°
w S w 40 mnee
1 Yo, (0
S0, 1 -
54 LLLA_., = o
08000 q
U’Jijr"":‘\.z{ e 20+ \
52 Do 000 104 L4 = A A B TWAY = "
Cong, 8OH. e FbBad o pota= W oS
Ooon , :ﬁrr;--- e Yo g’ A H Y boooRP 8
50 T T T T T T T T T T 1 T ‘ T T T T 1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
time (s) time (s)

Figure 4-9: Interfacial tension, elastic (storage) modulus and viscous (loss) modulus vs time using a
pendant drop tensiometer for the pure protein’s ferritin and gold-conjugated streptavidin with 0.1 M MES
buffer as the drop phase. A. Average interfacial tensions recorded at the air-buffer interface. B. The two-
dimensional storage and viscous moduli E’ and E” of the droplet interface at a constant frequency of 1/s
and amplitude dA/A of 1%.

While the interfacial tension of dual biofunctionalized Janus particles is comparable to that
of the half ferritin coated SiNPs (red) (Figure 4-8 A), the surface elasticity of the dual
biofunctionalized particles is the highest of all analyzed particles (Figure 4-8 B), showing
that the Janus aspect influences the collective behavior of the particles at the air/water

interface.
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Figure 4-10: Viscous modulus vs time using a pendant drop tensiometer for the above mentioned 80 nm
SiNPs. 0.1 M MES buffer was used as the drop phase. A.The two-dimensional viscous modulus E” of the

droplet interface at a constant frequency of 1/s and dA/A of 1%.

All measurements were repeated for 150 nm Janus SiNPs with comparable results
besides an even more strongly pronounced surface activity of the dual biofunctionalized

particles (Figure 4-11).
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Figure 4-11: Interfacial tension and elastic storage modulus vs time using a pendant drop tensiometer for
the 150 nm SiNPs. 10 mM MES buffer was used as the drop phase. A. Average interfacial tensions recorded
at the air-water interface. The two-dimensional storage modulus E’ (B) and viscous modulus E” (C) of the

droplet interface at a constant frequency of 1/s and an amplitude dA/A of 1 %.

4.2 Conclusion

In summary, our results suggest that the chosen approach is a versatile platform for the
face-selective immobilization of two different biomolecules on a single NP surface. This
scalable method yields Janus NPs in gram quantities. This method is compatible for
applications such as functionalization of biomolecules such as proteins with well-
established protein functionalization strategies at mild conditions. However, due to the
iterative process with some losses in specificity at every step, only adequate success
rates for functionalization with two proteins could be achieved. Still, the Janus particle
dispersion showed collective properties that clearly surpassed those of Janus particle
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dispersions with only one protein. These features will enable further studies on
interactions between Janus NPs and cells or other biological systems and could also be
utilized in biomedical applications that benefit from dual functionalities on separate sides
of a NP. [15,20]
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Chapter 5

Selective, agglomerate-free
separation of bacteria using
biofunctionalized,

magnetic Janus NPs

This chapter of the thesis has been adapted from the following publication with permission
from ACS:

Kadam.R, Maas.M and Rezwan.K. ,Selective, agglomerate-free separation of bacteria
using biofunctionalized, magnetic Janus NPs, ACS Applied Bio Materials, 2019, 8, 3528-
3531.
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5. Selective,agglomerate-free separation
of bacteria using biofunctionalized
magnetic Janus particles

This chapter includes the results of the preparation of Janus particles for magnetic
separation of one specific bacterial species from a mixture of bacteria with the added
feature of avoiding agglomeration between bacteria. This feature is only possible because
of the anisotropic nature of Janus particles. Specifically, we designed nano-sized
magnetite@SiO2 Janus NPs with bifunctional anisotropic properties. Antibodies against
one particular bacterial species were immobilized on one side of the NPs via biotin-
streptavidin conjugation while the other side was functionalized with PEG chains via
silanization, with the aim of passivating this side of the NP against agglomeration. To this
end, we functionalized 45 nm SiO2-coated magnetite NPs with streptavidin-conjugated
anti-E. coli antibody and with PEG-silane on opposing sides using the wax-in-water
Pickering emulsion method. For the bacterial capture and separation experiments we
used a mixture of E. coli and Staphylococcus simulans (S.simulans). The prepared Janus
particles were characterized with DLS, TEM and suitable assays to quantify the surface
functionalization. The bacterial capture system was analyzed via optical density
measurements for measuring capture efficiency, SEM to understand the specificity of the
NPs and fluorescence microscopy to study agglomeration of the bacterial suspensions,

along with assays for monitoring bacterial viability.

5.1 Results and Discussion

5.1.1 Preparation of azide-functionalized
magnetite@SiO2 NPs

The multistep approach for the preparation of the Janus NPs is illustrated in Figure 5-1.
The magnetite@SiO2 NPs were synthesized using existing protocols. The magnetite NPs
were prepared using the thermal decomposition method. [288] The size of the synthesized
magnetite particles was about 12 nm + 2 nm, as obtained by DLS measurements (Figure

5-1) and further confirmed by using TEM. VSM analysis of magnetite NPs showed
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superparamagnetic behavior with a saturation magnetization of 9 emu/g and an absence
of magnetization hysteresis (Figure 5-1). Magnetite NPs with a silica cover were prepared
according to the protocol described by Ding et. al. [257] The magnetite NPs were then
coated with a silica cover using TEOS by way of the reverse microemulsion using
cyclohexane (Sigma Aldrich, Germany, product number 227048) in the presence of
polyoxyethylene nonylphenylether (IGEPAL®CO-520, Sigma Aldrich, Germany, product
number 238643) and the sol-gel method. The prepared NPs are magnetically collected

and washed several times with ethanol (Sigma Aldrich, Germany, product number 32205-
M).
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Figure 5-1: (A) Magnetization of magnetite particles showed typical superparamagnetic behavior. (B) TEM
micrograph of the prepared magnetite particles. Magnetite NPs were prepared using the thermal
decomposition method. The as-prepared magnetite particles had a size of 12 £ 2 nm which was obtained

using DLS measurements.
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The size of the magnetite@SiO2 particles was 45.6 £ 2 nm which was again measured
using DLS (Figure 5-2 A and B and Figure 5-3) and confirmed by TEM. The PDI of the
DLS measurements was 0.15 = 0.05, which points to a fairly narrow size distribution of
the coated particles. The available SSA of the magnetite@SiOz2 particles determined using
BET was 4.96 x 10'® nm?/mg particles. VSM analysis of the coated particles showed that
silica-coated particles are superparamagnetic with a moderate saturation magnetization
of around 9 emu/g (Figure 5-2 C). The saturation magnetization of the uncoated iron oxide

particles was in the same range (Figure 5-1).
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Figure 5-2: TEM micrograph of the prepared magnetite@SiO2 particles. Magnetite NPs were prepared
using the thermal decomposition method and were further coated with silica using the reverse
microemulsion method. (A) The as-prepared magnetite@SiO2 particles had a hydrodynamic diameter of
45.6 £ 2 nm. (B) Close-up of the TEM micrograph of magnetite@SiO2. (C) Magnetization of magnetite@SiO2
showed typical superparamagnetic behavior.

The magnetite@SiOz particles were functionalized with azide groups using an azidosilane
[90,136]. Azide functionalization caused an increase in the hydrodynamic size of the

particles from 45.5 + 2 nm to 50.4 nm + 4.6 nm. A barely significant decrease in the
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negativity of the surface charge from -32 + 2.1 mV to -29.3 + 2.4 mV was recorded (Figure
5-3), indicating that only a very small amount of active zwitterionic azide groups are
present on the particle surface, which was comparable to the results summarized in

Chapter 4 [89] and was confirmed using the azide quantification assay.

Functionalization with azide was analyzed using the DBCO-Cy3 assay, which quantifies
the fluorescent dye Cy3, which selectively binds to azide groups. The number of azide
groups was further normalized to the particle surface area in nm?2, which is shown in Figure
5-3 C [89,136]. DBCO-Cy3 attachment to the unfunctionalized magnetite@SiO2 (0.18 +
0.06 groups/particle) was negligible compared to the fully azide-functionalized NPs (8.2 +
0.4 groups/particle). The rather low number of active azide groups/particle quantified in
this work was comparable to the values obtained in Chapter 4, to one of our published

works as well as to the work of LoGuidice et al.[89,136].
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Figure 5-3: Size and surface properties of magnetite@SiO2 before and after different functionalization in
PBS (A-B) Size and ZP overviews of the NPs with different surface functionalization was measured via DLS.
(C-D) Quantification of azide and biotin functional groups was done to confirm the success of the
modification steps. The number of functional groups per particle is specified above each bar. Labels on (C-
D) apply to (A-B) as well. The number of available azide and biotin groups on the particles was determined
using the fluorescence of DBCO-Cy3 and the Fluoreporter® Biotin quantification kit, respectively. The label

“native” represents unfunctionalized magnetite@SiO2 NPs.

5.1.2 Preparation of wax-in-water Pickering
emulsions

Since particles at liquid-liquid [27,96] or air-water interface [96] tend to undergo free

rotation, a solidifying oil phase, for example paraffin wax, is required for entrapping

particles at emulsion droplet interfaces, which enables Janus functionalization of the

exposed particle side [16]. In our case, the azide-functionalized NPs were deposited on
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the surface of molten wax droplets, followed by cooling and solidifying the droplets, using
the method established in our previous publication [89], which was adapted from the
approach by Granick et al.[16]. The azide-functionalized magnetite@SiO2 particles (ZP is
-29.3 mV) were hydrophobized with the water-soluble surfactant CTAB to facilitate
adsorption at the wax droplet surface. Compared to the original protocol, the surfactant
concentration was roughly proportional to the increased surface area exhibited by the
nanoscale particles [89]. In order to remove the excess of surfactant, which might interfere
with the upcoming functionalization steps, the particle-bearing solidified wax droplets were

washed several times with water.
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Figure 5-4: (A) SEM micrographs of wax Pickering emulsion droplets after several washing steps. These
wax Pickering emulsion droplets were covered with azide-functionalized magnetite@SiO: particles. Inset:
close-up of the NPs on the solid wax droplets.

These solid wax emulsions sustained the washing steps and the upcoming
functionalization steps, which was also analyzed by SEM (Figure 5-4). SEM micrographs
of particle bearing wax spheres show a size distribution of 500 nm to 50 um (Figure 5-5
A). An irregular distribution of monolayers of NPs was observed on the wax droplets
(Figure 5-5 A, inset) and the azide-functionalized magnetite@SiO2 remained partially
embedded in the wax surface [89]. Gram quantities of wax Pickering emulsion droplets
are produced using this method and hence can be used for large-scale preparation of

Janus NPs.
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Figure 5-5: (A) SEM micrographs of wax Pickering emulsion droplets prepared using azide-functionalized

magnetite@ SiO2 particles. Inset: close-up of the NPs on the solid wax droplets. (B) TEM micrographs of
the prepared Janus particles functionalized with PEG chains on one side and biotin groups on the other.
Inset: close up of the as-prepared Janus NPs. The presence of biotin is confirmed using 10 nm gold-labeled

streptavidin on one side (see Figure 5-6 for additional images).
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Figure 5-6: (A-G) TEM micrographs of the prepared Janus particles functionalized with PEG chains on one
side and biotin groups on the other. The presence of biotin is confirmed using 10 nm gold-labeled

streptavidin on one side. The scale bar shown in G applies to panels A-G.

51.3 Janus functionalization with PEG-silane

To prepare bifunctional Janus particles, solid wax emulsions were dispersed in ethanol
(10 mg/ml) and PEG-silane was added dropwise to the solution under continuous stirring.
After 2 h of incubation with the silane, minor loss of NPs was observed from the wax
particles (see Figure 5-4). A threefold excess of the silane concentration was used in order
to ensure the attachment of the PEG groups in a dense surface coating. After
functionalization with PEG groups, cyclohexane was used to dissolve the wax cores and
release the PEG/azide magnetite@ SiO2 NPs. DLS analysis of PEG/azide functionalized
NPs in PBS revealed a size of 90.1 £ 3 nm (PDI = 0.15) and a surface charge of -24.8 +
2.3 mV (Figure 5-3).
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After the preparation of the PEG/azide Janus NPs, the amount of azide groups quantified
was 4.6 + 0.15 groups/particle, which is approximately half of the quantified groups on the
fully azide-functionalized NPs (Figure 5-3). This also confirms the Janus feature imparted
using the partial masking by embedding in the surface of solid wax droplets.

PEG functionalization on NPs has been widely studied to improve targeting efficiencies of
NPs by reducing protein corona formation [58,111]. Polymer chains arising from
PEGylation on NPs precludes them from interacting with other NPs and components of
biological systems, particularly surface-active proteins. This renders such NPs less
vulnerable to agglomeration and strongly reduces their interactions with cell surfaces.
Therefore, PEG modification was analyzed by adsorption of the protein’s fluorescein-
isothiocyanate-modified BSA (FITC-BSA) and Ilysozyme. 10 mg/ml NPs of
unfunctionalized, non-Janus (PEG functionalized) and Janus (azide/PEG) were incubated
with 2 mg mI™' FITC-BSA for 1 h. After incubation of the NPs, the particles were washed
twice, and the amount of protein bound to the NPs (Figure 5-7 A, black bars) and of the
unbound protein (Figure 5-7 A, grey bars) were quantified photometrically. The amount of
BSA adsorbed on 10 mg of anionic, unfunctionalized magnetite@SiO: particles was 900
+ 100 nmol g of the respective NPs. Adsorption of FITC-BSA (isoelectric point = 4.5,
[289] slightly negatively charged at pH 6.2) was observed on negatively charged NPs,
which can be attributed to van-der Waals interactions, hydrophilic, hydrophobic, steric and
structural interactions along with electrostatic interactions [132,241]. Lowest protein
adsorption was recorded in case of non-Janus (full PEG) magnetite@SiO2, as expected.
In the case of the Az/PEG Janus NPs, the amount of adsorbed FITC-BSA was 600 + 50
nmol g', which was reduced compared to that of the unfunctionalized (900 + 100 nmol g-
) but was higher than that of the non-Janus (200 + 50 nmol g') PEGylated NPs.
Summation of adsorbed and supernatant concentrations of FITC-BSA amounts to the
initial concentration of FITC-BSA in all experiments (2000 nmol g'). Additionally, we
confirmed PEGylation by adsorbing the protein lysozyme (Figure 5-7 B). Lysozyme
exhibits an isoelectric point of 11 [232] and therefore is positively charged in PBS at pH
6.2. Consequently, it adsorbs on negatively charged magnetite @SiO2 due to electrostatic
interactions, which would be evidenced by the change in surface charge of the NPs. The
ZP of negatively charged unfunctionalized (-32 mV) and azide-functionalized (-29.3 mV)
magnetite@SiO2 changed to +10 + 8 mV and to +8 + 6.2 mV respectively. Hardly any
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alteration in the surface charge was observed in the case of non-Janus PEG
functionalized NPs, wherein the ZP values underwent a change from -24.4 + 4.7 to -22.5
+ 2.6 mV. Lysozyme adsorption resulted in a moderate change in the ZP of the Janus

NPs (Az/PEG) from -24.8 + 5 mV to -10 + 2 mV.
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Figure 5-7: Characterization of PEG modification on magnetite@SiO2 NPs before and after functionalization
with PEG. (A) Quantification of the amount of FITC-BSA adsorbed on the NPs after PEGylation. (B) ZP
changes were analyzed before and after adsorption of lysozyme to qualitatively analyze the success of

PEGylation on the respective NPs mentioned under the respective bars.
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514 Biotin functionalization

In order to attach the streptavidin-functionalized antibody for attaining selective E. coli
capture, the PEG/azide functionalized Janus particles were coupled with the linker
acetylene-(PEG)s-biotin via copper mediated click chemistry. After this functionalization
step, only a negligible amount of DBCO-Cy3 attached to PEG/azide-biotin NPs (0.22
groups/nm?), indicating that no unreacted azide groups remain on the surface of the NPs
(Figure 5-3 C).

The number of biotin groups obtained via the Fluoreporter assay showed a negligible
amount of biotin for all negative control measurements (native, full azide, full PEG and
PEG/azide functionalized NPs, Figure 5-3 D). An increase in the number of biotin groups
was observed after the linker was attached to yield PEG/azide-biotin Janus NPs 4.6 *
0.16 groups/particle), which closely corresponds to the number of azide groups on the
PEG/azide Janus particle surface, confirming the success of biotin functionalization. As
an additional control, we synthesized fully biotin-functionalized magnetite@SiO2 NPs,
which showed 8.2 + 0.18 groups/particle (Figure 5-8 D).

Attachment of biotin groups on PEG/azide-biotin magnetite@SiO2 caused a change in the
surface charge of PEG/azide NPs from -24.8 + 3.2 mV to -9.78 £ 4.1 mV alongside an
increase of size from 90.1 + 4.3 nm to 101 £ 10 nm (Figure 5-3 A, B) [89].

To visually confirm the functionality of the biotin groups towards streptavidin conjugation
on one hemisphere of the Janus particles, we incubated PEG/azide-biotin with gold-
conjugated streptavidin [290]. As shown in Figure 5-5 B (overview) and 5-5 C (close-up),
attachment of the streptavidin-gold on only one half of the NPs was observed (see Figure

5-6 for additional images).

5.1.5 Antibody conjugation for PEG/azide-biotin-
streptavidin-Ab Janus particles

The anti-E. coli antibody selected for this project specifically binds to the K antigen
expressed by serotype E. coli K12 [291]. After conjugating the anti-E. coli antibody with
streptavidin following the protocol provided by the suppliers, PEG/azide-biotin

functionalized NPs are functionalized with the antibody on the azide-biotin hemisphere of

130



|Chapter 5- Janus NPs for selective bacterial separation

the NP, leaving the PEG chains on the other side of the particle. Size and ZP analysis of
the PEG/azide-biotin-Ab-functionalized magnetite@SiO:2 yielded particles with a size of
104.3 + 6.8 nm (Figure 5-3 A) and ZP of -7.4 £ 4.2 mV (Figure 5-3 B). The particles are
colloidally stable despite the complex functionalities and multiple synthesis steps as
evidenced by a fairly low PDI of 0.15. As an additional control, we also synthesized non-
Janus anti-E. coli antibody-coated magnetite@SiO2 NPs with a size of 110.4 £ 5.7 nm

(Figure 5-8 A) and a ZP of +7.45 + 2.54 (Figure 5-8 B).
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Figure 5-8: Size and surface properties of magnetite@SiO2 after biotin and anti- E.coli antibody
functionalization. (A-B) Size and ZP overviews of the NPs with the different surface functionalization was
measured via DLS. (C-D) Quantification of azide and biotin functional groups was done to confirm the
success of the modification steps. The number of functional groups per particle is specified above each bar.
Labels on (C-D) apply to (A-B) as well. The number of available azide and biotin groups on the particles

was determined using the fluorescence of DBCO-Cy3 and the Fluoreporter® Biotin quantification Kit,
respectively.

131



|Chapter 5- Janus NPs for selective bacterial separation

5.1.6  Aggregation of bacteria

The above-described PEG/azide-biotin-streptavidin-Ab Janus particles were designed to
capture one specific type of bacterium (E. coli K12 in this case) from a mixture of bacterial
strains. To this end, the as-prepared particles were incubated with a 1:1 mixture of E. coli
and S. simulans as well as with both strains individually. In order to visualize the bacteria
with fluorescence microscopy, the cells were stained via the live/dead method. Green
fluorescence shows viable bacterial cells with intact membranes (Figure 5-9). Dead cells
(red fluorescence) were not observed in these experiments. The NPs were exposed to E.
coli, S. simulans or both for 1 h after which the live/dead staining procedure was carried
out during the period of another 15 min. Figure 5-9 A-C show E. coli, S. simulans and the
combination of both bacterial strains in the absence of NPs. In the presence of the anionic
unfunctionalized magnetite@SiO2 NPs, no bacterial agglomeration was observed in case
of either the individual bacteria or a combination of both (Figure 5-9 D-F). After incubation
of E. coli (Figure 5-9 G) and a mixture of E. coli and S. simulans (Figure 5-9 |) with NPs
fully functionalized with anti-E. coli antibody (non-Janus), clusters of bacteria were
observed. S. simulans alone in the presence of anti-E. coli antibody-coated
magnetite@SiO2 remained unaffected from the clustering effect, which shows the
specificity of the antibody functionalized NPs. The non-Janus antibody-functionalized
particles most likely form cell-NP-cell bridges leading to the formation of bacterial flocs.
As expected from our particle design, Janus functionalized PEG/azide-biotin-streptavidin-
Ab magnetite@SiO2 particles prevented agglomeration of E. coli cells in the presence
(Figure 5-9 L) or absence of S. simulans (Figure 5-9 J). S. simulans alone remained
unaffected by all types of NPs (Figure 5-9 B, E, H, K).
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Figure 5-9: Fluorescence microscopy graphs of E. coli and S. simulans cells without (A-C) or with (D-L) the
indicated NPs for 1 h. Live/dead fluorescence staining was used to distinguish between viable (green) and
dead (red) cells. The scale bar in L represents 100 ym and applies to all images. The label “native”
represents magnetite@SiO2 without any surface modification. Anti-E. coli Ab NPs indicate magnetite@SiO2
NPs that are fully functionalized with anti E. coli antibody (non-Janus), whereas PEG/azide-biotin-

streptavidin-Ab NPs indicate Janus NPs with the respective functionalities each side.

5.1.7 Bacteria capture efficiency

By placing a neodymium magnet (50.8x50.8x25.4mm, 10.5-12.0 kOe) below the well
plates with the bacteria/NP suspensions, the magnetic particles could be extracted with
varying amounts of bacteria captured by the particles (Figure 5-10 A, B). After magnetic
separation, residual and pellet concentrations of the bacteria were determined, and
capture efficiencies were calculated from this data (Figure 5-10 C). In order to determine

the amount of PEG/azide-biotin-streptavidin Ab-functionalized Janus NPs required to
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magnetically separate E. coli cells (ODsgs), we exposed 107 E. coli cells to increasing
concentrations of particles (1-500 pg/ml) (Figure 5-11) over a period of 24 h. An increase
in the capture efficiency was observed with increasing concentration of particles, until a
maximum of capture efficiency of 82 + 3 was recorded at 100 ug/ml which did not further
increase with higher particle concentrations. At the same time, 100 ug/ml of PEG/azide-
biotin-streptavidin-Ab functionalized Janus NPs were incubated with 107 E. coli cells/ml at
increasing time points ranging from 0-24h (Figure 5-12). Maximum bacterial capture
efficiency of 85 + 6 % was reached at 60 min. We measured the unspecific capture of 5 +
3 % bacterial cells using negatively charged unfunctionalized magnetite@SiO2. Capture
efficiency from the E. coli suspension increased to 80 + 5 % in the presence of PEG/azide-
biotin-streptavidin-Ab functionalized particles. Similarly, the non-Janus NPs showed
capture efficiencies 82 £ 9 % from pure E. coli. Capture efficiency as recorded by similar
publications with isotropic NPs have values ranging from 90-100 %,
[116,125,194,196,204,292] the slightly lower capture efficiency we measured is probably
caused by the lower saturation magnetization of the magnetic cores of the Janus NPs. In
the presence of S. simulans alone, all particles showed unspecific capture efficiencies
below 10 %.

The Janus NPs demonstrated a capture efficiency of 59 + 6 % from mixtures of E. coli and
S. simulans. Since only the optical density is measured, the test does not distinguish
between the different types of bacteria. With this bacterial mixture, the efficiency of the
fully anti-E. coli antibody-functionalized (non-Janus) NP was hardly different compared to
that of the Janus NPs with 58 £ 3 % (Figure 5-10 C, light grey bars). Here, the overall
capture efficiency is reduced because only 50% of the population of cells in the mixture is
E. coli which binds to the antibody-functionalized particles with high selectivity, as

established in the controls and in the agglomeration tests above.
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Figure 5-10: (A) Sketch of the experimental setup for the separation process using pure bacterial cultures
as well as mixtures of bacteria. (B) Sketch of the capturing and separation principle of the prepared Janus
NPs. (C) Capture efficiency was measured using optical density measurements (ODsgs). The label “native”
represents magnetite@SiO2 particles without any functionalization. Anti-E. coli Ab indicates particles that
are fully functionalized with anti-E. coli antibody (non-Janus), whereas PEG/azide-biotin-streptavidin-Ab
NPs indicate the Janus NPs.
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Figure 5-11: E. coli capture efficiency (%) measured after 1 h incubation of the 107 CFU/ml E. coli cells

T
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[

(ODsgs 0.1) with increasing concentrations of PEG/azide-biotin-streptavidin-Ab functionalized (Janus)
NPs(ug) in 1 ml of PBS buffer. Capture efficiency was measured using optical density measurements
(ODsgs). The data is expressed as % of the control (cells incubated without NPs). All data are expressed as

mean * SD of values obtained from three independent experiments.
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Figure 5-12: Magnetic capture efficiency of 107 CFU/ml E. coli cells (ODsgs 0.1) using 100 pg/ml
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increasing times, ranging from 0-24h. These data represent three independent data sets using three
different batches of NPs and are presented as mean + SD.

Using SEM analysis, we further confirmed the specificity of the Janus particles towards E.
coli cells. A 1:1 mixture of E. coli and S. simulans was incubated without (Figure 5-13 A-
B) and with Janus particles (Figure 5-13 C-D) in PBS buffer and the cells were later
deposited on a previously functionalized positively charged silica substrate to facilitate
bacteria attachment to the substrate surface. Bacteria specific adsorption of the Janus
particles, as depicted in Figure 5-13 D, showed the affinity of the Janus particles towards
E .coli cells only, as indicated by particles adhering in a rough layer at the surfaces of E.

coli (Figure 5-13 D). S. simulans remained free from NPs which is evident in the smooth

137



|Chapter 5- Janus NPs for selective bacterial separation

surface of the bacteria in the SEM micrographs which remains unchanged after exposure

to the particles.

Figure 5-13: (A, B) SEM micrographs of a mixture of E. coli and S. simulans incubated in the absence (A)
or presence of (B) PEG/azide-biotin-streptavidin-Ab-functionalized magnetite@SiO2 NPs (Janus) to
visualize selective attachment of NPs on the bacteria. (C,D) Close-up view of the E. coli and S. simulans.
(D) shows pseudo colored (orange) NPs selectively attached to the rod-shaped E. coli. The scale bars

shown represent 1 um.

5.1.8 Viability assessment

Viability analysis of E. coli and S. simulans after exposure to the unfunctionalized, Janus
and non-Janus NPs was performed using CFU counts and ATP quantification. To analyze
the viability of the bacteria during the capturing procedure, CFU were separately
determined from the supernatant and the pellet as obtained by magnetic separation as
above. The pellet separated by the magnet was resuspended in fresh PBS and further

spread on agar plates. CFU counts are made after 24 h of incubation at 37°C, based on
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the principle that each viable cell forms a colony, which is then termed as a CFU (Figure
5-14 A). After the analysis of the respective supernatants after magnetic separation, we
detected the remainder of the bacterial populations in the supernatant when normalized
to the starting concentration of bacterial cells, therefore indicating that bacterial viability
was not compromised after exposure to any of the tested NPs (Figure 5-14 B). The
capture efficiency quantified using CFU counts was generally comparable to the ODsgs
measurements (Figure 5-10 C), which indicates that all cells separated using such NPs
are viable. The clear exception were the non-Janus antibody-coated particles for which
CFU counts from the E. coli suspension of only 40 + 4% were observed which is
significantly lower than the ODsgs value for the bacterial capture of 85 £ 6 % shown in
Figure 10. In the presence of the mixed suspension of S. simulans and E. coli, the non-
Janus NPs (fully anti-E. coli-Ab functionalized) show similarly decreased CFU counts of
42 + 10 % compared to 58 = 3 % in the OD analysis. However, this apparent reduction in
viability was not observed in additional ATP tests with the Iluminescence assay
BacTiterGlo (Figure 5-15 A). Here, exposure of E. coli to the non-Janus antibody-coated
particles resulted in ATP levels of 82 + 6 % and 12 + 4 % at the pellet and supernatant,
respectively. Similarly, exposure of E .coli and S. simulans to non-Janus antibody-coated
particles yielded ATP levels of 60 £+ 5 % and 40 + 3% at the pellet and supernatant.
Otherwise, results of the ATP-based metabolic activity assay were consistent with the
CFU counts (Figure 5-14 A and B) as well as with the bacterial separation analysis via OD
(Figure 5-10 C).
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Figure 5-14: Viability of bacterial cells after exposure of 107 E. coli cells (ODsg50.1) to 100 ug/ml of native,
PEG/azide-biotin-streptavidin-Ab (Janus) and fully anti-E. coli Ab (non-Janus) functionalized NPs in PBS
buffer. After 1 h of magnetic capture, the cells captured as a pellet (A) and the remaining cells in the
supernatant (B) were plated on agar plates to count the CFU. The data is expressed as % of the control
(cells incubated without NPs). All data are expressed as mean + SD of values obtained from three

independent experiments.
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Figure 5-15: Viability of bacterial cells after exposure of 107 E. coli cells (ODsgs 0.1) to 10 pg of
unfunctionalized, PEG/Az-biotin-streptavidin-Ab (Janus) and fully anti-E.coli Ab (non-Janus) functionalized
NPs in PBS buffer. After 1 h of magnetic capture, the amount of ATP from the pellet (A) and the supernatant
(B) was quantified using the luminescence assay BacTiterGlo. The data is expressed as % of the control
(cells incubated without NPs). All data are expressed as mean + SD of values obtained from three

independent experiments.
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Most likely, the decrease in bacterial cell counts in the CFU tests can be correlated to
clustering of bacteria in the presence of the non-Janus antibody-coated particles, which
was also qualitatively observed using fluorescence microscopy (Figure 5-9) and which
leads to underestimation of cell counts with the CFU method [191,209,211]. CFU and ATP
quantifications performed using other particles such as azide, PEG/azide and PEG/azide-

biotin particles as controls showed that cell viability was not compromised. (Figure 5-16).

I ~.coli
. [N S.simulans
100 - = coli 1 [ E.coli+S.simulans
A I S.simulans 100 4
1 [ Ecoli+S.simulans
=4
804 2
5 g g
3 o
3 g
T 60+ ¢
o T 60
= S
c Es
= 404
g 0 £ 404
t g
@ z
20 4 7 20
T RN mmeltt] B
de 08 SO e e joue
& e eelai‘deb * pec® eetai\“em
? . ® I £ coli
100 = = C(_JI/ I S.simulans
C I S.simulans D [ E.coli+S.simulans
[ E.coli+S.simulans  ~ 100+
=
— [v}
= 80 i}
2 &
o T 804
g o
o
2 60 ?
< 604 o
= = 60
= ®
9 40 £
= — 404
: s
2
=
204 w
20 |
P e g e e (o0
el (a8 a1 Pl o
Pe! ?Ec,lﬁf- pEG\ o Eel'al"ﬁe

Figure 5-16: Viability of bacterial cells after exposure of 107 E. coli cells (ODsgs 0.1) to 10 ug of azide,
PEG/azide and PEG/azide-biotin functionalized NPs in PBS buffer. After 1 h of magnetic capture, the
amount of CFU from the pellet (A) as well as the supernatant (B) was measured using agar plate based
CFU counting method. ATP from the pellet (C) and the supernatant (D) was also quantified using the
luminescence assay BacTiterGlo. The data is expressed as % of the control (cells incubated without NPs).

All data are expressed as mean * SD of values obtained from three independent experiments.
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5.2 Conclusion

This thesis also presents the use of the wax-in-water Pickering emulsion method for the
preparation of Janus particles for highly selective, agglomerate-free bacterial separation.
The nanoscale magnetic Janus particles were half-coated with an antibody specifically
against E. coli and accordingly showed over 80 % capture efficiency with this bacterium,
which was comparable to that of NPs fully functionalized with the antibody. Moreover, the
prepared NPs did not compromise the viability of the captured bacteria. By design, the
Janus NPs possessed the capacity of carrying out bacterial capture without agglomeration
between the bacteria, thereby significantly improving bacterial separation procedures for
applications that require exact cell counts and precise separation of bacterial species.
Despite the seemingly complicated multi-step process, the functionalization strategy
based on simple and established methods can be easily scaled and adjusted according
to the application of choice. For example, by attaching other antibodies to the Janus NPs,
this method can be tailored for the separation of any bacteria of interest from biological

samples of varying complexity.
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Chapter 6

Janus NPs designed
for extended cell

surface attachment

This chapter of the thesis has been adapted from the following publication with permission
from RSC:

Kadam.R, Ghawali.J, Waespy.M, Maas.M and Rezwan.K., ,Janus NPs for extended cell
surface attachment” Nanoscale, 2020,12,18938-18949
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6. Janus NPs for extended cell surface
attachment

In this thesis, we used the findings for microscale Janus particles and introduced a
nanoscale Janus particle design, which features membrane anchoring phospholipids on
one hemisphere and a PEG stealth coating on the other. By creating such dual-
functionalized particles, we aimed to anchor the NPs onto eukaryotic cell membranes and
at the same time to inhibit the endocytosis process that leads to uptake of these particles
into cells via the passivation layer on the other half of the particle surface. To this end, we
synthesized dye-doped SiNPs (50 nm diameter) functionalized with DSPE on one side
and PEG on the other side of the particle surface. To facilitate insertion of the phospholipid
DSPE into the cell membrane, it was connected to the particle surface via a flexible PEG-
linker. The particles were first characterized in terms of their material properties and
colloidal behavior. In in vitro cell culture studies, the Janus NPs were analyzed jointly with
their isotropic (non-Janus) pendants as controls in a mouse fibroblasts cell culture model
using 3-day transfer inoculum of 3x10° of NIH mouse embryo cells (NIH 3T3) regarding
their association to the plasma membrane and their endocytosis properties. Cellular
location and distribution patterns of the particles were determined by confocal laser
scanning microscopy (CLSM) and TEM. Furthermore, we incubated the NPs together with
NIH 3T3 cells in the presence or absence of various endocytose inhibitors to reveal

associated internalization pathways.

6.1 Results and Discussion

6.1.1 Exposure of NIH 3T3 fibroblasts to Janus NPs
and staining

In vitro cell culture experiments were carried out using the mouse fibroblast cell line NIH
3T3 (passage number 8-25, CLS Cell Line Services GmbH, Germany, product number

400101), and cultured in Dulbecco’s Vogt modified Eagle’s minimum essential medium
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(DMEM, high glucose, Invitrogen, Germany, lot number 1206393) supplemented with FCS
(Invitrogen, Germany, product number 010M3395) and antibiotic-antimycotic solution
(AB/AM, Invitrogen, Germany, product number 1209917). The cells were cultured
according to the procedure described by Shakiba et al. and Holthaus et al.[294] DMEM
supplemented with 10% FCS and 1% AB/AM were used as the medium for culturing NIH
3T3 cells in an incubator (Labortechnik Géttingen, Germany, product number C200) at
37°C, 10% CO2 and 95% relative humidity (RH). The cells were cultured in 75 cm? flasks
for one week and the culture medium was changed every second day. Cells were then
trypsinized using trypsin-EDTA solution (0.25% trypsin, 0.02% EDTA, Sigma Aldrich,
product number SLBG4376), counted using the Scepter™ 2.0 handheld cell counter
(Millipore, Germany) and diluted to attain a final cell density of 1 x 10 “ cells per ml of
culture medium. 1 ml of cell suspension was deposited onto 15 mm glass coverslips
(VWR, Germany, lot number 0983) placed in each well of a 6-well PS cell culture plate
(NUNC, Fischer Scientific, Germany) and incubated at 37°C, 10% CO2 and 95% RH. After
30 min, 100 pl of incubation of the cells on the coverslips 100 ul of the respective NP
dispersion (1 mg of NPs/ml of DMEM+FCS (10%) +AB/AM (1%) were added onto the
cells and incubated for 1 h, 6 h and 24 h at 37 °C covered with aluminium foil and under
shaking conditions. NIH 3T3 cells were also incubated in the absence of NPs as a control.
Cells were further stained using 1 ml of staining solution which contained 4’,6-diamidino-
2-phenylindole (DAPI, 0.5ug ml-' of 1 mM PBS, Sigma Aldrich, Germany, product number
1242642) and Alexa fluor 488 phalloidin (AF488, 2U/mli.e. 10 ug ml-'of 1 mM PBS, Sigma
Aldrich, Germany, product number 1151587) as nuclei and cytoplasm- specific dyes.
Three channels such as FS02 for DAPI (Aex:300-400 nm and Aem>420 nm), FS09 for AF
488 (Aex: 450-490 nm and Aem>515 nm) and FS15 (Aex: 535-558 nm and Aem>590 nm) for
RBITC doped SiNPs were used for imaging. Analysis was done using the AX-10
fluorescence microscope (Zeiss, Germany).

6.1.2 Particle characterization

We used RBITC (RBITC mixed isomers, Sigma Aldrich, Germany, product number
MKBJ9031 V) doped SiNPs, which were prepared following the protocol described by

Bollhorst et al.[295] which was adapted from the method previously established by
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Watanabe et al.[296]. After performing the BET measurements for calculating the SSA of
unfunctionalized RBITC doped SiNP cores, prepared using the protocols by [295,296],
showed a value of 4.48 x 10" nm?mg particles. Synthesis and functionalization of
DSPE/PEG Janus NPs with RBITC-doped SiNP cores is based on our prior established
protocol (Chapter 4 and 5) with only minor adaptations.[89,90] Briefly, RBITC-doped SiNP
NPs are functionalized with APTES to provide NH2-groups on the particle surface. These
particles are added to a heated wax-in-water emulsion to generate wax Pickering
emulsion droplets decorated with the NH2- functionalized SiNPs. Here, the surfactant SDS
is used to hydrophobize the particle surfaces. SEM images of the wax Pickering emulsion
droplets prepared using APTES functionalized NPs are shown in Figure 6-1. The size of
the solidified wax Pickering emulsion droplets decorated with amino-functionalized NPs
ranged from 30 um to 80 um in diameter (Figure 6-1 A), with partially embedded NPs on
the surfaces of the wax spheres (Figure 6-1 B). The particles mostly remained on the
surface of wax even after several washing steps as observed previously [89,90] thus

providing large-scale preparation of Janus NPs
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Figure 6-1: SEM analysis of the wax Pickering emulsion droplets prepared using APTES functionalized
RBITC-SiO2 Janus NPs. (A) overview of the wax droplets, (B) closeup of a single wax droplet and (C) NPs

on the droplet surface from (B).

After the cooling and washing steps, the solvent-exposed particle hemispheres on the
solidified wax droplets are functionalized with PEG-silane. Afterwards, the wax is
dissolved, and the particles are thereby released from the wax spheres. The originally
masked NH2z groups are then functionalized with COOH-PEG-DSPE via EDC-NHS
carbodiimide chemistry. Additionally, further isotropic and Janus NPs were prepared as
listed in Table 6-1 as controls for the in vitro cell culture studies. The prepared particles
were characterized regarding their size and ZP by dynamic light scattering before they
were used for cell experiments. In order to assess the behavior of the particle dispersion
during the cell culture experiments, the particles were analyzed both as a dispersion in a
4 vol% ethanol/water mixture and dispersed in the cell culture medium (DMEM+FCS
(10%) + AB/AM (1%)) which was later used in the cell culture studies. DLS analysis of the
unfunctionalized RBITC SiO2 NPs dispersed in the ethanol/water mixture revealed a size
of 50.5 £ 6 nm (Table 6-1).
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Characteristics | liquid medium | unfunctionalized APTES APTES/PEG PEG DSPE DSPE/PEG
Particle size in 4% ethanol/ 50.5+6.2 541+64 | 655+7.8 | 604+10.8 | 85.6+16.4 | 86.16+ 10.4
(nm) water
DMEM+FCS+A 52.4+7.25 624+43 | 67.2+23 58.7+2.6 869+7.8 89.7+3.2
B/AM
PDI in 4% ethanol/ 0.13+0.03 0.15+0.04 | 0.18+0.01 | 0.14+0.09 | 0.25+0.05 | 0.21+0.03
water
DMEM+FCS+A 0.21+0.12 0.22+0.08 | 0.17+0.06 | 0.21+0.05 | 0.24+0.13 | 0.24+0.07
B/AM
Zeta potential | in 4% ethanol/ -31.4+4.4 +74+87 | -263+16 | -325+74 | -35.2 +6.7 | -404+64
(mV) water
DMEM+FCS+A -16.7+2.6 -8.3+21 -7.6+42 -30.4+6.2 | -20.4+5.6 -24.4+ 3.7
B/AM
[NHz2]/nm? in water 1.8+0.3 20.7+6.8 153+74 43+1.8 45+3.4 25+16

Table 6-1: Size and surface properties of the various functionalized RBITC doped SiO2 NPs. Particle size,
PDI and ZP analysis was measured in a 4% ethanol in water mixture and in full cell culture medium
consisting of DMEM, FCS and AB/AM. Quantification of the NH2 groups was performed using the ninhydrin

assay in water. The standard deviation is derived from three independent measurements.

A similar hydrodynamic diameter of 52.4 £ 7 nm (Table 6-1) was recorded when these
NPs were dispersed in the cell culture medium, showing that colloidal stability was
maintained under these conditions. However, APTES-functionalization of the RBITC SiO2
NPs resulted in a moderate increase of the particle sizes in cell culture medium (62.4 + 4
nm) indicating slightly decreased colloidal stability, possibly as a result of protein
adsorption (mainly BSA as the main constituent of FCS) on the positively charged NP
surface [133]. Isotropic PEG functionalization resulted in NPs with a hydrodynamic
diameter of 60.4 + 10.8 nm measured in ethanol/water (Table 6-1). In addition, DLS
analysis of PEG-functionalized NPs in cell culture medium lead to a similar hydrodynamic
diameter of 58.7 + 2.6 nm, most likely due to the suppressed protein adsorption of the
PEGylated particle surface [129]. The slight increase in hydrodynamic diameter of
PEGylated NPs relative to that of unfunctionalized NPs can in this case be attributed to
the long-chain PEG groups functionalized on the SiO2 NPs. The APTES/PEG Janus NPs
show somewhat decreased colloidal stability with higher hydrodynamic radius as a result
of the anisotropic functionalization. Because of their increased hydrophobicity compared
to the hydrophilic unfunctionalized and APTES functionalized particles, fully DSPE-coated
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particles show again higher particle sizes and wider size distribution indicated by an
increased PDI of 0.25 possibly due to agglomeration of the hydrophobic NPs in the
aqueous medium. Finally, the DSPE/PEG Janus NPs displayed a hydrodynamic diameter
of 86.2 £ 10.4 nm and 89.7 £ 3 nm in ethanol/water and cell culture medium, respectively
(Table 6-1). Along this line, we most likely see some aggregation of DSPE/PEG Janus
NPs in the form of a mixture of dimeric agglomerates and individually dispersed particles
possibly as a consequence of both the increased hydrophobicity of the DSPE and the
Janus character of the particles. The size of the DSPE/PEG NPs seems to be unaffected
by the presence of the otherwise surface-active molecules in the cell culture medium.
These findings are further substantiated by ZP measurements of all NP types in
ethanol/water and cell culture medium, respectively (Table 6-1). Of special note is the
positive surface charge of APTES-coated NPs in ethanol/water which reverts to a negative
charge in cell culture medium as a result of protein adsorption [112,133]. Correspondingly,
a decrease in ZP was observed for the APTES/PEG Janus NPs resuspended in cell
culture medium. In all other cases, regardless of the dispersion medium, the NPs
remained negatively charged.

Quantification of primary amino groups on the as-prepared NPs was performed using the
ninhydrin assay. Here, 20.7 + 6.8 NH2 groups per nm? of the surface of NH2 functionalized
SiO2 NP were determined and Janus functionalization of the APTES/PEG NPs reduced
the number of quantifiable NH2 groups to 15.3 + 7.4 amino groups per nm? of the particle
surface (Table 6-1).
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Figure 6-2: Confirmation of the presence of PEG groups by quantification of adsorbed FITC-BSA. The
amount of adsorbed FITC-BSA on the NPs was quantified using fluorescence spectroscopy. The total

amount of FITC-BSA in each case was 2000 nmol/g of NP.

The success of the PEG-functionalization was further assessed by incubating the particles
with FITC-BSA and analyzing the ratio of FITC-BSA adsorbed to the surface of NPs to
dissolved FITC-BSA in the supernatant (Figure 6-2). After 1 h of incubation,
unfunctionalized and APTES-functionalized NPs showed high amounts of FITC-BSA
adsorption (Figure 6-2 A, black bars), whereas negligible amounts of BSA were detected
in the respective supernatant (Figure 6-2 B, grey bars). On the other hand, APTES/PEG
functionalized NPs showed lower amounts of adsorbed FITC-BSA in comparison to the
unfunctionalized and the positively charged APTES functionalized NPs. As control,
adsorption of FITC-BSA to PEG functionalized RBITC SiO2 NPs was measured. Low
amounts of FITC-BSA on the NPs were detected confirming the success of PEG
functionalization.

For FITC-BSA adsorption studies on both DSPE- and DSPE/PEG functionalized particles,
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negligible amounts of FITC-BSA adsorption were observed on both particle types. The
amounts of BSA adsorption are comparable to those obtained with fully PEG
functionalized particles showing that the DSPE-coating also prevents BSA adsorption.
Lastly, direct visualization of the immobilized organic molecules on the surface of the NPs
is extremely difficult using TEM due to their poor contrast. In the previous study we grafted
proteins bearing ultra-small gold or iron oxide NPs on Janus particles to provide contrast
in the TEM, which more directly demonstrated the success of our approach.[90] While,
the wax Pickering emulsion technique achieves the preparation of bulk quantities of Janus
particles, we also observed that, with NPs, the method does not provide a well-defined
Janus balance [89,90].
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6.1.3 CLSM analysis of NP interaction and uptake
by cultured NIH 3T3 cells

A: 1 h-DSPE/PEG NPs D:1 h-DSPE NPs

E: 6 h-DSPE NPs

A K

F: 24 h-DSPE NPs

Figure 6-3: CLSM images of NIH 3T3 cells after exposure to Janus DSPE/PEG and fully DSPE
functionalized NPs. The cells were incubated with the NPs for 1 h (A, D), 6 h (B, E) and 24 h (C, F) followed
by fluorescence staining with specific fluorescent dyes. The nuclei and cytoskeletons are stained using the
membrane impermeable dyes DAPI (blue) and AF-488 (green) respectively, whereas the NPs are labelled
with RBITC (red).

CLSM was used to investigate the potential attachment and cellular uptake of NPs by
cultured NIH 3T3 cells. Figure 6-3 shows representative CLSM images of cultured NIH
3T3 cells incubated with DSPE- and DSPE/PEG-functionalized NPs for 1 h, 6 h and 24 h.
The micrographs revealed the association of the NPs to the cells at all time points (Figure

6-3, A-F). Since the cells are very flat, it was not possible to unequivocally discern with Z-
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stack images whether the particles were localized inside the cytosol or whether they

stayed attached to the surfaces of the cells. (see figure 6-4 for a series of z-stack images).
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Figure 6-4: Representative Z-stack CLSM images of NIH 3T3 cells after incubation with DSPE/PEG Janus and DSPE particles for 6 h. The
images were taken starting at the center and obtained at regular intervals of were 200 nm towards the end of the cell. The nuclei were stained
using DAPI (blue), the cytoskeleton was dyed with AF-488 (green) and the NPs were labelled with RBITC (red).
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As expected, control experiments without NPs and PEG-functionalized NPs showed no
particle association with the cells (Figure 6-5). In contrast, unfunctionalized and APTES-
functionalized NPs showed similar or, in the case of APTES, more frequent association
relative to DSPE and DESPE/PEG functionalized NPs (Figure 6-6). As mentioned above,
APTES-functionalized particles undergo protein adsorption in cell culture medium causing
a change in the surface charge. However, the serum proteins adsorbing onto the APTES-
functionalized particles did not prevent uptake into the cells, which is in accordance with
the results published by Shahabi et al. [129].

A: 1 h-control - B: 1 h-control G: 1 h-PEG NPs H: 1 h-PEG NPs

',.--",

C: 6 h-control D: 6 h-control I: 6 h- PEG NPs : J: 6 h-PEG NPs

E: 24 h-control F: 24 h-control K: 24 h- PEG NPs L: 24 h-PEG NPs

Figure 6-5: Fluorescence microscopy and laser scanning confocal microscopy (X, Y) of NIH 3T3 cells
before and after exposure of the fully PEG functionalized NPs. The cells were incubated with PEG
functionalized NPs for 1 h, 6 h and 24 h followed by fluorescence staining with specific fluorescent dyes.
The merged images were recorded using the DAPI-, FITC- and RBITC- channels. The nuclei and
cytoskeletons were stained using the dyes DAPI and AF-488 respectively, whereas the NPs have been
labelled with RBITC.
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A: 1 h-Unfunc. NPs B: 1 h-Unfunc. NPs G: 1 h-APTES NPs H: 1 h-APTES NPs

C: 6 h-Unfunc. NPs I: & h-APTES NPs . J: 6 h-APTES NPs

E: 24 h-Unfunc. NPs : L: 24 h-APTES NPs

Figure 6-6: Fluorescence microscopy and laser scanning confocal microscopy (X, Y) of NIH 3T3 cells after
exposure of the unfunctionalized and APTES functionalized NPs. The cells were incubated with the
respective NPs for 1 h, 6 h and 24 h followed by fluorescence staining with specific fluorescent dyes. The
merged images were recorded using the DAPI-, FITC- and RBITC- channels. The nuclei and cytoskeleton
were stained using the dyes DAPI and AF-488 respectively, whereas the NPs have been labelled with
RBITC.

6.1.4 TEM analysis of particle uptake by cultured
NIH 3T3 cells

To further observe the cellular uptake of NPs by cultured NIH 3T3 cells, TEM analysis was
performed using 50 nm microtome sections of resin-embedded trypsinized cells after their
exposure to NPs at different time points (Figure 6-7, 6-8, 6-9). Trypsin treatment detaches
adherend cells from tissue culture plates and transfers them into suspension. In TEM
analysis, such suspended spherically shaped cells allow efficient cellular localization of
NPs at the plasma membrane and in the cytosol. In the micrographs, the cytosol of the

cells can be observed as darker gray areas (Figure 6-7). Control experiments using
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untreated NIH 3T3 cells showed spherical features as lighter gray spots inside the cells
that are most likely gas vacuoles (Figure 6-9 A-F). These gas vacuoles were also
observed when cells were incubated with NPs. The NPs themselves can be observed as
dark gray dots which fit to the DLS-diameter of the particles listed in Table 1.

When incubated with DSPE/PEG Janus NPs, the NPs remained constrained to the outer
regions of the cells at all studied time points (Figure 6-7 A-F). Conversely, when cells were
incubated with fully DSPE-functionalized NPs, at 1 h (Figure 6-7 A, B), NP accumulation
was observed on the cell surfaces. After 6 h of incubation time (Figure 6-7 C, D), the NPs
were taken up into cellular microvesicles which was even more pronounced after 24 h of
incubation (Figure 6-7 E, F). Most strikingly, a clear distinction between DSPE/PEG- and
DSPE-functionalized NPs was observed after 24 h of incubation. The majority of DSPE
functionalized NPs were localized inside the cells and, in contrast, when cells were
incubated with DSPE/PEG Janus particles, almost no internalization was observed (see
Figure 6-9 for further images with these particles). Additionally, the DSPE/PEG Janus NPs
seem to be mainly located at extracellular ruffled protrusions of the cell membrane which
could possibly be associated to filipodia of the plasma membrane. Figure 6-9 and 6-10
illustrates the internalization of all other types (see Table 6-1) of synthesized NPs which

is clearly visible already after 1 h of incubation, as expected.
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B:'l h-DSPE NPs
¥

D: 6 h-DSPE NPs

Figure 6-7: TEM of the NIH 3T3 cells after incubation with Janus DSPE/PEG- and isotropic DSPE
functionalized NPs for 1 h, 6 h and 24 h. The images of the second and forth column were taken at higher
magnification as the images of the first and third column. Each sample was first embedded in epoxy resin
followed by performing ultrathin microtome cutting of up to 50 nm followed by TEM analysis. The red arrows

indicate the main sources of contrast of the images from which all deductions are inferred.
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Figure 6-8: TEM of the NIH 3T3 cells after incubation with DSPE/PEG (Janus) RBITC SiO2 NPs for 24 h.
The images of the second and forth column are higher magnifications of the images of the first and third
row, respectively. Each sample was first embedded in epoxy resin followed by performing ultrathin

microtome cutting of up to 50 nm followed by TEM analysis.
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Figure 6-9: TEM of the NIH 3T3 cells after incubation without (control) and with PEG NPs for 1 h, 6 h and
24 h. The images of the second and forth column are higher magnifications of the images of the first and
third row, respectively. Each sample was first embedded in epoxy resin followed by performing ultrathin

microtome cutting of up to 50 nm followed by TEM analysis.
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| A: 1 h-Unfunc. NPs' B: 1 h-Unfianc. NPs

|

Figure 6-10: TEM of the NIH 3T3 cells after incubation with unfunctionalized and APTES NPs for 1 h, 6 h
and 24 h. The images of the second and forth column are higher magnifications of the images of the first
and third row, respectively. Each sample was first embedded in epoxy resin followed by performing ultrathin

microtome cutting of up to 50 nm followed by TEM analysis.

6.1.5 Particle uptake in the presence of endocytose
inhibitors

To further elucidate the endocytosis pathways that are potentially involved in the
internalization of functionalized and unfunctionalized NPs, cultured NIH 3T3 cells were
incubated with our synthesized NPs in the presence or absence of the common
endocytosis inhibitors nystatin and wortmannin as well as with high-sucrose medium and
at 4 °C. Figure 6-11 shows representative fluorescence microscopy images of NIH 3T3
cells incubated for 6 h with the respective NPs under the mentioned conditions.

Additionally, the results for 1 h and 24 h of incubation are shown in Figures 6-12 and 6-

162



|Chapter 6- Janus NPs for extended surface attachment

13. Cell nuclei are stained with DAPI and are illustrated in blue, the RBITC SiO2 NPs are
shown in red. Green actin staining has not been included in these images for clarity but is
depicted in Figures 6-14 — 6-16 as reference. As expected, without NPs and with fully
PEG-coated particles, no particles are visible in any experiments (Figure 6-11, first two
rows). As discussed above, unfunctionalized and APTES-coated NPs were strongly
internalized in the absence of endocytosis inhibitors (Figure 6-11 — 6-13, third and fourth
row). In direct comparison, DSPE- and DSPE/PEG functionalized NPs seem to be taken
up to a lesser degree than APTES-coated and unfunctionalized NPs (Figure 6-11 — 6-13,
fifth and sixth row). However, on the basis of the fluorescent microscopy images it is
difficult to make a distinction between surface attached and internalized NPs.

We assume that all visible extracellular NPs are somehow associated to the cell surface
since these still remained after the washing steps. Temperature dependent suppression
of endocytosis by incubating NIH 3T3 cells at 4°C (Figure 6-11, second column) caused
a strong decrease or slowdown in the uptake of the unfunctionalized and APTES
functionalized particles. This mitigation of uptake was also detected for DSPE- and
DSPE/PEG-functionalized NPs after 1 h of incubation (Figure 6-12) but is no longer visible
after 6 h and 24 h (Figure 6-11 and Figure 6-13). Incubation of NIH 3T3 cells in hypertonic
media containing 0.45 M sucrose should overload cell surface receptors involved in
receptor-mediated endocytosis (Figure 6-11, third column) [297]. This treatment also
resulted in lower uptake rates of unfunctionalized and APTES functionalized NPs relative
to those observed for untreated samples incubated under standard culturing conditions
(Figure 6-11, first column). However, cellular uptake of DSPE- and DSPE/PEG-
functionalized NPs remained unaffected by the high-sucrose medium treatment. The
same trend can be observed when the endocytosis inhibitor nystatin is added to the cell
culture medium (Figure 6-11, fourth column). Nystatin is known to inhibit caveola-
dependent endocytosis [298] and seems to be exclusively effective to prevent cellular
uptake of the hydrophilic unfunctionalized and APTES-functionalized NPs. Along this line,
in the presence of wortmannin (Figure 6-11, fifth column), a well-characterized

macropinocytosis inhibitor,[299] no intracellular accumulation was observed for any NP

type.
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no inhibitors 4 degree +0.45 M sucrose — +10 pM nystatin — +300 nM wortmannin

6 h-Control 6 h-Control 6 h-Control 6 h-Control 6 h-Control
6 h-PEG NPs 6 h-PEG NPs 6 h-PEG NPs 6h- PEG NPs 6 h-PEG NPs

6 h-Unfunc. NPs 6 h-Unfunc. NPs 6 h-Unfunc. NPs 6 h-Unfunc. NPs 6 h- Unfunc. NPs

6 h-APTES NPs 6 h-APTES NPs 6 h-APTES NPs 6 h-APTES NPs 6 h-APTES NPs
6 h-DSPE NPs 6 h-DSPE NPs 6 h-DSPE NPs 6 h-DSPE NPs

6 h-Janus NPs 6 h-Janus NPs 6 h-Janus NPs 6 h-Janus NPs 6 h-Janus NPs

Figure 6-11: Fluorescence microscopy of NIH 3T3 cells before (control) and after exposure of the different
NPs for 6 h in the presence and absence of endocytosis inhibitors. 4°C incubation was performed to
suppress temperature-dependent endocytosis, hypertonic sucrose concentrations suppressed receptor-
mediated endocytosis, nystatin inhibits caveolae-mediated endocytosis and wortmannin inhibits
macropinocytosis. The nuclei were stained using DAPI (blue), whereas the NPs were labelled with RBITC
(red).
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Figure 6-12: Fluorescence microscopy of NIH 3T3 cells before (control) and after exposure of the different

NPs for 1 h in the presence and absence of endocytosis inhibitors. 4°C incubation was performed to
suppress temperature-dependent endocytosis, hypertonic sucrose suppressed receptor-mediated
endocytosis, nystatin inhibits caveolae-mediated endocytosis and wortmannin inhibits macropinocytosis.

The nuclei were stained using DAPI (blue), whereas the NPs were labelled with RBITC (red).
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Figure 6-13: Fluorescence microscopy of NIH 3T3 cells before (control) and after exposure of the different

NPs for 24 h in the presence and absence of endocytosis inhibitors. 4 °C incubation was performed to

suppress temperature-dependent endocytosis,

hypertonic sucrose suppressed receptor-mediated

endocytosis, nystatin inhibits caveolae-mediated endocytosis and wortmannin inhibits macropinocytosis.

The nuclei were stained using DAPI (blue), whereas the NPs were labelled with RBITC (red).
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Figure 6-14: Fluorescence microscopy of NIH 3T3 cells before (control) and after exposure of the different
NPs for 1 h in the presence and absence of endocytosis inhibitors. 4 °C incubation was performed to
suppress temperature-dependent endocytosis, hypertonic sucrose suppressed receptor-mediated
endocytosis, nystatin inhibits caveolae-mediated endocytosis and wortmannin inhibits macropinocytosis.
The nuclei were stained using DAPI (blue), the cytoskeleton was dyed with AF-488 (green) and the NPs
were labelled with RBITC (red).
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Figure 6-15: Fluorescence microscopy of NIH 3T3 cells before (control) and after exposure of the different
NPs for 6 h in the presence and absence of endocytosis inhibitors. 4 °C incubation was performed to
suppress temperature-dependent endocytosis, hypertonic sucrose suppressed receptor-mediated
endocytosis, nystatin inhibits caveolae-mediated endocytosis and wortmannin inhibits macropinocytosis.
The nuclei were stained using DAPI (blue), the cytoskeleton was dyed with AF-488 (green) and the NPs
were labelled with RBITC (red).
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Figure 6-16: Fluorescence microscopy of NIH 3T3 cells before (control) and after exposure of the different
NPs for 24 h in the presence and absence of endocytosis inhibitors. 4 °C incubation was performed to
suppress temperature-dependent endocytosis, hypertonic sucrose suppressed receptor-mediated
endocytosis, nystatin inhibits caveolae-mediated endocytosis and wortmannin inhibits macropinocytosis.
The nuclei were stained using DAPI (blue), the cytoskeleton was dyed with AF-488 (green) and the NPs
were labelled with RBITC (red).
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While a straightforward interpretation of these results is difficult since several endocytosis
pathways might be active for one particle type, they indicate that both caveolae-dependent
endocytosis and macropinocytosis are involved in the uptake of isotropic APTES-coated
and unfunctionalized NPs. The interaction of NIH 3T3 cells with isotropic DSPE- and
DSPE/PEG-functionalized Janus NPs is not strongly affected by the presence of nystatin
or the high sucrose concentration. Conversely, suppression of macropinocytosis via
wortmannin inhibited the association of both DSPE- and DSPE/PEG-functionalized NPs.
These results indicate that macropinocytosis seems to be the main endocytosis pathway
for the uptake of the fully DSPE-coated NPs. Although the TEM analysis (Figure 6-8)
suggests that the DSPE/PEG functionalized Janus NPs are mainly attached to the cell
surface and are only barely taken up to some extent, some effects of macropinocytosis
seem to be involved in firmly attaching the NPs to the cell surface. This is to some degree
substantiated by the observation of the roughened cell surface in the presence of the
Janus NPs in the TEM micrographs (Figure 6-7 G-L). These results could be an evidence
for an interrupted macropinocytosis process that accumulates the NPs at the cell surface

without forming closed macropinosomes and subsequent transfer into the cytosol.

6.1.6  Cell viability

As discussed above, in the presence of endocytosis inhibitors, NP uptake and/or
interaction with cell surface molecules is affected. Hence, the viability of the cells in the
presence of the inhibitors in combination with the different NP types was analyzed. To this
end, we used the WST-1 cell proliferation assay and quantified the release of cytosolic
LDH, which indicates membrane and consequently cell damage, and thus can be used to
determine cell viability. In the absence of endocytosis inhibitors, overall, LDH release of
around 20% and a slight reduction of cellular WST-1 was observed (Figure 6-17 A, B).
The LDH release was generally unaffected by the type of NP used, regardless of the
addition of inhibitors. Without wortmannin at 24 h, a slight decrease of the WST-1
reduction capacity (85%) was recorded in the presence of DSPE/PEG-functionalized
Janus NPs (Figure 6-17 A, B). This might be a result of the observed deformations of the
cell surface and the associated stresses to the cells. The presence of wortmannin slightly

affects mitochondrial activity, as observed by a WST-1 reduction capacity to 75-80% at
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24 h of incubation (Figure 6-17 C,D).
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Figure 6-17: Cell viability analysis of NIH 3T3 cells after incubation with the different NP types in the
presence and absence of the macropinocytosis inhibitor wortmannin for 1, 6 and 24 h of incubation.
Membrane integrity was measured via the LDH assay (A, C) whereas mitochondrial viability was assessed
with the WST-1 assay (B, D).

Similar observations were made in the presence of the other endocytosis inhibitors
sucrose (Figure 6-18 A,C) and nystatin (Figure 6-18 B,D). Here, WST-1 reduction capacity
was decreased in the presence of nystatin (80%) and high-sucrose media (70%) with all
NP types at the 24 h time point. Since further degradation in cell viability would make
interpretation of the experiments difficult, we did not perform longer incubation

experiments.
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Figure 6-18: Cell viability after incubation with different NP types in the presence hypertonic sucrose and
nystatin for 1h, 6 h and 24 h. Membrane integrity was measured via the LDH assay (A, B) and mitochondrial

viability was assessed using the WST-1 assay (C, D).

incomplete macropinocytosis

Figure 6-19: Scheme of the assumed interactions of the Janus NPs with the cell membrane. The particles
attach to the membrane via insertion of the hydrophobic tails of the DSPE functionalization in the
phospholipid bilayer of the cell membrane. This triggers macropinocytosis which is obstructed by the PEG

functionalization leading to firm attachment of the particle to the cell surface without full endocytosis.
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6.2 Conclusion

This thesis also includes the synthesis of DSPE/PEG-functionalized Janus NPs, along
with a series of non-Janus NPs, via the wax-in-water Pickering emulsion strategy. All types
of NPs showed reasonable colloidal stability, particularly in the cell medium in which the
endocytosis experiments were carried out. The isotropic NPs were taken up into the cells
with the exception of the fully PEG-coated NPs. This uptake behavior was expected and
is also well-documented in the literature. [217,218] Conversely, the DSPE/PEG-
functionalized Janus NPs behaved similarly to the Janus microparticles investigated by
Gao and Yu [221] which generate relatively large membrane protrusions that eventually
engulf the microparticles via the macropinocytosis pathway. Surprisingly, the nano-sized
Janus particles investigated in this thesis were not taken up at all and only seem to be
grabbed by the cell membrane in a process that can be inhibited by the presence of
wortmannin during incubation (schematically shown in Figure 6-19). Accordingly, we
assumed that an incomplete macropinocytosis process might be responsible for
accumulating the Janus NPs at the cell surface. Further studies are necessary to transfer
these findings to other cell types. It will also be interesting to analyze in a further study
whether the hydrophobic membrane anchor might in part be responsible for the
observations, compared, e.g., to particles binding to a CD3 receptor. Anisotropic particles
that are designed to stay permanently attached to membrane surfaces might prove
eminently useful in biomedical applications. Particularly magnetized Janus NPs could be
able to move or otherwise manipulate individual cells non-invasively by serving as a
magnetic handle at the cell membrane leading to novel tools for the field of magnetic tissue
engineering. Furthermore, nature has already brought forth anisotropic NPs that are able
to inject their DNA or RNA into cells after latching onto cell surfaces. Accordingly, myovirus
bacteriophages and similar viruses could act as templates for even more sophisticated

anisotropic NP drug or gene delivery systems in the future.
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7. Conclusion

Janus particles are a popular particle type with potential as biological probing agents, as
surfactants, catalysts, nanoprobes, bio tagging and drug delivery agents. A wide variety
of properties have been functionalized on particle surfaces to impart multifunctionality and
thus Janus character. The combination of magnetic, inorganic, polymeric or biological
properties have been demonstrated for the synthesis of excellent examples of Janus
particles applicable in several fields. A large body of the Janus particle research till date
has been focused on the preparation of micro-sized particles, their characterization and
furthermore their promising applications. However, there is a limited amount on the
synthesis techniques and applications of nanoscale particles. One such synthesis
technique proposed by Granick et al., the wax Pickering emulsion technique has been
proved to be successful for the synthesis of nanosized Janus particles. Noteworthy
features of the wax Pickering emulsion technique include the low cost of preparation, the
possibility of large-scale preparation and the opportunity to immobilize a wide array of
functionalities of choice on NPs. Along with this, some disadvantages include less control
over the Janus balance on the specific hemispheres of the particles and the multi-step
preparation to achieve the Janus aspect.

Keeping the merits and challenges of this method in mind, we successfully demonstrated
the preparation of bio functional nanoscale Janus particles in large gram quantities using
the wax Pickering emulsion technique and further applied them for specific tailored cell

interactions
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8. Outlook

Janus particles have been synthesized using an array of techniques and a wide variety of
materials. A combination of these material types on a single particle type have been used
to create versatile Janus particles of different size ranges. Such highly applicable tools
have further been used in the field of theranostics, biomedical, imaging, therapeutic, drug
delivery and biotechnological applications.

Challenges as a part of the preparation of Janus particles at the nanoscale include
scalability as well as controlling the Janus balance on the engineered particles. In this
thesis, we have studied the aspect of Janus particle preparation with tunable surface
functionalities and applied them onto prokaryotic and eukaryotic biological systems. Janus
particles with their multifunctional properties exhibiting surface and structural anisotropy
have been put forth as potential tools for biomedical applications. However, a limited
amount of research is focused on understanding the behavior of the particles when they
encounter biological systems, which needs to be further explored. Understanding the
response of cellular systems when they meet Janus particles could be used to alter the
response of such systems. As summarized by Gao et al., cellular entry of the particles into
the immune cells such as macrophages was studied, and more efforts need to be
dedicated to this aspect to achieve a better understanding of Janus particle interactions
both in vitro and in vivo.

Elucidating cell-based NP interactions when used as potential bio application agents can
be done using Janus particles. NPs can be designed following the T2-phage structures.
Such virus-like particles are aimed to have a targeting head and a tail comparable to the
structures of T2-phages. They can be engineered to project cell docking and pH/heat
sensitive molecule on the other half of the particle surface. When such nanostructures are
then additionally loaded with drugs that are released due to heat/pH stimuli, targeted
therapy using multifunctional NPs can be achieved [300]. For NPs to be applicable as
drug delivery agents or for other such biomedical applications, they need to bypass the
blood-brain barrier. Functionalization of transferrin on NPs has been observed to cause
particles to enter the blood-brain barrier and thereafter increase the chances of targeted
therapy. Janus particles could be designed with immobilized transferrin to cross the blood-
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brain barrier and ensuring the delivery of NPs aimed for brain-related or other such
diseases of the central nervous system.[301]

In general, efforts can be made to harness the potential of nanosized Janus particles using
established techniques and detailed characterization in this thesis to ensure interesting

future applications and endeavors.
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