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Chapter 1.

1 Abstract

Polymers and nanoparticles can be combined into a host of different materi-

als with applications in a wide range of fields such as catalysis, biotechnology,
or drug delivery. Even in the colloidal state, such composites may vary sig-
nificantly, e.g. ranging from a single nanoparticle stabilized by a polymer
shell to a polymeric carrier decorated with hundreds of nanoparticles. In this
context this thesis will present a novel strategy to grow gold nanoparticles
in-situ in thermoresponsive microgels for different applications. Their ability
to be used as a drug delivery tool will be presented (Chapter 4) as well as
their use as SERS platform (Chapter 5).

In the first experimental chapter the synthesis of thermoresponsive nanogels
decorated with gold nanoparticles (AuNPs) is introduced, which are later
on used as drug delivery tool and as SERS substrate. The second Au-
polymer composite which is introduced is based on poly(lactic-co-glycolic
acid) (PLGA). Using the electro hydrodynamic co-jetting process, we show

that nanoparticles of different morphologies and sizes can be implemented in



1. Abstract

high quantities. We focus especially on gold nanostars, functionalized with a
Raman active molecule to exploit the possibilities of using three dimensional
SERS microscopy.

In the second experimental chapter the thermoresponsive nanogels were
loaded with two different anti cancer drugs allowing for the ability to use
them as drug delivery tool, with special emphasis on the influence of dif-
ferent polyelectrolyte coatings and the usage of laser light as heat source to
externally stimulate the release of the drugs.

The third experimental chapter exploits the possibility of using both gold-
polymer systems introduced previously as SERS substrates. The thermore-
sponsive nanogels are loaded with different Raman dyes imaging in solution
as well is in-vitro imaging is conducted. Secondly, we exploit the PLGA-gold
structures being combined with three dimensional SERS microscopy to show
the potential of using these structures for advanced bioimaging.

In the last experimental chapter a versatile method to use Raman spec-
troscopy as tool to observe enzyme catalyzed reactions is presented. Hydro-
gen peroxide producing enzyme reactions are coupled in a cascade reaction
to the enzymatic oxidation of a Raman detectable substrate, enabling real
time monitoring of reaction kinetics. Smart designs of substrates could also
lead to an advanced and universal system for the study of enzymatic reaction

kinetics using SERS, which will be briefly discussed and introduced.



Chapter 2.

2 General Introduction

2.1. Overview of nanoparticle polymer hybrid

materials

Composite materials comprise of the combination of various components
with distinct compositions and properties, typically with the aim to achieve
enhanced or even novel functionalities. In the most common configuration,
one of the materials acts as a matrix, in which one or more other components
are embedded. Even though most composite materials involve a bulk matrix
containing dispersed nanosized particles, a particular class can be defined
as "colloidal composites" or "composite colloids", in which the combination
of matrix and embedded nanoparticles (NPs) are dispersed in a continuous
dispersion medium (solvent). In such composite colloids, the nanoparti-
cles provide physical properties of interest such as optical absorption or

fluorescence, magnetic behavior or mechanical stremgth.l'2 The matrix on
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the other hand may provide not only colloidal stability, but also further
functionalization through suitable surface chemistry, controlled porosity,
or responsiveness toward external stimuli, among other properties. The
colloidal state, however, offers the opportunity to design composites com-
prising a colloidal carrier on which functional nanoparticles are adsorbed,
which can then be further encapsulated within an external shell. Among the
wide variety of materials combinations that can be used for the fabrication of
composite colloids, plasmonic gold nanoparticles are of high interest with
proposed applications in different fields like sensing, catalysis, energy con-
version and stimulated drug delivery.>*

The synthesis of gold nanoparticles (AuNPs) has seen huge progress since
the well-known report by Turkevich et al. in 1951,7 in which citrate was used
as reducing and capping agent. Although this method is still widely em-
ployed, scientists have achieved a degree of control and understanding of the
reaction conditions, and a large library of AuNPs with different shapes and
sizes is currently available.*!! Although AuNPs can be used as synthesized
for certain applications, others require additional elements, which may be
related to tailored assemblies or combination with different materials that
can add additional functionalities and achieve combined unique properties.
Among the large choice of materials to be used, polymers offer a wide variety
of possibilities for combination with AuNPs in many different configura-

tions resulting in improved hybrid materials - including composite colloids
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- for specific applications. The implementation of functional groups with a
strong affinity toward gold, the fine control over the chemical composition
and the stability that polymers can provide, render them a versatile tool for
implementation of hybrid composites. Additionally, polymers can provide
functionalities other than colloidal and chemical stability, such as control
over polarity, anchoring points for further functionalization, or as carrier
systems or matrices to finely tune interparticle interactions. 2

In general, hybrid polymer particle systems can be composed of single NPs
covered with a polymeric shell which in general provides high stability in
aqueous media and anchor points for surface functionalization.”!* Clusters
of NPs may also be formed - whereby new properties are expected to arise
from the interaction between multiple metal particles within a polymer ma-
trix. A characteristic example would be the combination of nanoparticles
embedded in a thermoresponsive microgel where temperature can be used
to tune the collective localized surface plasmon resonances (LSPR).!?
LSPRs are related to collective oscillations of the electron density in metal
particles, as a response to an external electromagnetic field (light). In the
case of AuNPs this resonance occurs at the visible and near IR wavelength
ranges. AuNPs thus typically display an intense color due to absorbance
in the visible region of the spectra, which is accompanied by a significant
enhancement of the electric field at the NP surface (which decays rapidly

within just a few nm away from the surface). Such enhanced electric fields
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can affect the polarizability of molecules adsorbed on the nanoparticles, for
example resulting in huge enhancements (by many orders of magnitude)
of Raman scattering signals, which is known as surface enhanced Raman
scattering (SERS). A more detailed description of the theory and nature of

LSPRs and SERS is discussed in Section 2.4.

2.2. Synthesis of nanoparticle polymer hybrid
materials

Gold-polymeric particles will form the basis of this thesis. In the following
section different concepts for the synthesis of these composites are introduced.
Since this thesis focuses on polymeric matrices as nanoparticle support, the
introduction focuses on the variety of these systems. Other systems, such as
particle-polymer assemblies are also popular research topics at the moment

and are covered elsewhere.!>18

2.2.1. Polymeric matrices as AuNP supports

A common strategy is the incorporation of AuNPs on the surface of polymer
beads or implemented in a matrix of a polymeric microstructure, which
results in high loading of AuNPs on the polymeric superstructure. The aim
of this concept is to establish a statistical distribution of AuNPs in order to

develop new functionality such as optical responses and/or multitasking
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systems ideal for applications like drug delivery and SERS, rather than
focusing on a distinct number of attached particles or distinct pattern.! This
allows straight forward synthesis methods and simultaneously a high density
of AuNPs concentrated in a structure of not more than a few micrometers.
The method of synthesis depends on the polymeric structure but usually
follows the concept of particle attachment or in situ growth. The AuNP
attachment is driven through electrostatic interactions and ligand exchange
processes. In all cases it is important that the polymer is big enough to
attach many AuNPs. In situ growth uses the polymeric structure as stabilizer

followed often established synthesis methods of AuNPs.

AuNP decorated polystyrene beads

A simple but effective method to form hybrid systems is the decoration
of polymeric microbeads with nanoparticles. A common polymer in such
systems is polystyrene (PS), because of the low toxicity, high monodispersity
of the beads and easy surface functionalization."

Nanoparticles can be grown directly onto the beads in a two-step method:
an initial seed deposition is followed by an overgrowth (Figure 2.1A).20-2
Recently, to gain more control over the particle size and morphology, re-
searchers deposited pre-synthesized gold nanostars (AuNSs) onto amine

terminated polystyrene beads (Figure 2.1B-D).” AuNSs were stabilized with

a small amount of PEG and attached to the surface of the PS beads due to the
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affinity of the gold surface towards amino groups. Similar to that, Mir-Simon
et al. functionalized PS beads with four alternating polyelectrolyte layers
using the layer by layer (LbL) technique, followed by the deposition of gold
and silver nanoparticles of different sizes via electrostatic interactions.?* In
both cases the attachment of NPs offers a better control over composition
and nanoparticle morphology compared to the reported in-situ methods. For
further application, especially the shape control is of huge interest to shift
the optical properties towards lower energies in the visible spectrum.

The polymeric beads contribute mainly as stabilizing support to the system.
PS beads decorated with AuNSs are stable in cell media and can be used
for in-vitro experiments.” This is remarkable considering that prevention
of aggregation of nanoparticles in cell media often requires further func-
tionalization like silica coating, which itself complicates the synthesis steps
significantly. Additionally PS beads confine a lot of nanoparticles in a small

volume and can be used as imaging platform for in-situ cell imaging.

Layer-by-Layer derived AuNP carriers

A wide variety of AuNP carrier systems can be derived through the appli-
cation of LbL techniques onto polymeric beads to achieve polyelectrolyte
capsules and hollow silica capsules with defined optical properties. The
synthesis of polyelectrolyte capsules was developed through pioneering

work by Mohwald and co-workers in the late 90s.2>% Starting with water



2.2. Synthesis of nanoparticle polymer hybrid materials

Figure 2.1.: A) Schematic representation of the seeded growth method
to grow nanoparticles in situ on a PS bead and representative SEM
pictures for each stage. B-D) TEM pictures of PS beads decorated with
different amounts of pre-synthesized gold nanostars. Figure A reproduced
with permission from ref.2? Copyright 2012, American Chemical Society.
B-D reproduced with permission from ref.?3 Copyright 2016, American
Chemical Society.

soluble microbeads made out of melamin, subsequent polymer layers of op-
posing charge are deposited onto the surface of the beads. The thickness and
physico-chemical properties are controlled by the nature of polyelectrolytes
and the number of layers. Finally, the beads are dissolved and a hollow
polymeric sphere resides. These systems can be further functionalized in
many different ways. Amongst others, gold nanoparticles can be immobi-
lized between the different layers of polymers to form complex systems with

applications in catalysis, drug delivery and SERS.*~°
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PLGA structures as AulNP carriers

Another attractive polymeric system uses poly(lactic-co-glycolic acid) (PLGA)
as the base polymer. PLGA is widely used and is especially interesting for
biomedical application as it is synthetically produced and yet FDA approved
due to its biocompatibility and degradability.! PLGA microstructures such
as spherical particles, fibers or cylinders are commonly used to synthesize
scaffolds for cell growth, as well as for biomedical applications such as drug
delivery. Commonly, they are labelled with fluorescent dyes to monitor the
degradation or cell uptake. In the specific case of electrohydrodynamically co-
jetted polymer structures, additional functionalization in terms of multiple
compartments can be implemented. This leads to more functionality and
diversity for applications.*

Recent work, which will be discussed in detail in this thesis, follows up the
idea of implementing AuNPs into PLGA microstructures and showed that
the method is not limited to small particles but instead even loading with
anisotropic nanoparticles, such as stars is possible. The structures retain their

functionality and different compartments.®> 3

2.2.2. AuNPs embedded in thermoresponsive hydrogels

A prominent type of hydrogels are thermoresponsive polymers which are

extensively studied in this thesis. They form a highly porous polymer matrix

10
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which allows either particle attachment on the surface or the incorporation
of them inside the gel while keeping the NP surface accessible. When such
thermosensitive polymers are formulated as sub-micron particles, they are
called microgels and the phase transition leads to a sharp change in solu-
bility upon heating. Although the reverse also exists, most thermosensitive
polymers become more hydrophobic above the so-called lower critical so-
lution temperature (LCST) and the value of which depends on polymer

composition.!-337

In the case of hydrogels, this means that a sharp decrease
in particle size occurs around the LCST, i.e. a transition from a swollen to
a collapsed state. Probably the most popular thermosensitive polymer is
poly(N-isopropylacrylamide) (pNIPAM), which displays an LCST that is
independent of cross-linker concentration and other environmental parame-
ters, rendering it very attractive for many applications.

Thermoresponsive microgels are commonly synthesized using the radical
precipitation polymerization, which was first described by Chibante and
Pelton for pNIPAM.?® Above the LCST, the monomers will be dissolved
whereas the newly formed polymers precipitate and under the right condi-
tion such as crosslinker concentration and surfactants, uniform and highly
monodisperse microgels are formed. Several procedures have been reported
for the synthesis of plasmonic nanoparticles embedded within crosslinked

3941

hydrogels,”*" which were proven useful for a wide range of applications,

from catalysis, to drug delivery and sensing.**** As usual, the preparation

11
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of a well-defined core-shell structure containing a single AuNP covered by a
uniform pNIPAM shell, comprises a multi-step synthetic method, in which
AuNPs are first synthesized with the appropriate size and shape, and sub-
sequently functionalized so that they can be used as seeds for the uniform
polymerization of the hydrogel around the AuNP core. Alternative methods
in which nucleation and growth of AulNPs are carried out in situ, inside
pre-made microgels, rarely result in the formation of a single nanoparticle
per microgel, but invariably in multiple NPs with a certain size distribution
and lack of morphological control. These systems can however still be of

interest and are introduced later.

Single AuNP encapsulation in hydrogels

The preparation of single NPs covered with a uniform thermoresponsive
polymer shell requires deposition of a primer layer on the surface of the NPs,
so that polymerization and shell growth can be successfully implemented.
As schematically shown in Figure 2.2, various approaches have been used
for this initial step. Typically, CTAB stabilized AuNPs are first covered with
a polystyrene layer, followed by pNIPAM polymerization which results in
encapsulation of the particles.** The CTAB bilayer plays a crucial role, as
its hydrophobic environment allows accumulation of styrene and divinyl-
benzene, and their polymerization into a thin layer of polystyrene, which

is ultimately used as an anchor for further polymerization of the pNIPAM

12
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Figure 2.2.: Upper panel: Schematic representation of different ap-
proaches for surface functionalization with vinyl groups: butenoic acid
(A), polystyrene and vinylbenzene (B) and LbL with allylamine (C).
Lower panel: Representative TEM images of Au spheres (D), octahedra
(E), nanorods (F) and nanostars (G), encapsulated with pNIPAM using
the LbL method. Reproduced with permission from ref.*> Copyright
2013, Royal Society of Chemistry.

shell (Figure 2.2B). This multi-step method is rather laborious and limited to
particles covered by a CTAB bilayer. Therefore, more versatile approaches
have been implemented, in which butenoic acid or a polyelectrolyte layer
are used to surround AuNPs with the required vinyl anchor groups (Figure
2.2A,C). Butenoic acid can also accumulate within the CTAB bilayer and

act as an anchor point with no need for an initial polymerization step (Fig-

13
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ure 2.2A). Interestingly, butenoic acid can also be used as a mild reducing
agent for the growth of Au NPs, so that it is present on the NP surface.*’ In
the case of polyelectrolytes, the LbL technique can be used regardless of the
AuNPs morphology.*® A suitable polyelectrolyte pair, comprising polyacrylic
acid functionalized with vinyl groups (Figure 2.2C) and poly(allylamine)
hydrochloride, is selected to form a shell around the nanoparticles, which
can be implemented on basically any pre-existing surface functionalization.
TEM images in Figure 2.2D-G illustrate the successful encapsulation of gold
spheres, octahedra, nanorods and nanostars, which were synthesized under
different conditions and using different stabilizing agents, prior to the LbL-
based encapsulation method.*®

Once the AuNPs have been functionalized, the polymerization of NIPAM
is carried out following the usual precipitation polymerization method.*
The monomers, including a crosslinker, are mixed with the particles and
polymerized at a temperature above the LCST. Detailed studies showed that
both the thickness of the pNIPAM shell and the pore size can be varied by
changes in the crosslinker concentration and by addition of surfactants to
the reaction mixture.”® It should be noted that this is not a conventional
seeded growth process where polymerization happens exclusively on the
nanoparticles, but nucleation also occurs in solution, so that pure polymeric
microgels (without gold cores) must be separated by centrifugation. The

thermoresponsive shell around the AuNP core offers interesting properties

14
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which have been demonstrated for a variety of applications. First of all, the
diffusion of small molecules toward the AuNP surface can be altered by
simple temperature changes, meaning that in the collapsed state (at tempera-
tures above the LCST) molecules from the external solution can either have
their progress towards the core hindered or may be entrapped and retained

close to it.**

Thermoresponsive hydrogels as a carrier matrix for AuNPs

In principle there are two different approaches reported in the literature: 1)
assembly of pre-synthesized particles onto the hydrogel and 2) in situ growth
of nanoparticles.

First protocols for a gold nanorod (AuNR) assembly on the surface of pNI-
PAM were established by Mathias Karg et al. and the group of Eugenia
Kumacheva around the same time.!"*">? In both cases pNIPAM microgels
were copolymerized with a monomer containing carboxylic groups, e.g.
methacrylic acid or allylacetic acid to obtain a negative net charge of the
hydrogel. Similar to the PS beads, the positive charged particles assemble on
the surface by electrostatic interactions. Figure 2.3A shows the result of LbL
modified nanorods with a positive net charge on negatively charged pNI-
PAM hydrogels. More recent work by Lim et al. nicely shows the attachment
of spherical citrate stabilized AuNPs of different sizes to allylamine copoly-

merized pNIPAM hydrogels.'? Following a very accurate protocol, spherical

15
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particles evenly attach onto the whole microgel and show remarkable optical

properties.

100 nm
—

Figure 2.3.: A) TEM pictures of nanorod assembly onto pNIPAM mi-
crogels. (B) Scheme and TEM pictures of in situ grown nanoparticle onto
PEGMA microgels below and above the LCST. C) Gold nanoparticles
grown inside a vinyl caprolactam microgel which was copolymerized with
acetoacetoxyethylmethacrylate. Acetoacetoxyethylmethacrylate inside
the gel reduces the gold in situ without additional reducing agent. Figure
A reproduced with permission from ref.! Copyright 2009, American
Chemical Society. Figure B reproduced with permission from ref.53
Copyright 2013, The Royal Society of Chemistry

Another interesting and different approach for the in situ growth was re-
ported by the group of Andrij Pich.*® They used thermoresponsive vinyl
caprolactam and copolymerized it with acetoacetoxyethylmethacrylate (AAEM)
and acetylic acid. Due to the faster conversation of AAEM, a core-shell like

microgel is produced with AAEM mainly located in the core. The whole sys-

16
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tem is then able to slowly reduce gold and form clusters inside the microgel
without further addition of a reducing agent. Figure 2.3B shows the TEM
pictures of the particle growth at different concentrations of gold during the
reduction. The exact mechanism is not yet understood but it’s claimed that
AAEM is accountable for the reduction.

In all systems the thermoresponsive behavior of the hydrogels were used
to alter the optical properties of the hybrid material. Since the hydrogel col-
lapses at temperatures higher than the LCST the surface plasmon interaction
between the gold nanoparticles increases and a red shift can be observed
(Section 2.3).

In this context this thesis will present a novel strategy to grow gold nanopar-
ticles in-situ in thermoresponsive microgels for different applications. Their
ability to be used as a drug delivery tool will be presented (Chapter 4) as

well as their use as SERS platform (Chapter 5).

2.3. Optical properties of gold nanoparticles

Gold nanoparticles show a variety of intense colors depending on their shape
and size. This phenomenon can be explained by a change of the interac-
tion with an oscillating electromagnetic field when the size of the particle is
lowered to dimensions smaller than the wavelength of the incoming light.

Simply, the incoming light interacts with the free electron gas in the nanopar-

17
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ticle and induces a coherent oscillation. This oscillation leads to a charge
separation at the particle surface with respect to the cationic metal lattice
and forms a dipole oscillation along the direction of the electric field of the

electromagnetic wave. As for all oscillations, a resonance energy is present

(Figure 2.4).
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Figure 2.4.: Scheme of the oscillating electrons under electromagnetic

irradiation and corresponding UV-vis spectra for spherical particles and

rodshaped particles. Scale bar in both pictures is 100 nm.
In the early 20th century Gustav Mie and Richard Gans developed a solution
to describe the extinction of spherical particles (Mie) and ellipsoidal particles
(Gans) for particles under 20 nm.>* > For bigger particles the theory loses ac-
curacy and numerical methods (e.g. the boundary element method - BEM)®
need to be implemented for the calculation of extinction spectra. However

the extinction for small particles can be summarized with the following

formula:®’

2472 N ya’e3/? €

Coxt = .
! Aln(10) (€ + 26,)% + €2

(2.1)
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2.3. Optical properties of gold nanoparticles

With C.,; as the extinction cross section, R as the gas constant, ¢, as dielectric
constant of the surrounding medium, A as the wavelength of the incoming
light, ¢, and ¢; the real and imaginary part of the dielectric constant of the
metal, £ as the term to describe the aspect ratio and a is the radius. Hence
the position of the extinction (localized surface plasmon resonance - LSPR)
depends on the type of metal, the size and shape of the NPs and on the
surrounding media, which is often used in sensing devices.**

The shape dependency of the extinction is shown in Figure 2.4. For a spher-
ical gold nanoparticle the usual spectra contains one single plasmon peak
whereas the rod shaped particles shows two peaks due to the anisotropy of
the particle.

The first peak is due to the transversal mode (along the small side of the rod)
and the second, broader peak is attributed to the longitudinal oscillations
(along the long side of the rod) of the electrons. Other shapes, like triangles
and stars show several plasmon peaks as well.t!-©2

In terms of materials, silver and gold are mostly used since they show strong
extinction cross sections in the visible light whereas for other metals the
extinction is usually shifted to the UV regime.®®

Another important factor for the understanding of the optical properties of
metal nanoparticles is the ratio between scattered and absorbed light. For
small nanoparticles up to 20 nm absorption is dominant whereas the bigger

the nanoparticles get, the bigger the fraction of scattered light. For example,
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the extinction of an 80 nm sphere is composed of 50% scattered and 50%
absorbed light.**

The excited electrons of the LSPR quickly relax into their non-excited state
and the energy is released as phonons which heat up the environment.*>
The different mechanism of plasmon relaxation and their contribution to
photothermal properties are very complex and were intensively studied by
Link and El—Sayed.67 In this context, many studies were conducted to use the
locally created heat around the particles for a variety of applications, such
as biomedical application. Briefly, the heat can be used for photothermal
therapy in the fight against cancer or to induce photothermal ablation of
cells. In Chapter 4 we will use this effect to show enhance drug release from
thermoresponsive nanogels upon NIR laser irradiation.

An important aspect for the understanding of plasmonic effects, especially
in the case of polymer-gold hybrid materials and SERS systems is the inter-
action of nanoparticles in close proximity to each other. A simple case would
be the assumption of two spherical gold nanoparticles with a size of 20 nm.
We consider a case where they are separated by several 100 nm. The two
particles are too far separated and show no interaction, thus the UV-vis will
show one single plasmon peak, which can be attributed to a superstition of
both single nanoparticles. As soon as the particles get closer to each other,
the plasmons will interact with one another and different plasmon modes

are created. Nordlander and co-workers developed an efficient method to
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2.3. Optical properties of gold nanoparticles

characterize the interaction of nanoparticles called the plasmon hybridization
method, which is adapted from molecular orbital ’cheory.68 It is a simple and
intuitive way to interpret and foresee plasmon interaction between particles.
For a dimer for example, it is predicted that two plasmons bands will arise
upon interaction, depending on the polarization of the light. Transversal
polarized light will show no coupling whereas longitudinal polarized light
will interact and a bright plasmon at lower energies is generated together
with a dark mode at higher energies. The extreme case of the dimers merging

together will, in consequence, lead to a spectrum for rodshaped particles.*
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Figure 2.5.: SEM images pNIPAM microgels decorated with AuNPs of

different sizes below and above the LCST. Additionally the corresponding

UV-vis spectra are shown. Reproduced with permission from ref.!?
Copyright 2014, American Chemical Society.
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As soon as more particles are close to each other the exact calculation gets
more complicated but the basic effects stay the same. Lim and co-workers
used pNIPAM microgels decorated with gold nanoparticles of different
sizes.!? Upon heating the polymer collapses and the particles get closer to
each other, which then leads to plasmon coupling. Figure 2.5 shows how
the effect of plasmon coupling and thermoresponsive polymers can be used
in combination to accurately engineer the optical properties of a particle

system.

2.4. Surface enhanced Raman scattering (SERS)

Experimental evidence for the surface enhanced Raman scattering (SERS)
effect was first observed in 1974 by Fleischman and co-workers.”’ They
observed an unusually high Raman intensity of pyridine adsorbed on a
roughened silver electrode but initially suggested that the signal intensity
was due to an increase in the concentration of pyridine. In 1977 Jeanmarie &
Van Dyne and Albrecht & Creighton simultaneously showed that the con-
centration cannot be the reason for such a strong signal and discovered the
SERS effect by suggesting a special interaction between the analyte and the
metal surface.”!”?

The effect has been studied extensively during the last decades and tremen-

dous progress was made in the proposals of mechanisms (as explained later),
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2.4. Surface enhanced Raman scattering (SERS)
preparation of new and improved SERS substrates, and in the development
of relevant applications to make use of the intense signal. Compared to other
labeling and sensing methods like fluorescence or infrared spectroscopy,
Raman is a non-invasive and possibly label free method which works in
aqueous environments since water has a very low Raman cross section (op-
posed to IR). This has led to applications in different fields like biotechnology,

biochemical sensing, biology and analytical chemistry.”>

2.4.1. The Raman effect
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Energy

1 4
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L

Figure 2.6.: Jablonski Diagram of the different scattering modes.
Rayleigh scattering, Stokes Scattering and Anti Stokes Scattering. For
comparison IR absorption is also shown.

C. V. Raman observed in 1928 a new type of scattered radiation upon the
interaction of light with matter.”® Next to elastic scattering (Rayleigh Scatter-
ing), matter shows a weak inelastic scattering where the frequency is shifted

symmetrically around the initial frequency (wr )towards lower frequencies
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(ws) and higher frequencies (wag). Both cases are called Stokes and Anti-
Stokes scattering, respectively, and are illustrated in Figure 3.4.

The frequency shift can be attributed to the energy of a vibrational state of
the molecule. As shown in Figure 3.4, for Stokes scattering, the molecule is
excited into a virtual state by the incident light and instead of the Rayleigh
scattering process it decays into a state of less energy and the remaining
energy is transferred to a vibrational state of the molecule. Anti-Stokes scat-
tering works in the same way, in this case the electron is initially in an excited
state. Following photon adsorption, the molecule passes through a virtual
state into a lower energy state imparting the excess energy onto the emitted
photon. Since the molecule is mainly populating the ground state at room
temperature (Boltzmann distribution), the intensity of Stokes scattering is
greater than the scattering of the Anti-Stokes.””

The wavenumber of the Raman scattering response depends on the separa-
tion between vibrational energy states within the molecule and is indepen-
dent of the intensity or wavelength of the incident light source. This means
a single excitation wavelength, which has not to be in resonance with the
molecule, is sufficient and the information is a spectrum similar to an infrared
spectrum. In contrast to IR-spectroscopy, where the dipole moment is impor-
tant for the activity of the vibration, a Raman active vibration needs to have
a change in polarizability. For bonds with a strong dipole moment, hence a

strong IR band, the polarizability is usually low. Whereas for bonds with a
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2.4. Surface enhanced Raman scattering (SERS)

weak dipole moment, hence low IR activity, the polarizability is usually high
and the vibrational states of the bond are Raman active. This explains also
why water is Raman inactive but shows high activity in IR spectroscopy.

From an experimental viewpoint this enables a very simple system to detect
a wide array of different molecules using a single excitation wavelength.
Since the Raman spectrum acts as a fingerprint for a given molecule simulta-
neous detection of several molecules is also possible. A major disadvantage
of Raman scattering is the low intensity or Raman cross-section for most
molecules. The Raman cross-section (o [m?]) relates to the Raman scattering
intensity of a given vibrational mode (Pr [W]) compared to the incident
beam power density (S, [Wm?]). This is usually very low since just about
every 10°-10® photons are actually Raman scattered. Just a few compounds
like azo-compounds or graphene show high Raman intensities. Having a
roughened metal surface in close proximity however can increase the cross-
section over several orders of magnitude and creates a feasible technique to

detect molecules despite their low cross section”

2.4.2. Mechanism for SERS

The mechanism behind the enhancement can be divided into two different
categories, 1) the electromagnetic enhancement and 2) the chemical enhance-
ment. The electromagnetic enhancement can be attributed to an effective

field enhancement of electromagnetic waves close to the metal surface.
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The intensity (I) of the Raman signal is proportional to the electric field of the
incoming light I oc EZ,. The electric field, however, is drastically enhanced
close to the surface of nanoparticles, due to the presence of surface plasmons.
In consequence, the effective field (Ex ;) which interacts with the molecule is
larger and thus the intensity enhanced. In the same way that the incoming
electric field interacts with the nanoparticle surface, the resultant scattered
light also interacts with the surface of the nanoparticles, leading to a further
enhancement.

In summary, it can be concluded that the SERS intensity (Isgrs) for Stokes

scattering depends as follows on the electric field:”

[SERS = ’Ein(win)’Q‘E(win - wm’b)P; (22)

considering that the vibrational energy is small with respect to w;, the equa-

tion can be simplified as:
Isprs = | Ein(win)|*. (2:3)

This equation is known as the | E|* approximation and illustrates how much
a small enhancement of the electric field will result in a huge enhancement
of the SERS signal. This can be even better expressed by the enhancement
factor (EF):

pp_ Isers (2.4)
IRA]WAN
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2.4. Surface enhanced Raman scattering (SERS)

Considering for example an electric field enhancement of 10x, the resulting
enhancement of the signal will already be 10000. In reality the enhancement
factor is difficult to calculate and still controversially discussed because the
intensity needs to be averaged per molecule in the sensing volume which is,
in practice, hard to determine accurately using a normal optical microscope.
The approximation is so far valid for all metal structures like rough surfaces
and single nanoparticles. The best enhancement, however, is reached within
junctions of nanoparticles (hot spots) where plasmon interaction is present.
Within these junctions the electric field is drastically enhanced and good
SERS results can be achieved.

It is important to notice that the electric field enhancement is a so called
"near field effect" and thus dependent on the distance from the metal surface.
The theory does not require adsorbance of the molecule but the presence
in a certain sensing volume. The intensity (Iszrs) decreases roughly with
r~ !9 This illustrates how important it is for applications to engineer particle
systems with hot spots of high electric field enhancement and at the same
time good accessibility of the analyte.”

Chemical enhancement takes an interaction between molecule and the sub-
strate into account but is still not fully understood. It is believed that the
interaction between the substrate and analyte changes the electronic structure
in the analyte such as a change in the polarizability tensor of the molecule

or the creation of new electronic states which can be in resonance with the
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incoming light. Another possible mechanism could be a charge transfer be-
tween analyte and metal where an electron is transferred from the HOMO of
the molecule to unoccupied states above the Fermi level of the metal 308 All
cases however contribute little to the overall enhancement and the maximum

chemical enhancement is believed to be a factor of 10? in very good cases.

2.4.3. Hot spots

a Ul . . .
(8)ygt . _ . -

SERS enhancement
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Figure 2.7.: a) SERS enhancement dependent on substrate coverage for
nanoparticles with different morphologies at 785 nm exciation wavelength.
The dashed lines represent excitation at 633 nm for GNP and 900 nm
for GNS. b) Corresponding simulations of the surface coverage. Defects
were taken into account for this study. Reproduced with permission from
ref.8* Copyright 2017, American Chemical Society.

In the section above it was briefly mentioned that the electric field enhance-
ment is strongest if the molecule is present within junctions of particles (hot
spots), but it is important to discuss this effect and the effect of particle shape
on the SERS enhancement in more detail.

As an alternative to nanoparticle clusters or aggregates, anisotropic nanopar-
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2.4. Surface enhanced Raman scattering (SERS)

ticles, in particular those displaying sharp edges, corners or tips, also exhibit
high intrinsic electric field enhancement at specific regions, rendering them
excellent substrates for SERS experiments, with no need for induced ag-
gregation. Recently a lot of effort has been put into the creation of SERS
system using gold nanostars (AuNS), since their sharp edges show huge
enhancement and thus are suitable for single nanoparticle SERS systems in

solution.18 62

In a recent study, Garcia de Abajo and co-workers, calculate the
SERS enhancement of single nanoparticles with different shapes and their
assemblies.®* For a single particle or particles with little to no interaction (Fig-
ure 2.7) the SERS enhancement can be predicted by the nanoparticle shape,
and the trend that nanoparticles with sharper edges give better enhance-
ment is valid (nanostars > nanorods > nanospheres). The more complete the
coverage the greater the plasmon interaction and, as stated in the previous
section, the enhancement between the junctions of particles is bigger. For
gold nanorods and spheres the enhancement increases significantly up to
three orders of magnitude. However, for AuNSs the situation is more compli-
cated, due to the interaction of the tips and some overlap upon assembly, the

enhancement increases slowly and in some cases even a decrease of intensity

can be observed if the coverage becomes dense enough.?84
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Figure 2.8.: Principle setup of a confocal microscope. Picture taken
from Witec Manual

2.4.4. Confocal Raman microscopy

In confocal microscopy, a point light source, commonly a laser, is focused
onto the sample and the reflected /scattered irradiation is focused back
through a pinhole onto a detector. Figure 2.8 schematically illustrates the
setup of a confocal microscope. Through focusing of the incoming and the
outgoing signal, just the information of the focal point is recorded. The
red, dashed lines indicate how the signal from points which are not in fo-
cus are excluded from detection. This technique offers increasing contrast
and resolution. Spatial resolution in three dimensions can be observed
and tomography-like measurements are possible. Especially for Raman mi-

croscopy, an increase in contrast by reducing the background signal holds
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2.4. Surface enhanced Raman scattering (SERS)

huge advantage since commonly the Raman signal is often disturbed by
fluorescence of the molecule or fluorescence of the sample substrate (glass).
However, a confocal setup always decreases the signal intensity which is
crucial for Raman spectroscopy since the Raman intensities are generally
weak, compared to for example fluorescence intensities.®

A crucial parameter for the confocality is the pinhole size. The pinhole has to
be small enough to ensure confocal images have good lateral and in-depth
resolution, whilst retaining sufficient signal intensity to enable Raman mea-
surements. At the same time should it be chosen in a way that the overall
intensity is still high enough to enable Raman measurements. Practically the

pinhole size can be calculated using the following equation:

M>’7Td0

NAZ 25\ (2:5)

with M as magnification, NA as numerical aperture, d, as pinhole diameter
and ) as the wavelength of the incoming laser. If this equation is fulfilled,
confocality is ensured. For an excitation with a 785 nm laser for example,
using a 100x/0.9 objective a pinhole size of 50 ym is enough. An objective

change to a 40x/0.6 already requires a 25 pm pinhole size.®
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2.5. Nanoparticle polymer hybrid materials for

SERS

In the case of SERS, polymeric systems are expected to comply some specific
tasks besides improving stability or surface chemistry. A major aspect of
successful SERS measurements is the creation of hot spots. A simple way
to create hot spots involves inducing aggregation of the nanoparticles, usu-
ally by simply increasing the ionic strength in the colloidal solution. The
resulting uncontrolled assembly of the nanoparticles leads to the formation
of numerous junctions where a high electromagnetic field enhancement will
originate from plasmon coupling (or plasmon hybridization), which are fa-
vorable for SERS measurements. Even though this approach is simple and
effective, it suffers from a lack of control over the process, and consequently
poor reproducibility of the SERS signal. Therefore, the ability to control or
even direct the aggregation of particles and clusters is of high interest and
polymers may play a key role in this direction.”>”

In both, the case of controlled aggregation and single particle SERS measure-
ments, an additional crucial criterion needs be fulfilled to obtain a working
SERS system. The analyte must be located at the hot spot, i.e. inside an
interparticle gap or in close proximity to the nanoparticle surface. This can

be challenging in many real systems, since the analyte molecules should

display affinity for the Au surface and compete with the adsorbed surfactant
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or polymer, meaning that a suitable compromise between stabilization and
SERS signal must be achieved. It is, however, possible to take advantage
of this feature when devising SERS-encoded particles for imaging applica-
tions, by using a SERS active surfactant (SERS tag). This tag may either be
adsorbed directly on the nanoparticle surface or as a thiolated SERS active
molecule mixed with the selected surfactant. A polymer layer may be then
used to stabilize the encoded particles, so that the surface is protected and
isolated from the environment, to ensure a constant signal from the SERS
code throughout the targeted application. A good example of efficient encap-
sulation of AuNSs covered with SERS active molecules in a polymer shell
is the work by Jimenez de Aberasturi et al.’® In a two phase transfer step
process, AuNSs are capped with different SERS tags and then stabilized with
a polymer. These particles show high stability and a good SERS signal which
makes them suitable for biological applications such as multiplexing and
cell discrimination, with a high sensitivity and signal stability (Figure 2.9A-
C). In the same line of application, the imaging quality and signal to noise
ratio can be further improved by increasing the concentration of particles
in the measurement volume, by either AuNP self-assembly on a polymeric
superstructure or by implementation of additional functionalities, such as
magnetic nanoparticles, and application of an external magnetic field.® A
nice example which demonstrates this effect was shown by Serrano-Montes

et al.,”> where PS beads are decorated with AuNSs. This leads to increased
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concentrations of AuNSs in a confined space, which in consequence enhances

the SERS signal inside the cell drastically compared to the same concentra-

tion of AuNSs in solution as shown in Figure 2.9D-E.
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Figure 2.9.: Upper panel: Reference spectra of the difference SERS
encoded nanoparticles in single cell cultures. B) and C) SERS spectra and
particle assignment inside a cell co-culture. Reproduced with permission
from ref.'® Copyright 2016, American Chemical Society

Lower panel: In one case the as a solution (D) and in the other case
immobilized on PS beads (E). The intensity differs a lot showing an
increased signal for the PS beads while keeping the AuNS concentration
constant. Reproduced with permission from ref.?3 Copyright 2016,
American Chemical Society

For ultrasensitive sensing applications, the gold surface must be accessible

to the analyte, which may require the design of more complex systems, es-

pecially when using AuNPs in solution, as naked NP surfaces often lead to
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2.5. Nanoparticle polymer hybrid materials for SERS

uncontrolled aggregation. Therefore, most sensing applications are based on
nanoparticles deposited on solid substrates, where aggregation and colloidal
stability are not of concern. In these systems, cleaning (e.g. by plasma etch-
ing) can be carried out after synthesis to make the AulNP surface accessible,
while avoiding SERS signal contamination from residual impurities.®

Alternative strategies include the use of surface coating shells such as stimuli-
responsive polymers, which not only protect the gold nanoparticles but also
capture the analyte molecules and entrap them close to the AuNP surface. In
the landmark publication on this topic, detection of 1-naphtol was demon-
strated as an example (Figure 2.10).>° Two different scenarios were tested to
show that a swell-collapse transition is key for 1-naphthol detection. When
the Au@pNIPAM particles were mixed with 1-naphtol solution at 4 °C, molec-
ular diffusion could occur through the open structure of the swollen microgel,
as reflected in a SERS spectrum with low intensity, but when the temperature
was raised up to 60 °C (above the LCST), the polymer structure collapsed,
analyte molecules were trapped and the SERS signal was enhanced. Interest-
ingly, when the temperature was lowered back to 4 °C, the signal decreased
again, indicating diffusion of 1-naphthol out of the microgel shell. In the
second experiment, Au@pNIPAM particles and 1-naphtol were mixed at 60
°C, when the microgel was in the collapsed state, so that the pores were too

small to allow molecular diffusion, as seen in a featureless SERS spectrum.

As expected, an in situ cooling and heating cycle allowed 1-naphthol detec-
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tion. This proof of concept experiment demonstrates the possibility of using
these hybrid colloidal materials as substrates for generalized SERS detection

in aqueous solution.
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Figure 2.10.: SERS signal of 1-naphtol as a function of temperature and
heating cycle. (A) Starting at 4°C, heating up to 60 °C and cooling down
back to 4 °C. (B) Starting at 60 °C cooling down to 4 °C and heating up
back to 60 °C. Reproduced with permission from ref.?® Copyright 2009,
Wiley-VCH.

In the context of the work contained within this thesis it is important to
also mention the pioneering work by Kang et al. towards the in vitro moni-
toring of doxorubicin release.” Briefly, particles were functionalized with

PEG and doxorubicin was conjugated to the surface through a pH sensitive
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hydrazone linkage. The particle were incubated with cells and uptaken via
the endocytosis pathway. Due to the micro environment, mainly the pH
inside the endosomes, doxorubicin is released and monitored using SERS
and fluorescence technique (Figure 2.11). This work is a good example of
a particle system designed to take advantage of the different environments
inside cells to create a smart delivery system and shows especially how SERS
can be used to gain more insights in the mechanism of drug release works in

cells.
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Figure 2.11.: (a) Real-time monitoring of the doxo release measured
by SERS (a) and fluorescence (b). The scale bar is 10 pm. Decrease
of normalized Raman band intensities over time at 460 cm~! (c) and
the increase of the relative fluorescence intensity (d). Reproduced with
permission from ref.?! Copyright 2013, American Chemical Society
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2.6. Nanoparticle polymer hybrid materials for

drug delivery

Drug delivery has become a major research topic in recent years. The idea
is to improve drug efficiency of existing drugs while simultaneously re-
ducing side effects. Incorporation of a drug, like doxorubicin, into more
sophisticated responsive nanoparticle systems could help to tailor the accu-
mulation in a desired part of the body. A common example is the delivery of
chemotherapeutic drugs directly to the tumor while shielding the healthy
cells from the drug. In a system which encapsulates the drug and is simul-
taneously functionalized with biomarkers to target specifically cancer cells,
side effects could therefore be minimized. After targeting the desired cells
in the first place, an ideal system would then release the drug to ensure an
efficient treatment. Drug release can be either facilitated through stimulation
of the cell, pH modification, an external stimulus like heat (burst delivery) or
by slow degradation (continuous delivery) depending on the desired time
period.””®* Another idea for the encapsulation of drugs is to control the solu-
bility of drugs. Most drugs are organic molecules which sometimes show
low solubility in water, thus an encapsulating shell to improve solubility is
key for convenient delivery through the blood of the patient or to overcome
other biological barriers.”

There are many different ways to face all the above mentioned challenges,
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including liposomes, silica shells, polymers or inorganic particles.”*'® This
thesis will focus on thermoresponsive drug delivery tools. Thermorespon-
sive nanomaterials show a rapid change in their structure upon temperature
change. In Section 2.2 thermoresponsive microgels were already introduced
along with the concept of the LCST. Another example of thermoresponsive
behavior would be the phase transition of lipids.*>*1%! The thermorespon-
sive behavior is used to encapsulate drugs and release them due to the change
of the structure upon temperature change. Different strategies exist which
may be used to utilize this process, such as a brief decrease in temperature
(cryotherapy) leading to free diffusion of the drug.!®* The more common way
however is to induce a structural change upon heating and by that stimulate
drug release. Currently liposomes show the most promising behavior and

some systems have already reached clinical trials.!®

In this context, nanoparticle polymer hybrid materials show great potential
for applications. The extra functionality of the metal nanoparticle can be
used to locally produce heat and trigger the release of the drugs upon an
external trigger. Put simply, the nanoparticles act as antenna for external
irradiation and, by that, transform energy into heat and induce the phase
transition of the polymer. Pelegrino and co-workers introduced a system
of cubic magnetic nanoparticles functionalized with a thermoresponsive

104

polymer.'™ The polymer intercalates doxorubicin in its swollen state but will

release it once the temperature is raised above the LCST. An applied magnetic
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Figure 2.12.: A) Schematic representation of doxo loaded polymer
coated magnetic nanocubes under the influence of an magnetic field. On
the right, the temperature profiles of the particles under a influence of a
magnetic field and the release profile of doxorubicin. B) Release scheme
of the doxo loaded polymer-CuS hybrid particle under the influence
of laser irradiation. Figure B reproduced with permission from ref.104
Copyright 2015, American Chemical Society. Figure B reproduced with
permission from ref.'% Copyright 2016, Wiley VCH.

tield induces local heat in the polymer due to the magnetic nanoparticles
and the polymer collapses and doxorubicin is released (Figure 2.12A). A

105 Instead of iron oxide

similar approach was used by Zhu and co-workers.
cubes they implemented copper sulfide quantum dots in a thermoresponsive
polymer. Again, as shown in Figure 3.2B, the quantum dots work as antenna

and produce local heating under IR irradiation which leads to the collapse of

the microgel and the release of the drug. Both cases are good examples of how
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the combination of inorganic nanoparticles and polymeric nanostructures
lead to an increased complexity of the system which can be explored to
enhance the efficiency of drug delivery systems. In this context this thesis
will present a way to deliver two different drugs with different physical
properties using a polymeric microgel with AuNPs. At the same time the

use of a NIR laser is explored to externally trigger the release of doxorubicin.
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Chapter 3.

Synthesis of gold/polymer

hybrid materials

This chapter describes the synthesis and characterization of the polymer gold
hybrid systems which will be used later on as drug delivery stems (Chapter
4) and SERS platform (Chapter 5). This chapter is resulted in two recently
published papers.!%1%”

In the first section the synthesis of AuNP-containing thermosensitive nanogels
made out of polyethlyne glycol methacrylate (PEGMA) is demonstrated. The
nanogels will be covered with in-situ grown AuNPs and finally coated with
two different types of polyelectrolytes to gain further functionality and sta-
bility.

In the second part the polymer is switched from PEGMA to PLGA and mi-
crostructures with incorporated nanoparticles are presented. Nanoparticles,

especially gold nanostars (AuNSs) are transferred to organic media and

coated with a Raman active molecule. These particles are then implemented

43



3. Synthesis of gold/polymer hybrid materials

in microstructures different shape and size using the electro hydrodynamic

(EHD) co-jetting process.

3.1. PEGMA hydrogels with in-situ grown gold
nanoparticles

The nanogels are made out of a thermoresponsive polymer on poly(ethylene
glycol) methacrylate basis and have in situ grown gold nanoparticles at-
tached to it.

The mechanism of the synthesis will be explored and the system tested on its
thermoresponisve properties and general physicochemical properties. An
extra polyelectrolyte layer gives further stability and makes the nanogels
suitable for various applications, such as drug delivery tool or SERS platform.
In Chapter 4, high drug loading abilities which lead to a highly versatile
systems are shown in which drug release profiles can be controlled via poly-
electrolyte coating and /or various external stimuli. On the other hand we
focus on SERS imaging and the ability to load the microgel with a Raman

active molecule to conduct in vitro cell imaging in Chapter 5.

3.1.1. Synthesis and polyelectrolyte coating

The thermoresponsive nanogels are formed by the well-established free rad-

ical polymerization method.”'® PEGMA nanogels were chosen because
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of their easy-to-tailor lower critical solution temperature (LCST), ranging

°C,10%110 and because their monomer con-

from room temperature up to 90
stituents are non-toxic.!! These are two major advantages, as compared e.g.
to the widely used poly(N-isopropyl acrylamide) (pNIPAM)."%113 In the sec-
ond step of the synthesis, a surfactant-free method was used to incorporate
AuNPs within the PEGMA nanogels, thereby avoiding potential toxicity of
surfactants and keeping the AuNPs surface free to adsorb other molecules
(Figure 3.1).

To this purpose, pre-made nanogels were immersed in a solution of HAuCl,,
followed by addition of a strong reducing agent, NaBH,. The amino groups
in the nanogels (present in the monomer 2-aminoethyl methacrylate hy-
drochloride) coordinate the gold precursor and small gold seeds of approxi-
mately 3 nm were formed upon NaBH, reduction. These seeds were subse-
quently grown by addition of HAuCly, sodium bromide and formaldehyde,
which displays a pH-dependent reducing potential.'"* Sodium bromide
helped in controlling AuNP growth due to the formation of a gold bromide
complex with higher stability as compared to free HAuCl,. When the pro-
cess was carried out, in the absence of either Au seeds or sodium bromide,
nanogels were obtained with particle disparity, anisotropy and aggregation
(Figure 3.2).

On the contrary, seeded growth produced nanogels with evenly distributed

AuNPs with an average size of 23.2+6.1 nm and a low proportion of anisotropic
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Figure 3.1.: a) Schematic representation of the in-situ growth of AuNPs
in PEGMA nanogels. Small gold seeds were synthesized by reduction
with NaBHy. Further growth was realized by introducing the nanogels
with seeds in a growth solution containing NaBr and formaldehyde
at high pH. The obtained nanogels were finally wrapped with a layer
of polyelectrolytes. b) Representative TEM pictures of the nanogels
during the different growth steps, as labeled. ¢) UV-Vis spectra of the
corresponding particle colloids. Reproduced with permission from ref.!1%6
Copyright 2017, American Chemical Society.

particles (Figure 3.3 and 3.4). The nanogels containing AuNPs displayed a
localized surface plasmon resonance (LSPR) band centered at 540 nm (Figure
3.1), which is redshifted with respect to free AuNPs with similar sizes due
to some anisotropy and plasmon coupling between the AulNPs in the gel.
This two-step process allows a good level of control over the final AuNP

size, which can range from 9 to 30 nm simply by tuning the amount of Au
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3.1. PEGMA hydrogels with in-situ grown gold nanoparticles
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Figure 3.2.: a) TEM images of particles grown without initial seed
growth step. b) Particles grown without NaBr in the second growth step.
Reproduced with permission from ref.!%¢ Copyright 2017, American
Chemical Society.

seed-loaded nanogels added to the growth solution (Figure 3.3).

PEGMA nanogels were subsequently wrapped with biodegradable and bio-
compatible polyelectrolytes by immersing AuNP-loaded nanogels in the
appropriate polyelectrolyte solution followed by several washing steps to
remove non-adsorpted polyelectrolytes. Samples with different surface com-
positions were named as follows:

1) AuNG1 had no coating,

2) AuNG2 was coated with poly-L-arginine and

3) AuNG3 was coated with polyalginate.

The influence of the two different coatings, i.e. the polypeptide poly-L-
arginine and the polysaccharide polyalginate, on the physicochemical prop-
erties of the nanogels, and in detail their drug loading and release profiles

for both Doxo and Poma was studied in Chapter 4.
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Figure 3.3.: TEM pictures and corresponding UV-vis spectra of AuNGs
synthesized with different amount of seeds. Seed concentrations decreases
from 2000 pL (top left TEM image) to 10 pL (bottom right TEM image).
Lower AuSeedsNG concentration leads to bigger nanoparticles inside
the gel (250-500 pL. AuSeedsNG). At very low concentration secondary
nucleation occurs and gold forms a shell around the nanogels (50-10
nL AuSeedsNG). In all cases the gold salt concentration in the growth
solution was constant at 0.5 mM. Insets share all the same scale bar
of 100 nm. Reproduced with permission from ref.'% Copyright 2017,
American Chemical Society.

Gold nanostar growth

Nanogels decorated with gold nanostars were grown adapting the synthesis
developed by Kumar et al. (Figure 3.4).°* Briefly 10 mL DMF was mixed with
54.6 pL of 0.5 M HAuCl,. After 20 minutes different amounts of nanogels
(acting as seeds) were added. At a constant gold salt concentration in the
growth solution, the length of the tips was controlled by the amount of

nanogels containing gold seeds (AuSeedsNG) added.
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Figure 3.4.: Growth of nanostars inside nanogels. Higher

HAuCly:AuSeedsNG ratio leads to better defined tips. TEM pictures
from left to right show nanostars grown with 20, 50, 100 and 200 pL seed
solution respectively. The concentration of HAuCl4 was kept constant at
2.75 mmol/L for all samples. Scale bar is 200 nm for all insets. Repro-
duced with permission from ref.'° Copyright 2017, American Chemical
Society.

The synthesis of nanostars instead of spherical nanoparticles is of interest
to exhibit better absorbance in the near-IR range (biological window).!®
However, the growth of nanostars within the nanogels has several drawbacks
which need to be overcome prior applying such nanogels for applications
in drug delivery or sensing which require long term stability. The first
drawback is the use of polyvinylpyrrolidone (PVP) as surfactant during the
synthesis, which makes the gold surface less accessible to adsorb molecules
such as amino terminated drugs or Raman reporters. Another drawback is
the low thermal stability of the Au nanostars. Figure 3.5 shows the UV-vis

spectra of star-containing nanogels at different temperatures, evidencing no
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Figure 3.5.: Au Nanostar decorated PEGMA nanogels and evolution
of their UV-Vis spectra under heating and cooling cycles. The change of
the spectra is irreversible due to reshaping.Reproduced with permission
from ref.1% Copyright 2017, American Chemical Society.

reversibility and a blueshift of the LSPR, indicating reshaping.

3.1.2. Physicochemical properties of coated nanogels

The presence of the polyelectrolytes on PEGMA nanogels was confirmed by
X-ray photoelectron spectroscopy (XPS), zeta potential, LSPR and particle
size analysis. XPS data showed a clear decrease in the amount of Au on the
nanogel surface between coated and non-coated nanogels (the experimental
results and a small description can be found in the Appendix). Additionally,
nitrogen was identified in sample AuNG2 due to the amino groups in poly-
L-arginine, whereas AuNG3 showed a higher amount of oxygen due to the
hydroxyl and carboxyl groups in polyalginate, as compared with AuNG1.

Changes in zeta potential, LSPR and particle size were also observed, as
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3.1. PEGMA hydrogels with in-situ grown gold nanoparticles

shown in Table 3.1.

Table 3.1.: Differences in elemental composition, LSPR, zeta potential
(¢) and hydrodynamic diameter (Dh) of the coated and non-coated
PEGMA nanogels.

Sample N (at.%)  C (at.%) O (at.%) Au (at.%)

AuNG1 0 64.3 24.8 10.9
AuNG2 11.1 56.3 27 5.6
AuNG3 0 46.9 49.6 3.5
Sample LSPR (nm) ¢ (mV) Dy, (nm)
AuNG1 544 236.240.2 274.142.0
AuNG2 567 40.9£0.3 223.8£1.4
AuNG3 544 -34.5+£0.8 292.1£4.4

AuNG2 was found to become more compact upon polyelectrolyte addi-
tion, which in turn reduced the AuNP interparticle distance attached to the
nanogels, resulting in stronger plasmon coupling and a LSPR red shift of 23
nm after functionalization (Figure 3.1). The decrease in overall nanogel size
observed in AuNG?2 is due to the strong electrostatic interaction between
the negatively charged nanogels and the positively charged polyelectrolyte
causing the formation of a polyelectrolyte-gel complex.!'® In some cases
if the molecular weight of the coating molecule is low enough they can
even penetrate the nanogels and thus reducing the mesh size.'”” In contrast,
functionalization with the anionic polyalginate did not modify the LSPR
but caused slight swelling of the nanogels, presumably due to the weaker

interactions between polyalginate and the nanogels.
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Figure 3.6.: UV-VIS spectra of PEGMA nanogels in different media.
Reproduced with permission from ref.'%¢ Copyright 2017, American
Chemical Society.

Colloidal stability

The colloidal stability was studied by measuring the LSPR of Au-decorated
PEGMA nanogels in different media. Nanogels were incubated for 10 min-
utes with slow stirring in different media, as reported by Fleischer et al.!'®
The spectra of the different PEGMA nanogels in water, water containing 10%
fetal bovine serum (FBS), DMEM cell culture media, and in 10% FBS sup-
plemented DMEM cell culture media were measured. AuNG1 and AuNG2
clearly aggregated in DMEM cell culture media as the broadening of their
plasmon band indicates in Figure 3.6. AuNG3 were in contrast more sta-
ble. No broadening of the plasmon band was noted upon incubation of
the nanogels in FBS containing water or DMEM as the presence of protein
adsorbed onto the surface stabilized the nanogels. Typically, incubation of
AuNPs in FBS-containing media results in a red shift on the LSPR.'** How-

ever, in our case the presence of the protein produced blue shifts that corre-

52



3.1. PEGMA hydrogels with in-situ grown gold nanoparticles

sponded to 11, 5 and 7 nm for AuNG1, AuNG2 and AuNGS3, respectively.
Since nanogels are flexible nanostructures with AuNPs evenly distributed
in their whole volume, the adsorption of FBS could affect the inter-particle

distance affecting the LSPR and produces a blue shift.

During protein adsorption, the zeta potential of AuNPs is known to approach

the zeta potential of the adsorbed protein.!”

Indeed, the zeta potential of
all PEGMA nanogels was observed to reach approximately -20 mV after
incubation in FBS containing media, similar to previously reported zeta

potential values of FBS coated AuNPs.'? The values are included in Table

3.2.

Table 3.2.: Zeta potential values for AuNG1, AuNG2 and AuNG after
incubation in different media.

Sample Solvent ¢ (mV)

AuNG1 H,O -36.640.7
AuNG1 FBS in H,O -18.3+0.4
AuNG1 DMEM -18.0+0.3
AuNG1 DMEM + FBS -14.4+ 0.2
AuNG2 H20 +46.34+0.6
AuNG2 FBS in H,O -18.4+0.4
AuNG2 DMEM -8.1 £1.9
AuNG2 DMEM + FBS -18.4+0.4
AuNG3 H,O -32.7£1.2
AuNG3 FBS in H,O -17.14+0.7
AuNG3 DMEM -19.8+0.7

AuNG3 DMEM + FBS -17.540.9
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3. Synthesis of gold/polymer hybrid materials

Degradation

We used TEM to analyze the effects of glutathione on the nanogels, at concen-
trations similar to those found in the intracellular environment. Glutathione
at high concentrations (10 mM) partially degraded the nanogels (Figure
3.7), yet this was seen to depend on the polyelectrolyte coating. Nanogels
without coating and with polyalginate coating show both detachment of
gold nanoparticles and deformation of the polymeric structure. AuNG2
(poly-L-arginine coating) in contrast stayed stable over a week and showed

no sign of degradation.

Figure 3.7.: AuNP loaded nanogels without coating (a) and with poly-
L-arginine (b) and polyalginate coating (c) in water, cell media with
10% FBS-serum and glutathione (10 mM), after 1 week. Scale bar for
close up pictures is 100 nm, for pictures with lower magnification 500
nm. Reproduced with permission from ref.'% Copyright 2017, American
Chemical Society.
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Figure 3.8.: Thermoresponsive behavior of nanogels (no Au NPs
growth). Reproduced with permission from ref.!% Copyright 2017,
American Chemical Society

3.1.3. Thermoresponsive behavior

Bare nanogels displayed a LCST above 30 °C (Figure 3.8), measured by
dynamic light scattering and the inclusion of AuNPs inside the nanogels did
not hinder their ability to shrink or swell in response to heat changes (Figure
3.9). In contrast, we noted significant differences in the swelling ratios (Q)
depending on the type of polyelectrolyte coatings. Q was defined as the
ratio between the volume of the corresponding nanogels at a temperature T

versus the volume at 70 °C.

_ V(1)
Q= varcr (3.1)

Figure 3.9b illustrates the observed decrease in Q for coated PEGMA nanogels.
The largest decrease of Q between coated and non coated nanogels was ob-

served for AuNG2, which almost completely lost its thermoresponsiveness.
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3. Synthesis of gold/polymer hybrid materials

This result is in agreement with the reduction in particle size upon coat-
ing with poly-L-arginine. Interestingly, the LCST increased from 32 °C in
AuNGl to 36 °C and 37 °C for AuNG2 and AuNGS3 respectively, closer to

physiologically relevant temperatures.

Wavelangth (nm} Wavelangth (nm} Wavelength (nm})

Figure 3.9.: a) Schematic representation of the shrinking process and
representative TEM pictures in collapsed and swollen states. b) Dynamic
light scattering monitoring of the swelling ratio in AuNGs. c¢) UV-Vis
spectra of the nanogels, alternating at 20 °C and 50 °C, plotted as solid
and dashed lines, respectively. The insets show the LSPR maxima during
each cycle. Reproduced with permission from ref.'% Copyright 2017,
American Chemical Society.

These results were confirmed with UV-Vis spectroscopy. As expected, the
thermoresponsive decrease in the volume of the nanogels led to smaller inter-
particle distances and hence to a red shift and broadening of the LSPR band

(Figure 3.9c). AuNG1 and AuNG3 behave similarly, with an approximate

red shift of 14 nm between 20 and 50 °C. We verified the reversibility of the
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3.1. PEGMA hydrogels with in-situ grown gold nanoparticles

shift by carrying out multiple heating/cooling cycles. The shift was fully
reversible over 5 temperature cycles (Figure 3.9, inset). AuNG2, in contrast,
shows no change of the LSPR, in accordance with the low Q value (Q=1.1).
Interestingly, the thermoresponsive behavior of coated PEGMA nanogels
was observed to further change after encapsulation of drugs, in such a way

that AuNG2 recovered its thermal responsiveness (Chapter 4).

3.1.4. Conclusion

In summary we synthesized a versatile multiresponsive nanogel system con-
taining gold nanoparticles which will be further tested for the co-delivery of
doxorubicin and pomalidomide and SERS imaging in Chapter 4 and 5 respec-
tively. The gold nanoparticles inside the nanogels were synthesized in a new
two-step method to ensure even particle distribution throughout the gel and
surfactant-free synthesis. We studied two possible polyelectrolyte coatings to
increase functionality: polyalginate and poly-L-arginine. These two coatings
produced different modifications in the thermoresponsive behavior of the

nanogels and other physicochemical properties that were characterized.

3.1.5. Experimental part

Milli-Q water (resistivity 18.2 M(2 - cm) was used in all experiments. Hydro-
gen tetrachloroaurate trihydrate (HAuCly- 3H,O, >99.9%), di(ethylene gly-

col) methyl ether methacrylate, poly(ethylene glycol) methyl ether methacry-
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late, poly(ethylene glycol) diacrylate, 2-aminoethyl methacrylate hydrochlo-
ride, methacrylic acid, formaldehyde (37 wt%) and poly-L-arginine hy-
drochloride (mol wt >70,000) were all purchased from Sigma-Aldrich. Al-
ginic acid (sodium salt) was obtained from Fisher Scientific. All glassware
was washed with aqua regia, rinsed 3 times with Milli-Q water and dried

before use.

Synthesis of poly ethylene glycol methacrylate nanogels

Nanogels were synthesized by purging a 300 mL Milli-Q water solution of
5.6 g (0.03 nol) di(ethylene glycol) methyl ether methacrylate, 2,4 g (0.008
mol) poly(ethylene glycol) methyl ether methacrylate, 160 mg (0.003 mol)
poly(ethylene glycol) diacrylate, 297 mg (0.0035 mol) methacrylic acid and
576 mg (0.0035 mol) 2-aminoethyl methacrylate hydrochloride with argon
for an hour at 70 °C. The reaction was then started by adding 120 mg (0.0004
mol) of 2,2, azobis(2methylpropionamidine)dihydrochloride dissolved in 2

mL of degassed Milli-Q water and run for 12 hours at 70 °C.

Synthesis of AuNP decorated nanogels

After washing via centrifugation, 10 mL of nanogels were incubated with
50 pL 0.1 M HAuCl, overnight before reduction of the gold occurs with
addition of 100 pL 0.1 M NaBH, solution. Small gold domains of about

3-4 nm were formed and stabilized by the amino group of 2-aminoethyl
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3.2. PLGA microstructures loaded with metal nanoparticles

methacrylate hydrochloride. The nanogels were used as seeds for the growth
of bigger gold particles without further purification. Further growth of
AuNP was carried out with formaldehyde under basic conditions. A 100 mL
growth solution with a final concentration of 1 mM HAuCl,, 5 mM NaBr
and different amounts of seeds was prepared followed by the addition of
500 pL formaldehyde solution (37 wt%). The reduction was finally started
by changing the pH to 11 through the addition of 750 pyL 1 M NaOH. The
reaction was very slow due to the more stable gold-bromide complexes.
After 15 minutes a color change was observed but the reaction was allowed
to run overnight before particles were carefully washed via centrifugation
and characterized (TEM and UV-Vis spectroscopy). By simply varying the

amount of seeds, AulNPs with different sizes were obtained.

3.2. PLGA microstructures loaded with metal
nanoparticles

In this part the synthesis of PLGA-metal nanoparticle hybrid materials us-
ing EHD co-jetting is introduced. Anisotropic gold nanoparticles (AuNSs)
labeled with different SERS active molecules were embedded in different
compartments of different polymeric structures (particles and fibers), and
3D-SERS imaging was used to monitor the distribution of the particles in-

side the polymer. We propose that these advanced hybrid materials offer
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3. Synthesis of gold/polymer hybrid materials

significant advantages over other existing materials for use in bioimaging.

3.2.1. Synthesis

Electrobydrodynamic
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Figure 3.10.: Fabrication of multicompartmental hybrid particles us-
ing electrohydrodynamic co-jetting. The size of the particles can be
controlled by using different polymer molecular weights and varying
solvent ratios, solvent polymer concentrations and composition. Images
in A-F are representative for particles of different sizes and composi-
tions. PLGA molecular weight was varied from 17 kDA (A,B) through
40 kDA (C,D) up to 50-75 kDA (E,F). These examples show various
configurations with two (A,C-F) or three compartments (B), containing
AuNs (A-F) and iron oxide nanoparticles (B). The particles also contain
Poly[(m-phenylenevinylene)-alt-(2,5-dihexyloxy-p-phenylenevinylene) as
blue dye and Poly/[tris(2,5-bis(hexyloxy)-1,4-phenylenevinylene)-alt-(1,3-
phenylenevinylene)| as green dye, in different compartments. All scale
bars are 500 nm. Reproduced with permission from ref.'%” Copyright
2017, American Chemical Society.

The preparation of hybrid multicompartmental PLGA-plasmonic microparti-
cles is schematically illustrated in Figure 3.10. Nanoparticles synthesized in
aqueous media were transferred into CHCl; following a protocol previously
reported.’?! A Raman active molecule was used as surfactant during this

process to obtain highly stable SERS-Tags. The resulting particle suspension
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3.2. PLGA microstructures loaded with metal nanoparticles

was mixed with various amounts of PLGA and different fluorescent dyes:
((Poly[(m-phenylenevinylene)-alt-(2,5-dihexyloxy-p-phenylenevinylene) as
blue dye or Poly][tris(2,5-bis(hexyloxy)-1,4-phenylenevinylene)-alt-(1,3-phenylene-
vinylene)] as green dye. Gold nanostars were specifically selected for most of
the experiments due to their strong absorbance in the NIR range and their out-
standing performance as SERS-Tags, to conduct 3D SERS measurements as it
was further investigated in Chapter 5. The Raman active molecules biphenyl-
4-thiol (4-BPT) and 2-naphtalene-thiol (2-NAT), were used as ligands due
to their strong binding affinity to gold surfaces and their characteristic and
easily distinguishable Raman signals. The final particle size is influenced
by the solvent composition and the molecular weight of PLGA.'? When
using 17 kDa PLGA and 70:30 CHCl3;:DMF, particles of 600-800 nm were
obtained, whereas 40 kDa PLGA in 70:30 CHCl;:DMF yielded particles of
1-2 pm , and using 50-75 kDa PLGA and solvent ratios between 70:30 and
97:3 CHCl5:DME, particles between 3-8 pm can be produced.

For EHD co-jetting, the polymer/particle/dye mixtures were flown in a
laminar regime through parallel mounted metallic needles at 0.2 mL per
hour. After a stable droplet was formed at the interface of the polymeric
solutions, a voltage was applied between the droplet and a collector plate.
The voltage created a polymeric jet from the tip of the droplet towards
the collector and was sufficiently high to induce break-up of the jet into

individual particles. Transmission electron microscopy (TEM), scanning
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electron microscopy (SEM) and fluorescence microscopy studies demonstrate

that particles evenly formed over a large area (Figure 3.11).

Figure 3.11.: Large scale images of bicompartmental nanoparticles
with two different Raman labeled Au NSs and two different dyes (blue
and green) characterized by (A) SEM (B) TEM and (C ) fluorescence
confocal microscopy. Reproduced with permission from ref.!97 Copyright
2017, American Chemical Society.

3.2.2. Stability of compartments

PLGA hybrid microgels showed high particle loading, regardless of the type
of plasmonic particles used in the synthesis, as observed in TEM images
(Figure 3.10). However, TEM images alone could not resolve the different
compartments within the particles. Therefore, the inner distribution and the
preservation of the different compartments after synthesis was characterized
by means of fluorescence imaging (with blue and green dyes) and SERS
imaging (with two different SERS-encoded AuNS).

Once synthesized, polymeric particles were embedded in a ProLong®gold
matrix between two coverslips and initially examined by confocal fluores-

cence microscopy (Figure 3.11 and 3.12). For SERS measurements, the par-
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3.2. PLGA microstructures loaded with metal nanoparticles

Figure 3.12.: (A) bicompartmental PLGA (40 KDa) particles con-
taining 30 nm AuNSs labeled with 4-BPT and a green dye in one com-
partment, and AuNSs labeled with 4-BPT and a blue dye in the other
compartment. (B) Fluorescence image of ~4 nm particles showing that
the dyes and hence the compartments are separated and distinguishable.
(C) SERS mapping of a ~7 um particle, also showing two compartments.
The signals from 4-BPT (red) and 2-Nat (green) are spatially separated.
Reproduced with permission from ref.'%” Copyright 2017, American
Chemical Society.

ticles were immobilized on a quartz glass slide to avoid the fluorescence
background from standard glass and then examined under a WITEC confocal
Raman microscope using a 785 nm diode laser as the excitation source. As
a reference, we used the Raman bands at 1275 cm™! for 4-BPT (C-C ring
stretch) and 1375 cm ™! for 2-NAT (C-C ring stretch), so that the characteristic
bands of both Raman reporters could be clearly distinguished (Chapter 5).
In Figure 3.12 both fluorescence and SERS images indicate the stability and
conservation of the two initial compartments. Interestingly, no interference
from the fluorescent dyes was observed, and as a result the shape of the
compartments was clearly resolved with both techniques. The SERS images
also allowed for differentiation of the compartments, but in contrast to fluo-
rescence imaging, the SERS signal is not evenly distributed throughout the

entire particle. This is due to the distribution of AuNSs, which, in contrast
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to the dyes, do not fill the complete volume of the PLGA compartments,
resulting in a distinct pattern with islands of higher intensity in the SERS
maps (For more information on the the spatial distribution examined by

SERS measurements see chapter 5).

3.2.3. Different shapes and composition

Figure 3.13.: Examples of PLGA-based bicompartmental fibers pre-
pared by electrohydrodynamic co-jetting and analyzed by fluorescence
imaging (A) and SERS mapping (B). Reproduced with permission from

107

ref. Copyright 2017, American Chemical Society.

Since PLGA electrospun nanofibers have been reported as scaffolds for cell
or tissue growth,'? we explored the possibility to synthesize PLGA fibers
containing AuNS, while preserving their bicompartmental structure (Figure

3.13). We thus prepared fibers with a diameter of 10 ym, i.e., twice as large as
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3.2. PLGA microstructures loaded with metal nanoparticles

the particles above, which is likely to facilitate the resolution of the different
compartments. SERS imaging indeed showed a distinct separation between
the compartments filled with 4-BPT coated AuNSs and 2-NAT coated AuNSs
(Figure 3.13). Furthermore to demonstrate the universal character of our
synthesis protocol, the obtained fibers were cut to obtain cylinders with
different lengths (Figure 3.14). Embedding them in a Tissue-Plus® matrix
and using a cryosectioning instrument, it was possible to fabricate these
cylinders while keeping the two compartments stable.”** Cylinders are of
interest since the shape of particles plays an important role in the modulation

of cell uptake, as reported elsewhere.'®

Figure 3.14.: Additional particles can also be produce. Fluorescence
images of (A) Particles including COOH in their surface to be modified
with antibodies or other molecules (30% of 5.9 kDa of PLGA with COOH
added) and (B) Cylinder shaped particles: Synthesized fibers can be cut
to obtain cylinders of different sizes. Reproduced with permission from
ref.197 Copyright 2017, American Chemical Society.

In order to explore the full universality of the method, polymeric particles
containing SERS-encoded 30 nm AgNPs and 40 nm iron oxide particles

(Figures 3.15) were synthesized. AgNDPs are ideal for SERS measurements
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at a laser wavelength around 500-600 nm, whereas magnetic nanoparticles
could be used to separate/collect the hybrid particles by magnetophoresis.
In an additional experiment, the PLGA surface was functionalized with
carboxylic groups, by adding 30 % of 5050DLG1 polymer (5.9 KDa) to the
initial PLGA /AuNSs mixture (Figure 3.14). For subsequent experiments
these can be useful as anchor points for further (bio)functionalization, e.g.

with antibodies.

3.2.4. Conclusion

We have introduced a universal method for the synthesis of PLGA microgels
of different sizes and shapes, loaded with dyes and metal nanoparticles
with distinct electromagnetic properties. These particles offer a wide range
of potential applications, in particular for biomedical imaging. In Chapter
5 the compartmental structure is examined using three dimensional SERS
and ultimately it will be demonstrated that the SERS signal from embedded
AuNS, in contrast to that from fluorescent dyes, is not affected by exposure
to UV illumination and therefore offers the possibility for long-term imaging
experiments. Since PLGA is a biocompatible and degradable polymer, po-
tential applications of these hybrid materials can be foreseen, for example in
form of combined drug delivery/imaging devices. In particular, microfibers
functionalized with AuNS may allow us to obtain new insights in the role of

implanted scaffolds in regenerative medicine.
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Figure 3.15.: (A) ~500 nm tricompartmental PLGA (17 KDa) particles
containing 30nm AuNSs labeled with 4-BPT together with a blue dye
in one compartment, 40 nm iron oxide nanoparticles with a red dye in
a second compartment and a green dye in a thirds compartment. (B)
TEM image where both nanoparticles can be observed. (C) Fluorescence

image showing the three compartments differentiated by the 3 dyes.

(D) Bicompartmental PLGA (55-75 KDa) particles ~8 pm containing
30 nm AgNPs labeled with 2-NAT together with a blue dye in one
compartment and 30 nm AulNSs labeled with 2-NAT and with a green
dye in a second compartment are shown. TEM images at different focus
confirm that particles are embedded onto the PLGA particles and not
only at the surface. Reproduced with permission from ref.'®” Copyright
2017, American Chemical Society.
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3. Synthesis of gold/polymer hybrid materials

3.2.5. Experimental part

Materials: Milli-Q water (resistivity 18.2 M(2 - cm) was used in all exper-
iments. Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H20, >99.9%),
sodium citrate tribasic dihydrate (aL€98%), silver nitrate (AgNO;, aL'€99%),
L-ascorbic acid (AA, >99%), O-[2-(3-mercaptopropionylamino) ethyl]-O-
methylpolyethylene glycol (PEG-SH, MW 5,000 g/mol), 2-naphthalenethiol
(2-NaT, 99%), biphenyl-4-thiol (4-BPT, 97%), Chloroform (CHCl;, >99.8%)
17 kDa PLGA , 40 kDa PLGA and 50-75 kDa PLGA were purchased from
Sigma-Aldrich. 5050 DLG 1A polymer (#LX00560-130) has purchased from
Lakeshore Biomaterials. ProLong gold matrix was purchased from Ther-
mofisher scientific. Quartz microscope slides were from Electron microscopy
(#72250-01). 5nm AulNPs and 40 nm iron oxide nanoparticles were purchased
from Ocean Nanotech LLC. For EHD co-jetting a syringe pump (Fisher Sci-
entific Inc., USA) and a power supply (DC voltage source, Gamma High
Voltage Research, USA) was used. All glassware was washed with aqua

regia, rinsed 3-fold with Milli-Q water and dried before use.

Synthesis of gold nanostars

AuNSs were prepared using a seed-mediated growth method. Adding 5 mL
of 34 mM citrate solution to 95 mL of boiling 0.5 mM HAuCl, solution under
vigorous stirring and leaving boiling for 15 min seed particles are formed.

50 nm AuNSs with LSPR maximum at 750 nm were prepared adding 2.5
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3.2. PLGA microstructures loaded with metal nanoparticles

mL of the citrate-stabilized seed solution to 50 mL of 0.25 mM HAuCl,
solution (with 50 pL of 1 M HCI) in a 100 mL glass erlenmeyer flask at room
temperature under moderate stirring. Quickly, 500 pL of 3 mM AgNO; and
250 L of 100 mM ascorbic acid were added simultaneously. The resulting
AuNSs solution was mixed with 410 pL of PEG-SH 0.1 mM stirred for 15 min
and washed by centrifugation at 1190 g, 25 min, 10 °C redispersing them in

water.

Synthesis of silver nanoparticles

A modified protocol was used based on a previously reported approach to
prepare 30 nm AgNPs. 250 mL of Mili Q water was heated under magnetic
stirring. 4 mL of trisodum citrate (0.1 M) and 0.32 mL of ascorbic acid (0.1M)
were added to the boiling water. Then 0.93 mL of AgNOs (0.1M) was added
leaving 1 h boiling under stirring. Then the solution was cooled down and

stored in the fridge.

Phase transfer of plasmonic nanoparticles

All the plasmonic particles were pre-stabilized with PEG (O-[2-(3-mercapto-
propionylamino) ethyl]-O’'methylpolyethylene glycol), and subsequently
transferred from water into CHCl; by vigorously stirring the colloids with
a CHCl; solution of the hydrophobic Raman active molecules. Both phases

were mixed overnight, so that the particles slowly diffuse from the aqueous
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3. Synthesis of gold/polymer hybrid materials

into the organic phase. Afterwards the aqueous phase is discarded and the

organic phase centrifuged several times to remove excess of free ligand.

Bicompartmental PLGA particles

Bicompartmental PLGA particles were synthesized using 50-75 kDA PLGA
(#430471 Aldrich) and a solvent ratio of 97:3 for CHCl; and DMEF. Briefly,
in compartment (I) 0.0405 g of PLGA were mixed with 235 jiL of green dye
(Img/mL in CHCI3) and 485 pL of SERS-Tag (4-BPT) AuNSs [Au(0) =3mM]
in CHCl; and 15 pL DMF. Compartment (II) was prepared mixing 0.0405 g of
PLGA with 235 pL of blue dye (1mg/mL in CHCI3) and 485 nL of SERS-Tag
(2-NAT) AuNSs [Au(0) =3mM] in CHCI3 and 15 pL. DMF.

Bicompartmental Fibers: Using a 50-75 kDA PLGA (#430471 Aldrich) and
a solvent ratio of 97:3 for CHCI3 and DMF 10 pm fibers where obtained.
In compartment (I) 0.15 g of PLGA were mixed with 54.55 pL of green
dye (Img/mL diluted in CHCl;) and 350 pL of SERS-Tag (4-BPT) AulNSs
[Au(0)=3mM] in CHCl; and 15 nL. DMFE. Compartment (II) was prepared
mixing 0.15 g of PLGA with 54.55 pL of blue dye (Img/mL in CHCl;3) and

350 nL of SERS-Tag (2-NAT) AuNSs [Au°=3mM] in CHCl; and 15 nL DMFE.

Bicompartmental Cylinders

Bicompartmental fibers were deposited aligned in a tissue cryomold and

embedded in a Tissue-Plus®matrix. Then they were stored at -4°C for 24h
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3.2. PLGA microstructures loaded with metal nanoparticles
after being cut using a Leica 3050S cryostat cryosectioning instrument. The
obtained different slides were collected in falcon tubes and washed several
times centrifuging them with water. Cylinders of 2, 5 and 10 pm were

obtained defined by the cutting plane size.
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Chapter 4.

PEGMA nanogels as drug

delivering tool

In this chapter the previously introduced AuNP-containing thermosensitive
nanogels are tested as platforms for the co-delivery of doxorubicin (Doxo)
- a cytotoxic agent - and pomalidomide (Poma) - an anti-angiogenic and
immunomodulatory agent. It will be shown that these drug delivery systems
are preferentially cytotoxic to cancer cells in vitro, while also being efficient
at inhibiting angiogenesis in tube-formation assays in vitro. Nanogels are
a highly versatile system in which drug release profiles can be controlled
via polyelectrolyte coating and/or various external stimuli, showing good
biocompatibility and biodegradation in vitro. The final nanogels thus of-
fer a stable platform that can be prepared by straightforward production
methods and used to deliver several drugs, with both hyperthermia and
photothermal ablation therapy characteristics. This chapter resulted in a

recent publication.!%
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4. PEGMA nanogels as drug delivering tool

4.1. Introduction

hv

Fose

—Foma

Fome

Doxo

Figure 4.1.: Scheme of action for the application of the PEGMA
nanogels as stimuli responsive drug delivering tool

Two different drugs with different physicochemical behaviour and different
therapeutics effect were chosen to test the PEGMA nanogels (presented in
Chapter 3) as a drug delivery tool. The idea is to take advantage of the
properties of the nanogel and its porous structure which can act as cavity
for drugs and the thermoresponsive behaviour combined with the gold
nanoparticles to create a photothermal drug delivery system. Figure 4.1
shows an illustration of the scheme of action. After cell uptake of drug-
loaded nanogels, the nanogels are exposed to various changes in the chemical
surroundings. These changes, in combination with external heat, cause an

increased release of the drugs and a therapeutic effect can be observed.
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4.1. Introduction

In the first step the efficacy of drug loading and release will be investigated
followed by an ex vitro study of the release mechanism and the influence of
other stimuli present in the cell, such as changes in the pH and glutathione
concentration ([GSH]). In the second step the particle uptake in different
cell lines is tested and finally the release of the two drugs (Doxo and Poma)

confirmed.

4.1.1. Doxorubicin

Doxorubicin is a clinical established and a FDA approved anti cancer drug for
several decades now and widely known as one of the most potent chemother-
apeutic drugs on the market.””® The major drawback is the non-selectivity
which results in high side effects and demands a way to work around, for
example by using carrier systems. One way, which is already in clinical use
is the combination of Doxo with liposomes to form a more stable carrier.'®’

Another idea would be the use of hydrogels as presented in this chapter.

Physical properties

Doxo is a polar molecule (Figure 4.2a) and has a high water solubility up
to 50 mg/mL. The main part is formed by an tetracyclic ring with adjacent
quinine-hydroquinone groups. The second major component is a sugar
moiety, comprised of a 3-amino-2,3,4-trideoxy-L-fucosyl, attached to one of

the rings by a glycosidic bond. Usually it is purchased as the hydrochloride
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4. PEGMA nanogels as drug delivering tool
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Figure 4.2.: a) Structure of doxorubicin. b) Excitation (black) and
emission (red) spectra of doxorubicin under excitation at 470 nm. Figure
B reproduced with permission from ref.'?® Copyright 2016, Royal Society
of Chemistry

and then dissolved in water or buffer and stable in the fridge for several
months, which is an exceptional stability for a drug. Next to its water
solubility and high stability, Doxo shows intrinsic fluorescence properties.
Figure 4.2b shows the excitation spectra and the emission under excitation at
470 nm.'?

For imaging applications the intrinsic fluorescence simplifies the experiment
often, since Doxo can be observed in the fluorescence microscope without
further labeling. Those characteristics, the high activity as anti cancer drug
and the wide range of literature available for comparisons are responsible
for its wide use amongst proof of concept works and as drug to in-vitro test

novel drug delivery systems.
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4.1. Introduction

Mechanism of action

Free Doxo enters cells through passive diffusion and accumulates in the
nucleus of the cell. The main cytotoxicity results through the binding of
Doxo to several molecular targets such as topo isomerase enzymes which
ultimately prevents proliferation of the cell. Beside that, Doxo also binds
directly to DNA and RNA and inhibits the polymerase of them which leads

to an inhibition of cell replication and cell death.'?

4.1.2. Pomalidomide

Pomalidomide (Poma) became tragically famous in the last century as it is
a derivative of thalidomide which was sold to combat nausea under the
trade name Contergan. Contergan let to birth defects of several thousands
of children all around the world during the middle of the 19th century.
Because of this scandal thalidomide and its derivatives vanished from the
market and were just recently re introduced to the market as a drug for the
treatment of multiple myeloma, a cancer of plasma cells. In this context it
it was discovered that Poma has immunomodulatory antiproliferative and

anti-angiogenic effects.'>*13
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4. PEGMA nanogels as drug delivering tool

Physical properties

In contrast to Doxo, Poma is nonpolar and hardly soluble in water (Img/mL)
and therefore needs to be dissolved in nonpolar solvents like DMSO (54
mg/mL). The molecule (Figure 4.3) consists of two main components, a
phtalimide compound, connected with a dioxo-piperidine over the nitrogen.
The difference between thalidomide and pomalidomide is a further amino
group in the third position of the ring structure. Both molecules have a
stereocenter and will racemise automatically due to the reactive hydrogen at
the stereocenter. There have been few reports on the physical properties of

Poma. Poma is not fluorescent and absorbs in the UV.
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Figure 4.3.: a) Structure of Pomalidomide. = b) Schematic
representation  of  Angiogenesis. Picture  taken  from
http://www.angioworld.com/DominiqueGarrel.html, October2017.

Immunodolatory effect

Poma belongs with Thalidomide and other analogs to the class of immunomod-
ularoty imide drugs (IMiDs).'** These drugs were found to have a stimula-

tory effect on the immune system, potentially helping the anti cancer immune
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4.1. Introduction

response. In a later section (Section 4.6.2) we take advantage of this effect
and test LPS stimulated macrophages on their expression of Interleukin
6 (IL-6). IL-6 is a pro-inflammatory cytokine and expressed by T-cells or
macrophages. In the human body it acts as an mediator of fever or the acute

phase response.'3%133

Angiogenensis

IMiDs have also been shown to have anti angiogenic properties since they
reduce the production of proangiogenic factors such as vascular endothelial
growth factor and fibroblast-like growth factor. Angiogenesis describes
the formation of new blood vessels. Upon chemical signaling by the prior
mentioned factors endothelial cells will migrate and differentiate to form new

blood vessel or repair them (Figure 4.3b)."**

In the presence of anti angiogenic
drugs this process is suppressed which is important to fight cancer. Cancer
needs to produce blood vessels for nutrition and oxygen supply to grow over

a critical size of a few millimeters.!3*

Ultimately hindrance of angiogenesis
by IMiDs could help to slow tumor growth and tumor spreading throughout
the body by cutting off the supply rather than attacking the tumor cell itself.
In combination with a chemotherapeutic drug, IMiDs form a very promising
tool to fight cancer. Currently Doxil, a liposomal doxorubicin carrying NP

system, which has been combined with dexamethasone and pomalidomide,

is such a combination and is currently in clinical trials to treat Multiple
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4. PEGMA nanogels as drug delivering tool

Melanoma (MM) cancer (NCT01541332 from www.clinical trials.gov).

4.2. Drugloading

Drug loading was achieved by immersing AuNP decorated PEGMA nanogels
in an aqueous solution of drugs (0.125 mg/mL) in basic conditions, and quan-
tified by the decrease of drug concentration in solution after loading. After
the immersion in the drug solution, the nanogels were wrapped with two
different polyelectrolytes as described in Chapter 3 and tested on their dif-
ferent behaviours as drug delivery tool. As a reminder, nanogels without
wrapping are called AuNGI, nanogels with poly-L-arginine AuNG2 and
nanogels with alginate are named AuNGS3.

The maximum loading of Doxo was 0.33 mol/mg(Au) for AuNG1 and
AuNGS3, and 0.30 mol/mg(Au) for AuNG2. Even though it is desirable,
the concentration of AuNGs in solution could not be determined. Because of
that the loading was measured with respect to the gold concentration. The
gold concentration was adjusted to be the same by measuring it with ICP-MS.
The encapsulation of Poma was less efficient with only 0.025 mol/mg(Au) for
AuNG1, 0.019 mol/mg(Au) for AuNG2 and 0.020 mol/mg(Au) for AuNGS3.
The entrapment of drugs was possible due to attractive interactions between
Au decorated PEGMA nanogels and Poma and Doxo. Both electrostatic

interactions and hydrogen bonding may be involved in the loading of the
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4.2. Drug loading

nanogels, due to the presence of carbonyl and ester groups in the nanogel
and amino groups in both drugs.!® In fact, a change in the zeta potential
of the nanogels toward more positive values after drug encapsulation was

observed, as previously reported for similar nanogels.'®

4.2.1. Determination of loading and release
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Figure 4.4.: Typical calibration curves for doxorubicin (a) and poma-
lidomide (b). Reproduced with permission from ref.!%6 Copyright 2017,
American Chemical Society.

To quantify the maximum loading, supernatants were collected and the
amount of drugs quantified with fluorescence (Doxo) or absorbance (Poma)
measurements. Typically 70 pL of the supernatant was analyzed using a
96 well plate and a Varioskan flash (Thermo scientific) plate reader with
an individual calibration curve for each plate (Figure 4.4). On the basis of
the calibration curve, the exact amounts of drug in the supernatants were
calculated. The loading was then determined by subtraction of the amounts

in the supernatants from the initial amount added to the particles.
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4. PEGMA nanogels as drug delivering tool

4.3. Drug release

Release was measured in a similar way: the particles were incubated under
the desired conditions, then centrifuged at 12000 rpm for 10 minutes and
the concentration of the drug in the supernatant was measured with a plate

reader as described above.

4.3.1. Doxorubicin release
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Figure 4.5.: Increased release of Doxo (a) and Poma (b) between intra-

cellular (pH=5.5, [GSH]= 5 mM) and extracellular conditions (pH=5.5,

[GSH]= 1 M) with no trigger (control), heat and Laser. Reproduced

with permission from ref.'9 Copyright 2017, American Chemical Society.
Figure 4.5 shows the influence of polyelectrolyte presence on Doxo release
from PEGMA nanogels, as a function of increasing temperature. Both poly-
electrolytes shifted the thermal release to temperatures above 37 °C, as com-
pared to the non-coated AuNG1 (Figure 4.5a). However, poly-L-arginine

(AuNG2) hindered more the uncontrolled leakage of Doxo from the nanogel

compared to polyalginate (AuNG3), but also made PEGMA nanogels less
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4.3. Drug release

efficient at thermally triggered release. This is shown in figure 4.5b, where an
18-fold increase for AuNG3 but only a 5-fold increase for AuNG2, of released
Doxo between room temperature and 50 °C is observed.

We believe that the polyelectrolyte coating is wrapped around the particles
with varying density and most likely porosity. Hence leakage is hindered and
slowed down but not completely avoided and at the same time the release
of the drugs upon shrinkage of the nanogels modulated. Poly-L-arginine
seems to be more densely attached and reduces leakage and at the same time
makes the release more sensitive to temperature changes. The overall release

however is reduced as well compared to alginate.

4.3.2. Pomalidomide release

Pomalidomide (Poma) shows slightly different release properties, as com-
pared to doxorubicin. Figure 4.6 shows the release of pomalidomide over a
time span of 24 hours at room temperature and at 50 °C. The release of poma-
lidomide from AuNG3 (polyalginate coating) shows a trend similar to Doxo,
with higher temperature causing more release. In contrast, pomalidomide
release from AuNG2 (poly-L-arginine coating) is not significantly influenced

by temperature.
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Figure 4.6.: Release of pomalidomide over time at room temperature
and 50 °C, monitored over 24 h. Reproduced with permission from ref.'%6
Copyright 2017, American Chemical Society.

4.3.3. Calculation of release exponent

Peppas and co-workers developed a simple model to determine the mecha-
nism of release and to distinguish between diffusion controlled release and a

mixture of diffusion and other release mechanisms:3°

M,
— kt" 4.1
A (4.1)

o

M, and M, are the amount of released drug at time t and after infinite time,
respectively; k is a structural factor and n is the release exponent. According
to the model, the value of n gives information of the mechanism behind
the release. For a spherical particle system, a value of n < 0.43 means pure
diffusion-controlled release according Fick’s second law of diffusion. A value
between 0.43 < n < 0.85 means anomalous diffusion. This is a result of a

superstition of diffusion-controlled release and other mechanisms. At values
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4.3. Drug release

of n > 0.85, the zero order regime is entered (case-II transport).
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Figure 4.7.: Relative release of doxorubicin (a) and pomalidomide

(b) over time at room temperature and at 50 °C. The lines are the

corresponding fitting curves according to Peppas model. Table (c) shows

the values extracted from the fit for the release exponent (n). Reproduced

with permission from ref.!% Copyright 2017, American Chemical Society.
In our case, all nanogels show n values within the regime of anomaly and
sometimes slightly below that (Figure 4.7). The model is just a simple law
which has to be viewed with caution. However, the law shows for our parti-
cles that a temperature change for both drugs does not change the mechanism
significantly. If so, the diffusion regime is entered. Besides the temperature
change we were interested if there is a difference between Poma and Doxo, as

they show different polarities. Both drugs stay more or less inside the regime

of anomaly indicating a superposition of different mechanisms. Based on
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these results (Figure 4.7), no difference in the mechanism of release can be

identified.

4.4. Other stimuli

Near-infrared (NIR) light, glutathione (GSH) and pH were also confirmed
to trigger the release of drugs from AuNP decorated PEGMA nanogels,
via different mechanisms (Figure 4.8a-c). The interaction of NIR light with
AuNPs inside the nanogels led to shrinkage and in turn remotely controlled
release of drugs due to the photothermal effect. Upon continuous NIR
illumination (808 nm, 8.3 W/cm?), an initial increase in both the recorded
temperature and Doxo release were noted, followed by a plateau in both
measurements after ca. 10 minutes (Figure 4.8a).

The mechanism of drug release triggered by heating (including NIR light
irradiation) and subsequent nanogel shrinkage can be related to the removal
of hydrogen bonding between the drugs and the nanogel itself, but also to
the decrease in the radius of the nanogel and shortening of the diffusion path
for entrapped drugs.

GSH was also found to enhance drug release from AuNP decorated PEGMA
nanogels. This trigger is of interest for intracellular drug delivery since its
concentration is over 200 fold higher within cells (0.2-10 mM) than in the

extracellular environment (2-20 pM).'¥ 138 To compare the GSH triggered

86



4.4. Other stimuli

Doxo release with that induced by heating, we used the SERS intensity of
Doxo molecules close to the gold surface. SERS of AuNG3 (as example)
nanogels after incubation with GSH, after heating and after both heating
and GSH incubation were measured, and the signals were compared to the
corresponding fluorescence intensity of Doxo in the supernatant from the
nanogel. A more detailed description of the SERS experiments can be found
in Chapter 5. Figure 4.8b shows that both GSH and heat triggered the release
of Doxo from the nanogel, and both triggers, acting in synergy, released 1.8
times more than the sum of the two triggers separately (30 min incubation
time, T=50 °C, [GSH]= 5 mM). The presence of Doxo was monitored using
the characteristic SERS peak at 1420 cm ™! (corresponding to the C-O-H and
C-H bending mode). Upon application of both T increase and GSH, the Doxo
signal vanished faster than by only heating, showing the influence of [GSH].

t,139

The release mechanism of GSH could be related to ion displacement,™” since

it is known that GSH adsorbs onto AuNPs and polymers and can trigger this
kind of release mechanism intracellularly.!* 4!

In addition, we observed degradation and disassembly of the Au decorated
PEGMA nanogels, both after GSH exposure in solution and in in vitro exper-
iments, which would subsequently enhance drug release (See 3.1.2).

pH changes affect hydrogen bonding,142 as well as charges on amino and

carboxylic groups in the nanogels. As pH is also known to considerably

decrease during the endocytotic pathway in cells, we studied the effect of
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4. PEGMA nanogels as drug delivering tool

pH on the release of Doxo from the nanogels. By exposing AuNG3 to pH 7.4
or pH 5.5, values that are representative of the extracellular and intracellular
environment respectively, we noted a 2-fold increase in Doxo release. Addi-
tionally, the increased Doxo release at low pH was more pronounced in the
presence of GSH at the usual concentrations in the intracellular environment

(Figure 4.8c).
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Figure 4.8.: a) Temperature increase (open circles) of AuNG3 solution
under NIR illumination (808 nm, 8.03 W/cm?) and the correspond-
ing doxorubicin release (filled circles). b) Doxo release from AuNG3
upon heating and/or GSH addition and corresponding SERS spectra
(inset). SERS spectra were recorded in solution at a concentration of 5
ng/mL(Au), Pjgser= 12mW for 633 nm and t;,,=20s with a 10x objective
(NA=0.35). The assigned band at 1420 cm~! is highlighted with a gray
background. c¢) pH influence on the release of Doxo at different [GSH].
d,e) Summary of the different Doxo release efficiencies comparing the
delivery at room temperature (control) versus the delivery upon the
application of external stimuli, NIR light and heat (50 °C) in solutions
mimicking the extracellular (d) and intracellular environment (e). Repro-
duced with permission from ref.'° Copyright 2017, American Chemical
Society.
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Figure 4.9.: Increased release of Doxo (a) and Poma (b) when moving
from extracellular environment (pH=7, [GSH]= 1 uM) to intracelluar
environment (pH=>5.5, [GSH]= 5 mM) under the influence of no trigger
(control), heat and laser illumination. Reproduced with permission from
ref.1%6 Copyright 2017, American Chemical Society.

We subsequently compared how all the aforementioned triggers can affect
drug release in an environment mimicking both extracellular and intracellu-
lar conditions. Figure 4.9a shows that intracellular conditions enhance Doxo
release induced by both heat and NIR illumination. Moreover, the polyelec-
trolytes on the nanogels surface caused significantly different drug release
profiles, AuNG2 being more efficient in avoiding drug leakage, whereas all
triggers enhanced drug release from AuNG3. We therefore conclude that
AuNG3 appears to release higher amounts of Doxo, yet AuNG?2 releases the
same drug in a more controlled way under the effect of different triggers
(Figure 4.9a). A similar study was carried out for the release of Poma (Figure
4.9b). In this case, release was more significantly affected at intracellular

conditions (high [GSH] and low pH) than by the application of external
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stimuli. AuNG2 were more efficient in releasing Poma than AuNG3 and
uncontrolled leakage was similar for both types of nanogels. The different
release profiles shown in our work are key when selecting the appropriate
carrier for a specific drug that could demand a faster release or which is very

toxic and should be only released at the target cells.

4.5. Cellular uptake

Polyelectrolyte shells on AuNG2 (poly-L-arginine) and AuNG3 (polyalgi-
nate) were shown to affect nanogel uptake by both cancer and non-cancer
cells, due to the different composition and surface charge of the nanogels.
Taking into consideration that the increased metabolic activity of cancer
cells compared with non-cancer cells can be exploited to improve nanogel

uptake,143‘145

we conducted a co-culture of HeLa cancer cells with healthy
human dermal fibroblasts (HDF) to determine the differences in nanogel

endocytosis. Using fluorescence microscopy and TEM we observed higher
levels of endocytosis for AuNG2, as compared to AuNG3 (Figure 4.10).

Flow cytometry determined the levels of AuNG2 and AuNG3 uptake in this
co-culture, measured 24 h after a short 2 h incubation. The percentages of
HDF cells positive for Doxo (used as a fluorescent label) were 75.6% and
33.7% for AuNG2 and AuNG3 nanogels, respectively, whereas the percent-

age of HelLa cells positive for Doxo were 99.4% and 75.6% for AuNG2 and
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Figure 4.10.: a) Cellular uptake of free Doxo, AuNG2 and AuNG3
nanogels. A co-culture of HeLa (unstained) and HDF (blue stained) cells
were exposed to Doxo and Doxo containing AuNG2 and AuNG3 for 2
h and uptake visualized using Doxo fluorescence (shown in red in main
images or in white in inserts for clarity). Clear nuclear (left image) or
endosomal staining (middle and right images) is seen after free or nanogel
delivered Doxo, respectively. Scale bars are 100 pm. b) TEM images of
HeLa cells exposed to AuNG2 and AuNGS3 for 2 h and then processed
the following day for TEM imaging. Magnified photos are shown in color
coded boxes. Reproduced with permission from ref.!% Copyright 2017,
American Chemical Society.

AuNGS3, respectively. This shows significant differences in cell specificity
which can indeed be ascribed to the enhanced metabolic rates of cancer cells,
as well as increased levels of AuNG2 uptake compared to AuNG3 due to
the overall cationic charge of the AuNG2 system. Cationic nanoparticles and
also molecules with overall positive charges (e.g cell penetrating peptides)
are well known to associate with cell membranes to higher levels than their
anionic counterparts. As expected, incubation of cells (both cancerous and

healthy) with free Doxo resulted in rapid nuclear localization, whereas Doxo
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containing AuNG2 and AuNG3 were localized in endosomes (Figure 4.10).
Similar results were obtained with breast cancer MCEFE-7 cells (Figure 4.11), in
agreement with previous studies.** Results also show the nontoxic and inert
effects of the nanogel formulations without doxorubicin and pomalidomide
drugs, with or without poly-L-arginine or polyalginate coatings, on various
cells. However, such increased levels of uptake in cancer cells did not corre-
late with higher drug release in vitro as it is shown in section 4.6. We also
confirmed that long term exposure to unloaded nanogels does not cause any

increased cell death (Figure 4.11).

Figure 4.11.: MCF-7 breast cancer cells showing uptake of AuNG2 (a)
and AuNG3 (b). Doxo (shown in red) is not released at this time, and
therefore little to no cytotoxicity is observed. Free doxorubicin (c¢) causes
high levels of cell death. Untreated control cells are shown in (d). Cells
are DAPI stained. Scale bar is 50 ym. e) HeLa and HDF (stained blue)
co-culture exposed to non-coated nanogels for 2 h; f) MCF-7 cells exposed
to poly-L-arginine nanogels (AuNG2, without drugs) for approximately
18 h, and stained with DAPI. g) MCF-7 cells exposed to polyalginate
nanogels (AuNG3, without drugs) for approximately 18 h, and stained
with DAPI. h) Live/Dead staining of a HeLa and HDF cell co-culture
exposed to non-coated nanogels for 2 h and then left for 4 days, with live
cells imaged in the green fluorescence channel and dead cells using red
fluorescence. Reproduced with permission from ref.!% Copyright 2017,
American Chemical Society.
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4.5.1. Intracellular degradation

We were interested about the long term stability of the nanogel inside cells.
Nanogel degradation would favour drug delivery and can indeed be ob-
served inside cells (Figure 4.12). AuNG2 remain relatively unaffected even
after 1 week of incubation in cells, whilst AuNG3 shows a high degree of
degradation and AuNP detachment (Figure 4.12). In both cases, aggregated

AuNPs without polymer can occasionally be found.
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Figure 4.12.: TEM pictures showing AuNG3 and AuNG2 nanogel
degradation inside cells after one week incubation time. HeLa cells
were incubated with AuNGs for a week, followed by fixation, staining
and embedding in a raisin. The pictures shows cross sections of thinly
sliced cells with nanoparticles inside. The enlarged pictures highlight
the presence of the nanogels. Reproduced with permission from ref.'%6
Copyright 2017, American Chemical Society.
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4.6. Intracellular drug release
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Figure 4.13.: Cell viability of HeLa cells after incubation with different
Poma concentrations. Cells were incubated with free Poma, free Doxo
(same concentrations as the corresponding Doxo loaded AuNGs contained)
and AuNG loaded with Poma alone and Doxo plus Poma. Cell viability
was measured ca. 24 h later using the MTT assay. Reproduced with
permission from ref.!% Copyright 2017, American Chemical Society.

The effect of the two drugs Poma and Doxo was measured separately because
they affect cells through different molecular mechanisms. We first verified
that the increased levels of AuNG-PEGMA nanogel uptake by cancer cells
compared to non-cancer cells resulted in downstream cell death. As seen in
Figure 4.10 and 4.14, whilst free Doxo resulted in cell death of both cancer
and non-cancer cells in the co-culture system, exposure to Doxo-containing
AuNG2 and AuNG3 was predominantly cytotoxicity to cancerous HelLa cells
whilst HDF cells remained viable.

The presence of Poma within the nanogels was verified as not inducing any

cytotoxic effects at the given concentration (Figure 4.13). The high levels of

96



4.6. Intracellular drug release

cytotoxicity noted in HeLa cells was slow, occurring ca. 4 days after the initial
exposure of the cells to the AuUNG-PEGMA nanogels. We investigated the
ability of MCF-7 breast cancer cells to uptake AuNG2 and AuNG3 (Figure
4.11). Like the results noted for HeLa cells, both AuNG2 and AuNG3 are
taken up by cells but do not display toxicity, unlike free Doxo (Figure 4.11c),

due to the slow release by this system.

4.6.1. Laser stimulated intracellular drug release

In the next step, we subsequently investigated the use of NIR light as a
method to improve Doxo release and subsequent cell death, compared to non-
illuminated controls. HeLa cells were exposed to Doxo-containing AuNG2
and AuNGS3, or non-Doxo control nanogels (AuNG*) for ca. 12 h, followed
by illumination with an 808 nm diode laser at 16 W/cm? for 20 minutes. Cell
viability was measured the following day using the MTT assay. NIR-light
illumination of HeLa cells incubated with AuNG-PEGMA nanogels resulted
in a significant decrease in the viability over the non-illuminated cells (Figure
4.14). Non-Doxo loaded nanogels (AuNG*) were used as second control,
showing that it was possible to induce hyperthermia with AuNP-PEGMA
nanogels, which is interesting for combined therapy as previously reported
for other drug delivery systems.!* However, we verified that there exists
an enhancement of Doxo release under NIR light illumination in vitro when

lower power densities are applied, thereby avoiding hyperthermia (Figure
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Figure 4.14.: a) Live/Dead staining of HeLa/HDF co-cultures, ca. 4
days post initial exposure to free Doxo, or Doxo-containing AuNG2 and
AuNG3. Live cells show green-channel fluorescence whilst dead cells
uptake propidium iodide and are positive for red channel fluorescence.
The predominant live population (green) are HDF cells which can be
identified by their characteristic shape, whereas HeLa cells are the ma-
jority "dead" population. Scale bars are 200 pm. b) NIR-laser induced
hyperthermia and photo-thermal-induced cytotoxicity of HeLa cells and
¢) cell viability of HeLa cells after lower NIR-laser irradiation without
hyperthermia, showing exclusively enhanced drug release through NIR
irradiation. Reproduced with permission from ref.!% Copyright 2017,
American Chemical Society.

4.14b,c). Cells were incubated with free Doxo, Doxo-containing AuNG2,
Doxo containing AuNG3 or AuNG nanogels without drug, for ca. 18h,
followed by laser irradiation. In this case cell viability was measured ca. 24 h

later using the MTT assay (mean of triplicate wells +- SD). Laser illumination
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was carried out with an 808 nm diode Laser with 0.4 cm spot size, therefore

illuminating the whole well of the 96-well plate (t=20min, p=12W/cm?).

4.6.2. Intracellular pomalidomide release
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Figure 4.15.: Pomalidomide mediated inhibition of LPS-induced IL-6

from J774 murine macrophages. DMSO was also included as a solvent

control, at the same final concentration as present in free Poma. Repro-

duced with permission from ref.'° Copyright 2017, American Chemical

Society.
The drug Poma has been shown to be highly efficient at inhibiting angio-
genesis, in addition to a wide variety of immune system modifying effects
such as the inhibition of cytokine production in LPS-stimulated peripheral
blood mononuclear cells (PBMCs), thereby placing it in the group of im-
munomodulatory drugs (IMiDs) (Section 4.1.2) We took advantage of these
immunomodulatory effects as a method to verify that Poma remained active

after release from AuNG nanogels. In order to do so we exposed LPS-

stimulated ]J774 murine monocyte-macrophage cells to AuNG2 and AuNGS3,
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containing Poma alone or Doxo and Poma, and determined the levels of IL-6
cytokine produced. Compared to non-exposed controls, IL-6 levels were
reduced by 90%, similar to exposure to free Poma (Figure 4.15). No signifi-
cant differences in the ability of AuNG2 and AuNGS3 to inhibit LPS-induced
IL-6 were observed, nor did the presence of Doxo in the formulations hinder

Poma.

. | | .
' .
Figure 4.16.: a) The angiogenesis tube formation assay shows the
ability of HUVEC cells to grow vessel-like interconnecting networks
through the aid of growth factors present in the underlying gel. In cases
were no nanogels were applied (a), established tube formation is seen
within 6 h, yet with HUVEC cells pre-incubated with AuNG2 (c), or
AuNG3 (d), or HUVEC cells incubated with free pomalidomide (b), poor
or no tube-formation is seen. Control experiment with AuNG without
coating and Poma show tube formation similar to no Poma (a). Each
image (circle) is 4 mm in diameter DIC microscope image showing the

whole well. Reproduced with permission from ref.'% Copyright 2017,
American Chemical Society.

We next investigated the ability of Poma containing nanogels to inhibit angio-

genesis in an in vitro tube formation model. Due to the short time span of the
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assay ("tubes" form within hours and cells die naturally at approximately 24
h post planting), we pre-incubated HUVEC cells with Poma-containing
nanogel formulations overnight, and the following day we planted the
nanogel-containing HUVEC cells on the tube-inducing gel support. Fig-
ure 4.16 shows the effective inhibition of tube formation when healthy HU-
VEC cells, otherwise capable of tube formation, were pre-incubated with
both Poma- containing AuNG2 or AuNGS3, at a concentration equivalent
to 10 pM. On the contrary, HUVEC cells pre-incubated with Au decorated
PEGMA nanogels without Poma were able to form tubes (Figure 4.16)e,
as expected. In addition to Poma effects on HUVEC cells when grown
under angiogenesis-stimulating conditions, the cell surface area and the
aspect ratio (AR) of HUVEC cells were significantly reduced upon exposure
to Poma-containing nanogels when grown under "normal" tissue culture
conditions (Figure 4.17). IMiD compounds have been shown to activate
GTPases, enzymes which are responsible for cellular cytoskeleton reorgani-
zation, cellular differentiation and movement.'*” In fibroblasts, Poma has
been shown to induce formation of actin stress fibers,'¥” and changes of cell
area and aspect ratio have been documented upon exposure of cells to both
anti- and pro-angiogenic molecules.'*®1% Considering that the production
of pro-angiogenic molecules such as VEGF and bFGF is inhibited by a cas-
cade of signaling pathways due to pomalidomide’s ability to down-regulate

cell adhesion molecules and reduce VEGF, bFGF and IL-6 secretion,'® it is
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reasonable to assume that Poma will affect cell surface area. Exposure of
HUVEC cells to Poma-containing nanogels resulted in a decrease in cell size,
reducing the surface area by 30-60% of the original value. The decrease in
cell surface area and aspect ratio was more pronounced for Poma-containing
AuNG2 than for AuNG3, which can be correlated with an enhanced cell
uptake of these nanogels, but also with the higher degree of Poma release
observed in solution. Interestingly, we did not observe any similar effects
upon exposure of HUVEC cells to free Poma, which suggests that these IMiD
mediated changes in cell morphology are highly dependent on exposure

time and subsequent Poma release from nanogel formulations.
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Figure 4.17.: HUVEC cells incubated with free Poma, AuNG2, AuNG3
or AuNG without Poma (control) for 4 h at a final Poma concentration
of 10 nM. Cells were washed, fixed and stained with DAPI and AF488-
phalliodin to show the nucleus and actin fibers respectively. Scale bars are
50 nm. ¢) Area and aspect ratio (AR) of cells described in (b), measured
using ImageJ from at least 30 cells from 3 separate images. Mean +-
SD is shown. Reproduced with permission from ref.!% Copyright 2017,
American Chemical Society.
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4.7. Conclusion

It was shown that the AuNGs presented in Chapter 3 are a versatile drug de-
livery system. The leakage of drugs was reduced by wrapping the nanogels
with a polyelectrolyte shell. We studied two possible coatings: polyalginate
and poly-L-arginine. These two coatings produced different modifications in
the thermoresponsive behavior of the nanogels and other physicochemical
properties that were characterized and influenced first, the stimuli respon-
sive release of the two drugs and second, their interaction with cells and
their drug delivery in vitro. We showed that pH, glutathione concentration,
heat and NIR-light can all trigger the release of drugs in an extent that was
dependent on the chemical nature of the drug and the coating polyelec-
trolytes. Both coated nanogel systems showed enhanced uptake by cancer
cells compared to non-cancer cells, due to their enhanced metabolism, but
more specific uptake in cancer cells was seen for nanogels coated with posi-
tively charged polyalginate. Taking this into account and considering: 1) both
polyelectrolyte coated PEGMA nanogels have low leakage and show a slow
drug release profile, 2) the cytotoxic doxorubicin is released more efficiently
by a remote controlled trigger (light) from AuNG3 than AuNG2 nanogels
and 3) the release of pomalidomide was effective for the two nanogel for-
mulations, we can conclude that polyalginate coated PEGMA nanogels can
be considered as the more convenient drug delivery system for the remote

controlled co-delivery of doxorubicin and pomalidomide.
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4.8. Experimental part

4.8.1. Loading with doxorubicin/pomalidomide

Nanogels were loaded with drugs prior further functionalization with the
polyelectrolyte by immersing them in solutions of Doxo and/or Poma with
a final concentration of 0.125 mg/mL of each drug and a pH adjusted to
ca. 8. The nanogels were incubated overnight and the addition of the

polyelectrolyte layer was carried out without further purification.

4.8.2. Co-culture and live/dead staining

Human dermal fibroblast (HDF; Invitrogen) cells were stained in suspension
for 1 h, 37 °C, using Cell Tracker Blue CMF2HC (Invitrogen) at a final dilution
of 1/100 in FBS free DMEM. Cells were washed and mixed 1:1 with unstained
HelLa cells (a gift from Prof. Charles Lawrie, Biodonostia) and plated at a
final cell number of 1x10* cells/well in a 96-well plate (Ibidi p-plate 96-
well). The following day media was replaced with doxorubicin (4 pg/mL;
Sigma Aldrich) and nanogel solutions (diluted 1/25, equivalent to 4 ng/mL
doxorubicin), 200 pL/well. PEGMA nanogels were incubated with cells for
2.5h, followed by washing with warm PBS (10 mM, pH 7.4) and replacement
of the medium. Images were taken at various time points, after removal
of nanogel solutions, using a 20x objective with DIC contrast and red and

blue fluorescence channels for doxorubicin and Cell Tracker Blue (HDF cells)
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fluorescence respectively. A Zeiss Cell Observer microscope with AxioVision

software was used.

The same cultures were used to analyze cell viability using Live/Dead (Ab-
cam) staining after ca. 96 h. Media was replaced with 150 pl of warmed
staining buffer containing 1/1000 dilutions of both "live" and "dead" fluo-
rophores. Cells were left at 37 °C for 15 min and then imaged using a 10x
objective with phase contrast and green and red fluorescence channels for
"live" and "dead" staining respectively. Due to the late timepoint, HDF cells
were no longer positive for Cell Tracker Blue and therefore visual compar-
ison of cell morphology alone was used to differentiate between dead cell
populations. A Zeiss Cell Observer microscope with AxioVision software

was used.

4.8.3. Flow cytometry

Human dermal fibroblast cells were stained in suspension for 1 h, 37 °C,
using Cell Tracker Blue CMF2HC at a final dilution of 1/100 in FBS free
DMEM. Cells were washed and mixed 1:1 with unstained HeLa cells and
plated in a 24-well plate at 5x10*cells/well. The following day media was
replaced with doxorubicin (4 pg/ml) and nanogel solutions (diluted 1/25,
equivalent to 4 pg/ml doxorubicin), 500 pL/well. PEGMA nanogels were
incubated with cells for 2h30, followed by washing with warmed PBS (10

mM, pH 7.4) and replacement of the media. The following day cells were
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lifted up using trypsin-EDTA and washed twice with ice-cold PBS. Samples
were analysed in 1 % BSA/PBS on a BD Canto II flow cytometer using
compensation. Cells were gated using the Pacific Blue channel (HeLa vs.
CMF2HC-stained HDF cells), and then the % of doxorubicin positive cells
measured in the PE channel. Cell viability; irradiation experiments HeLa
cells were plated in a 96-well TC-treated transparent plate at 5x10* cells/mL,
100 pL/well. The following day media was replaced with doxorubicin (4
ng/mkL) and NP solutions (diluted 1/25, equivalent to 4 pg/mL doxorubicin),
100 pL/well. NPs were left overnight with cells (approx 18 h) followed by
replacement of the cell media. Individual wells were irradiated using a 808
nm fiber coupled laser diode with a maximum power of 4 W (Lumics). The
spot size was chosen to illuminate the whole well at once (0.4 cm in diameter)
and the power and time was adjusted to obtain the desired power density
used for the experiments. The following day cell viability was analysed
using the MTT assay (Roche) and absorbance measured at 550 nm, showing

both non-irradiated and irradiated wells.

4.8.4. Transmission electron microscopy of cells

HeLa cells were grown in 60 mm diameter tissue culture treated petri dishes,
1x10° cells/3 mL/dish. The following day, nanogels were added at a final
dilution of 1/50, 3 ml/dish. PEGMA nanogels were incubated with cells for

2 h, followed by washing with warm PBS and replacement of the medium.
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The day after, cells were fixed in the dish using 2 % formaldehyde/2.5 %
glutaldehyde in Sorensens buffer (initial fixation of 10 min at rt, followed by
secondary fixation with fresh solution for 2 h at 4°C). Fixative was removed
and cells washed using cold Sorensens buffer. A cell scrapper was used to
bring the cells into suspension. Cells were embedded in 2% agar, followed
by further fixation and staining with a 1% osmodium tetraoxide solution
for 1h on ice. Samples were washed with Sorensens buffer and then water,
and dehydrated in an ethanol series, followed by 2 final pure ethanol and
then pure acetone washes. Samples were embedded in Spurrs resin and
polymerized overnight at 65 °C. One hundred nm slices were cut using
an ultramicrotome and viewed using TEM (JEOL JEM-1400PLUS , 40kV -

120kV).

4.8.5. LPS-induced IL-6 production from J774 cells

J774 macrophages were plated in a normal tissue culture treated 96-well plate
at a concentration of 2 x 10° cells/ml, 100 nL/well. The following day half
the wells were pre-treated with LPS (Sigma Aldrich) at a final concentration
of 1 ng/ml, 100 pL/well. After 1 h of LPS-stimulation, a further 100 pL of
NPs (1/5 diluted, equivalent to a final pomalidomide concentration of 10 pM)
were added. Controls including free pomalidomide (a final pomalidomide
concentration of 10 pM), DMSO (final dilution of 1/5000 equivalent to the

volume present in 10 pM pomalidomide), and pomalidomide free NPs were
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included. The final volume was 200 ul/well. Cells were incubated for 24
h, following which supernatants were removed and frozen for subsequent
IL-6 analysis. Supernatants were analysed for IL-6 using standard sandwich

ELISA with TMB substrate detection.

4.8.6. Angiogenesis assays

Human umbilical vein endothelial cells (HUVEC) were plated in a normal
tissue culture 96-well plate at 1x10° cells/ml, 100 pL/well. The following
day nanogels were added at a final concentration equivalent to 10 M po-
malidomide. Cells were incubated with PEGMA nanogels for 2 h, followed
by washing with warmed PBS and replacement of the media. The follow-
ing day 10 pL of Geltrex (Invitrogen) was placed in the lower wells of an
angiogenesis slide (Ibidi p-slide Angiogenesis) and left to solidify at 37 °C
for approximately 30 min. HUVECs, previously incubated with nanogels,
were uplifted using Trypsin-EDTA (Invitrogen), counted, and adjusted to
2x10° cells/ml. Fifty pL of cells were added to each well (1x10*cells), taking
care not to disturb the gel. Control wells without nanogel pre-incubation
and with direct pomalidomide (10 pM) incubation were included. Cells
were imaged approximately 6 h post seeding with a Zeiss Cell Observer
microscope equipped with a x10 objective with phase contrast. AxioVision
software with the "Mosaix" application was used to image the whole well (4

mm diameter).
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4.8.7. Pomalidomide-induced cell morphological changes

HUVEC cells were plated in a 96-well plate (Ibidi p-plate 96-well) at a
concentration of 4x10* cells/well, 200 nL/well. The following day media
was replaced with the corresponding nanogel solution, 200 pL/well, at a
final concentration equivalent to 10 pM pomalidomide. Pomalidomide-free
nanogels at an equivalent concentration, and pomalidomide alone were also
included. After 4 h, wells were washed with warmed PBS and fixed using a
4% formaldehyde solution in PBS. Cells were stained using DAPI (Invitro-
gen) and AF488-phalloidin (Invitrogen) to show the nucleus and actin fibers
respectively. Images were taken using an EC Plan-Neofluar x40 oil objective
with DIC contrast and filters for green (AF488-phalloidin actin staining), red
(doxorubicin staining) and blue (DAPI nuclear staining) fluorescence. Cell
area and aspect ratio (AR) values were calculated using Image]J, analyzing 10
cells from 3 separate compound images composed of 9 tiles (in total ca. 30

cells/formulation).
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Chapter 5.

5 Au-Polymer hybrid

structures as SERS platforms

5.1. Introduction

In this chapter both of the polymer-gold hybrid materials, presented in
Chapter 3, are tested for their ability to be used as surface enhanced Raman
spectroscopy (SERS) system for different kinds of application.

The chapter is divided in two sections. In the first section polyethylene gly-
col based (PEGMA) nanogels are tested with two different Raman reporter:
crystal violet (CV) and doxorubicin (Doxo). Both are tested in solution, then
Doxo is used to explore the thermoresponsive behavior of the nanogels as
it was introduced in Chapter 3 in context of SERS measurements. Finally
the nanogels are used for in-situ imaging of cells. The AuNGs discussed
throughout this chapter were free of any polyelectrolyte coating.

The second part focuses on the PLGA microstructures. They contain SERS
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encoded gold nanostars (AuNSs) and it will be demonstrated that three
dimensional confocal SERS microscopy can be used to show compartmen-
talization of the particles and to recreate the three dimensional structure of
the polymeric superstructure. Finally we compare fluorescence and SERS
signals over time to show that for possible long term exposure experiments,
the SERS system would be favorable since the signal does not vanish. The

work of the second part resulted in a recent publication.'”

5.2. PEGMA nanogels as SERS sensors for
bioimaging

The PEGMA nanogels (AuNGs) presented in the previous chapters were
tested as sensors for SERS measurements since the capability of the nanogel to
act as a scavenger for small molecules and entrap them close to the nanopar-
ticle surface is interesting for sensing applications. Due to the thermore-
sponsive nature of the polymer there is also the possibility to trigger the
signal intensity externally. At temperatures above the LCST the nanogel will
collapse and so the inter-particle distance is reduced which will ultimately
lead to the creation of more "hot spots".!*?

First we will present some SERS data of the microgel in solution and explore

the ability to alter the SERS signal with temperature using CV and Doxo as

Raman reporter. Additionally the particles were tested for SERS imaging of
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cells using CV as Raman reporter and the release of Doxo will be monitored
in-vitro.

SERS spectra were recorded using a Renishaw InVia Raman microscope
equipped with two Peltier-cooled CCD detectors, a Leica microscope and
a gratings of 1200 lines/mm and band-pass filter optics. Solution measure-
ments were carried out in small glass vials using 300 pL samples and a
10x/0.25 objective. SERS measurements in cells were carried out in static
mode using a 40x/0.8 water immersion objective. The exact power and
integration times are stated explicitly in the main text since they varied

depending on the Raman reporter.

5.2.1. Crystal violet as a Raman reporter

In the initial set of Raman experiments, the influence of nanoparticle size
and excitation wavelength on the signal intensity was investigated. AuNGs
with three different AuNP sizes (=12 nm, ~18 nm, ~25 nm) were chosen
and incubated with a 1 pyM CV solution for at least 2 hours. CV is a well
studied Raman active molecule with a high affinity towards gold surfaces
due to amino groups present and a high Raman cross section due to its
symmetry. At the same time CV has an absorption maximum at around
633 nm which enhances the signal further when the excitation wavelength
simultaneously excites the molecule. This effect is known as resonance

Raman spectroscopy.’ Accordingly a SERS measurement of CV using an

113



5. Au-Polymer hybrid structures as SERS platforms

excitation wavelength of 633 nm should be referred to as surface enhanced
resonance Raman spectroscopy (SERRS) to highlight that both resonance of
the molecule and enhancement of the nanoparticle contribute to the intensity

of the signal.’»*1%
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Figure 5.1.: a) SERS spectra of CV using 633 nm excitation wavelength
(1.19 mW) for nanogels with different sized AuNPs of ~12 nm (1), ~18
nm (2), ~25 nm (3). b) SERS spectra of CV using 785 nm excitation
wavelength (19.4 mW) for nanogels with different sized AuNPs. c)
Representative TEM pictures of nanogels used for this experiment
In this context we used AuNGs of the same concentration and measured the
Raman spectrum with both a 633 nm and a 785 nm laser. For all measure-
ments the typical CV Raman spectrum was observed with high intensities at

438 cm~!, 1298 cm ! and 1618 cmm . The exact concentration of the AuNG

systems was challenging to keep the same for the different nanogels. In
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this case, the concentration of the polymeric nanogel before the synthesis of
the AuNPs was the same and was kept constant during all the experiments
to assume the same amount of nanogels for each sample, each containing
different sized AuNPs.

The general trend shows that larger particles produce a higher intensity SERS
response for both excitation wavelengths (Figure 5.1). This is an expected
trend considering that for a constant amount of nanogels, roughly the same
amount of AuNDPs, but with different sizes, are present in solution. The big-
ger particles have a bigger surface area and better inter-particle interaction
to promote a better SERS signal.

The excitation power for the 633 nm and the 785 nm laser was 1.19 mW and
19.4 mW, respectively (exposure time: 10s, dynamic grating range 200-2000
cm~'. This difference makes it impossible to give a detailed comparison
between the efficiency of the SERS signal depending on the excitation wave-
length. The SERS intensity (I) scales theoretically with the fourth power of
the incoming electric field intensity (E) at lower excitation wavelength in the
green or blue region.” The intensity additionally depends on the distance of
the molecule to the surface and of course the setup of the microscope. How-
ever comparing the SERS intensities of the different excitation wavelength
shows that the 633 nm excitation wavelength is better suited for this particle

system.
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5.2.2. Doxorubicin as Raman reporter

Since Doxo was used as a drug to show stimulated drug delivery in Chapter
4, we were also interested to follow Doxo using SERS.

A part of this section was already discussed in Chapter 4 to explain the
release mechanism but this section will emphasize, in more detail, the SERS
experiments and the information they contain. Doxo is a complex molecule
but offers enough polar groups to show affinity towards gold surfaces and
aromatic systems which are known to have a good Raman cross section
(Structure is shown in section 4.1.1).

The nanogels were immersed in a 0.125 mg/mL solution of doxorubicin and
the SERS spectrum was measured in solution (Figure 5.2). The spectrum
shows the Raman vibrational bands typical for Doxo at 460 cm™!, 1250 cm™*
and 1650 cm ™! corresponding to C=0 deformation, C-O-H, C-H bending and
C=0 stretching vibrations, respectively.”’ It should be noted that the SERS
spectrum was recorded in solution using a 633 nm excitation wavelength
with 6.3 mW power and an integration time of 40 s. These conditions are con-
sidered to be quite harsh for SERS experiments. They produce a clear signal
in aqueous solution however in more complex systems, for instance in-vitro
experiments, the low responsiveness will add measurement complications
as shown in Section 5.2.3.

Glutathione (GSH) can replace Doxo on the surface of the AuNPs and, due to

the higher affinity of thiol groups towards the surface of AuNPs, will even-
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5.2. PEGMA nanogels as SERS sensors for bioimaging

tually cause a release of Doxo as we explained in Chapter 4. We monitored
the Raman signal and the fluorescence before and after incubation with GSH.
Molecules close to the surface have quenched fluorescence but high SERS
intensities whereas molecules in solution show the opposite behavior. Their
contribution to the SERS signal is low and the fluorescence intensity will
increase. Upon addition of GSH the exact same behavior is observed (Figure
5.2). GSH replaces the Doxo at the surface and the fluorescence increases. At
the same time the SERS signal decreased to a point where it almost vanished,
indicating that Doxo was replaced on the AuNPs surface. Alongside explain-
ing part of the release mechanism, this example shows how important the
affinity between the surface and the analyte is in SERS measurements and
indicates the potential benefit of correlating fluorescence and SERS data in

order to gain information about drug delivery systems.
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Figure 5.2.: SERS spectra and corresponding fluorescence spectra of
Doxo without GSH and in a 2 mM GSH solution.
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Temperature dependence of SERS signal

The same system was tested on its ability to use the thermoresponsive be-
havior of the AuNGs to alter the SERS signal. In theory and according to
other publications, the SERS signal should increase once the AuNGs are
heated above the LCST."*"!>* Thus we measured the SERS signal of Doxo in
solution at RT and at 42 °C. Figure 5.3a shows that the signal increases upon
heating. However the effect is not reversible which is interesting since the
plasmon shift of the AuNGs is fully reversible over several cycles (Figure
5.3b). One explanation could be that the SERS intensity is not involving
all of the particles but can rather be influenced significantly by just a few
aggregates. These aggregates may be irreversible but will not be seen in the
UV-vis spectrum which is in contrast an ensemble measurement where small
changes are averaged out. To our knowledge there is just one paper which
shows a reversible SERS spectrum upon heating, other systems which are

more similar to ours do not show reversibility of the SERS signal either."
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Figure 5.3.: a)SERS spectra of Doxo below and above the LCST of
the PEGMA nanogels b) UV-vis spectra of the corresponding nanogel at
RT and 50 °C. The inset shows the LSPR maxima during each cycle
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5.2.3. In-Vitro imaging of crystal violet
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Figure 5.4.: SERS mapping and a representative spectrum of J774
macrophages (a) and A594 cells (b) incubated with CV loaded nanogels.
The contour plot was created using the SERS intensity at 1175 cm™!.

We first used CV loaded nanogels to examine the possibility of intracellular
SERS measurements since the SERS intensities of the nanogels in solution
where higher than for Doxo. For the measurement ]774 macrophages (Figure
5.4a) and A549 cells (Figure 5.4b) were incubated with CV loaded nanogel for
3 hours and then washed three times. Afterwards the cells were examined
under the Raman microscope using a 633 nm laser of roughly 5 mW and an
integration time of 1 s. Figure 5.4 shows a contour plot of the peak intensity
at 1175 cm ™! and a representative spectrum. In both cases the CV spectrum
could be resolved and the cell was showing an even signal throughout the
whole area, indicating that these particles with the right Raman reporter can

be used as imaging device.
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5.2.4. In-Vitro imaging of doxorubicin

A more complex experiment was carried out to see if SERS and fluorescence
microscopy can be correlated and used to monitor the release of Doxo in-vitro.
Therefore we co-imaged AuNGs inside cells with SERS and fluorescence
microscopy at two different time points to follow the release over time. A549
cells were incubated for 3 hours with Doxo loaded AuNGs and washed three
times to avoid the release of any nanogel which was not taken up by the cells.
The SERS signal and fluorescence where then measured and the cells stored
for another 6 hours until a second measurement was carried out.

Directly after incubation and washing, a signal, similar to Doxo (Section
5.2.2), could be observed.The signal to noise ratio was very low and thus
demanded long exposure times and high laser power (633 nm, 10 s, 10 mW).
The 633 nm laser was necessary to obtain a signal of Doxo in all systems
but has the major drawback of stimulating auto fluorescence of the cells.
Thus the background is high and and the spectrum can not be explicitly
attributed to Doxo (Figure 5.5). However, a clear distinction between inside
and outside of the cell can be made. Corresponding fluorescence microscopy
also shows that Doxo is present inside the cells. After 6 hours of further
incubation and potential Doxo release, the same measurements are repeated.
The SERS spectra of Doxo can no longer be resolved leaving only the high
fluorescence background. This indicates less Doxo close to the surface of the

AuNPs. Fluorescence microscopy at the same time shows higher intensities
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Figure 5.5.: Intracellular and extracellular SERS spectra of A549 cells
incubated with Doxo loaded nanogels after 3 hours of incubation (a)
with the corresponding fluorescence microscopy picture (b). The same
measurement was repeated after 6 hours and the SERS spectra (c) and
fluorescence microscopy pictures were taken (d). In both cases is the
contour plot created by using the SERS intensity at 1250 cm™!. It has to
be mentioned that the difference in signal is most likely due to a change
of the background and not due to a different SERS intensity of Doxo.

when compared with the first measurement, which indicates release of Doxo
as well. In conclusion it can be stated that doxorubicin can be imaged with
SERS and correlated with fluorescence microscopy allowing qualitative, time
resolved measurements in-vitro. However the system does not show a signal
which is intense enough to monitor certain peaks over time nor is there a

quantitative conclusion possible regarding the amount of released Doxo.
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5.2.5. Conclusion

It was demonstrated that the AuNGs are not just an efficient drug delivery
system (Chapter 4) but can also be used as a SERS platform for solution based
SERS measurements. Common Raman reporters such as CV can be detected
when particles are simply immersed in a solution down to at least 1 tM
concentrations. Lower concentrations may be possible but require extreme
measuring conditions. Furthermore it was shown that Doxo can be detected
using SERS spectroscopy as well. In a follow up study the effect of GSH
was tested. Due to the strong thiol bond between GSH and the gold surface,
GSH should replace the Doxo on the gold surface and lead to a decrease of
the SERS signal whilst the fluorescence of Doxo will increase. Indeed, this
effect was observed and shows nicely how fluorescence and SERS can be
used as combined imaging techniques to gain insight about drug delivery
mechanisms (Chapter 4).

Ultimately, the particles were tested on intracellular SERS measurements.
For both Raman reporters (CV, Doxo) the signal could be detected inside
cells and an imaging process would be possible. But it has to be noticed that
desired monitoring of the Doxo release was not feasible due to the need for

high laser powers, long exposure times and the low signal to noise ratio.
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5.3. PLGA microgels for SERS imaging

In the second part of this chapter we examined the previously synthesized,
two compartmental PLGA microgels using confocal Raman spectroscopy.
3D-SERS imaging offers powerful and complementary possibilities, it is still
fairly undeveloped due to its complexity, as the weak nature of the Raman
signal and its complicated scattering behavior requires a suitable compromise
between the optimum pinhole size for confocality whilst maintaining a suffi-
ciently high signal intensity."> Recently a few groups developed substrates
to demonstrate Raman imaging with high spatial resolution in 3D.!%6-1%8
Promising applications for 3D SERS imaging would be, for example, related
to monitoring of implanted scaffolds, so as to control their degradation over
time, in combination with tissue growth. This is commonly done using
mostly invasive methods such as histology which do not allow continuous
monitoring, while non invasive methods such as fluorescence microscopy
are often limited by penetration depth, sensitivity and long term stability
and photobleaching.’ 1% Photobleaching will be examined in the second
part and compared to fluorescence microscopy.

SERS measurements (except bleaching experiment) were carried out using
a WITec Alpha 300RS microscope with a 100x0.85 objective, a 600 g/mm

diffraction grating and a 785 nm laser source with a power of about 7 mW.
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5.3.1. Spatial resolution of PLGA microstructures

=
=

mem

4 “WMW“WWYW A

IGUD 151:"}
Raman shift (cm™)

Intensity {counts)

B 2nAT

B erT
C)

Z-direction
1.8 pm/fpicture

-

Figure 5.6.: Three-dimensional confocal Raman imaging of a single
microgel particle. A) Z-stack showing the existence of separated compart-
ments and the distribution of SERS labeled AuNSs within the particle.
(B) Representative SERS spectra of BPT (red) and 2-NAT (green). The
peaks marked with * indicate the specific signals used for mapping.
(C,D) Three-dimensional reconstruction of the particle from two different
perspectives. Reproduced with permission from ref.!%” Copyright 2017,
American Chemical Society.

The 3D distribution of SERS-encoded AulNSs inside the microgel particles
was examined with high resolution confocal Raman microscopy. We selected
a 100%/0.9 objective with a 50 pm pinhole that best met our requirements.'*
One particle was scanned over a volume of 14x14x20 pm? (40x40x35 points
per line), with an integration time of 40 s per line (785 nm laser, 7 mW). The

observed signal-to-noise-ratios were in general very high and the spectra for

both Raman tags were well resolved under these scanning conditions (Figure
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5.6). A series of slices (in z-direction) were imaged, in which both SERS
tags (2-NAT, 4-BPT) spatially separated in different compartments could be
resolved. Even though some degree of overlap (yellow-orange color) was
observed, the compartments were found to be well separated from each
other in most cases. Additional 3D reconstructions (Figure 5.6 C,D) confirm
these results and suggest that the compartments are not perfect hemispheres
but rather have a "tennis ball" like structure, where both compartments are
wrapped around each other. In conclusion, we show that the SERS labeled
AuNSs are present throughout the microgel and their distribution can be
resolved by means of confocal Raman microscopy. This three-dimensional
reconstruction especially helps to achieve information about nanoparticle

distribution, which is not possible by conventional SERS measurements.

5.3.2. Bleaching experiment

Long term stability is a key advantage of SERS as compared to fluorescence
and can be exploited in labeled scaffolds or microgels as imaging tools in
nanomedicine. During long term experiments, the particles are exposed
to a number of factors that lead to degradation and bleaching of organic
molecules. The environment used for in-vitro and in vivo experiments is
chemically aggressive, with the presence of redox active molecules, enzymes,
highly reactive radicals and pH changes.!®'"'¢> Additionally, exposure to

light during microscopy observation leads to photobleaching of organic
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A) Preirradiation B) Post irradiation
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Figure 5.7.: A large number (>100) of bicompartmental particles were
immobilized on a glass substrate and both SERS and fluorescence signals
were measured before (a) and after (b) exposing them to UV-light. Images
1-3 show that the SERS signal from both 4-BPT and 2-NAT SERS tags
show no difference over time and remain active upon irradiation. The
fluorescence signals of both blue and green dyes (4-6) however vanish after
UV light exposure due to bleaching of the dye molecules. Reproduced
with permission from ref.197 Copyright 2017, American Chemical Society.

dyes.’® We analyzed the effect of photobleaching on our hybrid materials by
measuring fluorescence and SERS signals from a large number of particles
(>100) before (Figure 5.7) and after (Figure 5.7) UV-irradiation for 30 minutes.
The microgel suspension was dropcastet on a quartzglass slide and a SERS
map was measured using a Renishaw inVia Raman microscope equipped
with a 1024x512 CCD detector using 785 nm excitation source and a 1200

g/mm diffraction grating. Measurements were carried out using a 100x0.85
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objective in Streamline mode with 2.1 mW laser power and an exposure
time of 3.58 s. The slide was transferred to a Zeiss Cell Observer microscope
were first fluorescence pictures under 20x magnification were taken and then
the LED diodes were used to illuminate the sample. Overall the sample
were illuminated for 30 minutes with the 470 nm and 530 nm LEDs with
a power of 11.6 mW and 2.3 mW respectively. Afterwards fluorescence
pictures and SERS measurements were repeated and processed under the
exact same conditions like before. Prior to irradiation, the samples displayed
fluorescence and SERS signals throughout the whole field of view. In contrast,
after irradiation, the fluorescence signal completely vanished, while the SERS
signals remained basically unaltered. This experiment clearly illustrates the
degradation of the dye over time upon exposure to light, whereas the SERS
tags remain stable and active, in a demonstration that SERS is an attractive

tool for long term (bio)imaging experiments.

5.3.3. Conclusion

We demonstrated that SERS encoded AuNSs encapsulated within polymer
microgels can be used to resolve and reconstruct the shape of particles or
fibers. Importantly, dyes present inside the gel do not interfere with the SERS
signal or create a background. Finally, an important outcome of this study is
the demonstration that the SERS signal from embedded AuNSs, in contrast

to that from fluorescent dyes, is not affected by exposure to UV illumination
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and therefore offers the possibility for long-term imaging experiments. Since
PLGA is a biocompatible and degradable polymer, potential applications
of these hybrid materials can be foreseen, for example in form of combined
drug delivery/imaging devices. In particular, microfibers functionalized
with AuNSs may allow us to obtain new insights in the role of implanted

scaffolds in regenerative medicine.
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Chapter 6.

Enzymatic catalysis

The final results chapter of this thesis contains work conducted in collabora-
tion with Dr. Fernando Lépez-Gallego from CICbiomaGUNE about enzyme
catalyzed reactions. We developed a versatile cascade reaction to study
enzyme kinetics through Raman spectroscopy. Enzyme reactions produc-
ing H,O, as a by-product are coupled to the oxidation of 2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) which is catalyzed by horse
radish peroxidase (HRP) in the presence of H,O,. ABTS offers an intense
color and Raman signal which makes it suitable to follow reactions in real
time enabling calculation of the enzyme kinetics.

First, the HRP/ABTS reaction was examined as a function of pH, hydrogen
peroxide and enzyme concentration to determine the reaction conditions for
the follow up reaction cascade. Secondly, the second enzyme (oxidase) was
introduced in order to initiate a reaction cascade, again using ABTS as the
analyte. The oxidase produces H,O; as a by-product which is subsequently

utilized by HRP to oxidize ABTS. This process enables us to examine the
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kinetics of the HRP enzyme reaction. Thirdly, a catalase (CAT), a H,O, con-
suming enzyme, is also introduced to the system to inhibit the reaction of
HRP by competing for the hydrogen peroxide.

Finally, we immobilized the H,O, producing and consuming enzymes in
agarose beads and used Raman mapping to study how the spatial organiza-
tion of the immobilized multi-enzyme systems influences in the kinetics of

the reaction cascade.

6.1. Principles of enzymatic catalysis

Enzymes are very specific protein based catalysts which are used by nature
to create complex and stereo-specific molecules under mild conditions. In
contrast to conventional organic synthesis methods complex molecules can
be formed at a high turnover rate in a mild pH buffer solution at room tem-
perature.!6>166

In organic synthesis, enzymatic catalysis is often referred to under the more
general term, biocatalysis, which covers the whole spectrum of natural cat-
alysts such as whole cells, bacteria, plant extracts and purified enzymes.'®”
Aside from fermentation, which has been used by human beings for thou-
sands of years, enzyme catalysis marks one of the first examples of the

manipulation of plants or microorganisms to synthesize organic compounds.

First conducted over a century ago this marked a step change as a more
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scientific and analytical approach was utilized. For example, the synthe-
sis of (R)-mandelonitrile from benzaldehyde and almonds, or the usage of
penicillin G acylase to make semi-synthetic antibiotics.'®®!% Over time the
knowledge acquired for enzyme purification and mechanisms of enzyme
catalysis, was used to extend the pool of reactions from natural based prod-
ucts to purely synthetic compounds and intermediates for organic synthesis.
For example, nitrile hydratase was extracted from cells and used to hydrate
acetonitrile to acrylamide, as seen in polymer synthesis.'”” Today, elaborate
screening and protein engineering has led to the next step of biocatalysis,
where proteins are specifically designed to improve their activity and selec-
tivity in order to withstand certain reaction conditions and to be used under
non-natural reaction conditions for synthesis and even in cascades of several

171

coupled enzymatic reactions."”' The spectrum of different enzyme classes

which are mainly used nowadays include oxidases (as used in this thesis),
lipases, esterases and proteases.'”>173

One challenge for the implementation of biocatalysis in organic synthesis is
to gain a deeper understanding of the mechanism and the kinetics behind
the reaction. For this purpose, a plethora of different techniques have been
developed based on chromatography, mass spectrometry and spectroscopy,
including fluorescence, IR, UV-vis and Raman."*'7® Fluorescence for exam-

ple works in the study of a quenched fluorophore which is cleaved by the

enzyme and leads to emission, to give just one example. An example of the
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potential of Raman spectroscopy can be found in the work of Graham and
co-workers who utilized SERS as a sensing tool.'”” AgNP aggregates were
used for the detection of a SERS active dye, with the dye being bound to
a substrate, allowing for cleavage by lipases. Without the enzyme the dye
does not interact with the AgNPs, however, upon enzymatic cleavage the
dye may undergo free diffusion and interact with the AgNPs leading to an
observable SERS response. In this work, several enzymes have been tested,
showing that the proposed system is a fast and highly sensitive screening
device to examine enzyme activity.

To increase stability and handling, enzymes are often encapsulated in poly-
meric particles, such as agarose beads.'® Many industrial applications of
enzyme reactions demand ways to increase enzyme stability, but also to
simplify enzyme recycling and biocatalyst loading.'® With immobilization,
enzyme kinetics will change and phenomena like mass transport and im-
mobilization yield require an adaption of reaction conditions and extensive
characterization.'®" ¥ In this setup of immobilized enzymes special interest
is given to measurements with spatial resolution. Again, fluorescence can
be observed under a microscope but Raman microscopy offers a spectral ac-
quisition for single points in the field of view, thus offering the possibility of
gaining quantitative data for two (maybe even three) spatial dimensions. In
this chapter we want to explore this possibility and work towards a spatially

resolved quantitative measurement of enzyme activity.
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6.1.1. Enzyme kinetics

Enzyme kinetics can be grouped into reactions either with or without in-
hibition. In both cases, the rate of the reaction (v), that is the change of
product concentration ([P]) over time (t), depends on a simple mathematical
formula which takes into account that the rate of the reaction depends on the

concentration of the substrate itself:

). (6.1)

The equation leads to a hyperbolic dependence of the rate compared to [S]
where “a” defines the maximum of the curve and “b” is the point where
[S]=1/2a. The exact values and their meanings are defined by the conditions
of the catalytic reaction.

The simplest possible form of an enzyme reaction was first described by
the German biochemist Leonor Michaelis and the Canadian Maud Menten.
It describes the process where a substrate (S) interacts with an enzyme (E)

forming a steady state (ES). The reaction is as follows:

E+S=ES—P+E. (6.2)

The substrate forms a complex with the enzyme which is reversible, both
reaction rates are defined by reaction rate constants, k; and k_;, for the

formation and the disintegration of ES respectively. Once the complex is
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formed another reaction towards the product (P) and E will compete with
the disintegration, this reaction is defined by kp. Through simple algebra,
the reaction rate can be calculated and “a” and “b” can be expressed as the

following:

a = ky[Fo) = Vinas (6.3)
ko +k
L Bk (6.4)
ky

with [Ey] being the initial enzyme concentration. The factors are commonly
referred to as V,,,, and the Michaelis Menten constant (/). Substitution of

“a” and “b” in to equation 6.1 is displayed in Figure 6.1 and assembles to:

[5]

Ky +[S] (6:5)

V= Vmaac

nv

max

Reaction rate

F‘r.1

Substrate concentration

Figure 6.1.: A Michaelis Menten curve for the reaction rate (v) against
the substrate concentration

On closer inspection, the equation depends on the relative sizes of K, and
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[S]. If [S] is significantly smaller than K, the equation can be simplified and
a linear dependency is formed.

For the opposite case, when [S] is significantly bigger than K, the equation
can be simplified, showing that the reaction will become a zero order reaction

where the rate does not depend on [S] anymore:

Vma.’[’

For: [S] <K Ky—v= [S], (66)
K]W

For: [S] > Ky = v =V, (67)

Especially within the first case, low substrate concentrations can be used
to determine v for different substrate concentrations [S] through linear re-
gression. Once different reaction rates are calculated the Michaelis Menten
constant can be fitted. A very elegant way is by use of the Linewaver and
Burk method, which reorders equation 6.1 to a linear expression:

1 Ky 1 1

v Vmagz [S] + Vi

(6.8)

If an inhibitor is present in the reaction solution, the equation is modified
according to the type of inhibition. Different types of inhibition are: compet-
itive inhibition, uncompetitive inhibition, non-competitive inhibition and
mixed inhibition. Each type is defined by the interaction of the inhibitor

with the substrate/enzyme. In the case of the competitive inhibition, the
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inhibitor forms a complex with the enzyme, thus reducing the effective free
enzyme condition for the substrate. In this case K, will increase but V,,,,
will remain unchanged. For the uncompetitive inhibition the inhibitor forms
a complex with the enzyme and substrate, resulting in K, decreasing and
Vimaz decreasing. When the inhibitor binds to the enzyme and reduces the
activity without altering the affinity of the enzyme for the substrate, it is
commonly called non-competitive binding. In this case for the non competi-
tive binding the inhibitor binds to a different cavity of the enzyme, while in
the competitive binding both inhibitor and substrate compete for the same
binding site. In the last case of mixed inhibition which is the most complex
case, the inhibitor binds to the enzyme and by that reduces the activity and

the affinity of the enzyme towards the substrate.

6.2. Introduction of ABTS as a measuring tool
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Figure 6.2.: Structural change of ABTS in presence of HRP and
hydrogen peroxide.

Initially, the properties for the enzymatic reaction of ABTS are investigated
in isolation to find conditions (pH, [HRP]) where the reaction rate is inde-

pendent of the ABTS concentration (Equation 6.7). Under these conditions
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it is ensured that in the follow up experiments, where the reaction ABTS
is coupled with GOX or DAAQO, the kinetics are solely dependent on the

conditions of the first reaction.
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Figure 6.3.: a) Experimentally derived Raman spectrum of ABTS

before and after the reaction (785 nm excitation wavelength). b) Scheme

for the enzymatic reaction of ABTS
Figure 6.3 shows a schematic representation of the reaction under investi-
gation. As mentioned, HRP will oxidize ABTS in the presence of H,O, and
two electrons are transferred. The detected analyte ABTS forms an anion
(ABTS*, Figure 6.2) under oxidization which contains an aromatic azo com-

pound. This compound shows a strong resonance Raman signal at 1400 cm ™!

(v(N=N)) and can be used to detect the activity of enzymes (Figure 6.3).'%

The enzyme concentration was varied while the other factors were kept
constant: 0.1 mg/mL ABTS, 10 mM H,O, and pH 6. In Figure 6.4 the time
curves of the ABTS* concentration are plotted, indicating the dependence

on the HRP concentration. For all reported experiments in this chapter a

Renishaw Raman microscope was used with a 785 nm laser at 10% laser
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Figure 6.4.: Time dependent Intensity of ABTS under different HRP
concentrations.

(17.8 mW) power and 10x magnification. For the lowest HRP concentration
(0.025 pg/mL) there is almost no change of signal over a time span of 15
min, meaning that the enzyme concentration is too low to show a significant
conversion within this time span. Increasing the concentration to 0.25 pg/mL
shows an increase of the signal within the first 2 min (500 counts) and remains
stable for the rest of the measurement. The highest concentration tested (2.5

pg/mL) reached the maximum of 500 counts within less than a minute. In
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fact the reaction rate was high enough that the initial increase of the signal

was not recorded, due the delay of enzyme addition and start of the reaction.

Since the aim is to achieve a very fast reaction of ABTS, we fix the enzyme

concentration for the following reactions to 2.5 jug/mL.
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Figure 6.5.: Time dependent intensity of ABTS* at different pH’s
under otherwise constant conditions: 0.1 mg/mL ABTS, 10 mM H3Oa,
2.5 pug/mL HRP.

The next set of experiments were conducted to examine the influence of

pH on the reaction. According to literature, the enzyme activity decreases
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with rising pH.'®* Indeed, this trend was verified for our system as shown
in Figure 6.51. The activity was examined at a pH of 6, 7 and 8, showing
a decrease in activity with increasing pH. At pH 8 the reaction is almost
completely suppressed within the first 17 minutes, showing a negligent
change in intensity. The pH was therefore fixed at a pH of 6 to enable fast

reaction kinetics.
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Figure 6.6.: Time dependent intensity of ABTS* at different HoO9
concentrations under otherwise constant conditions: 0.1 mg/mL ABTS,
pH 6, 2.5 ug/mL HRP.

In a last set of experiments, before we move on to cascade reactions, the
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6.2. Introduction of ABTS as a measuring tool

concentration of H,O, was varied. A decrease of H,O, will lead to a decrease
of the reaction rate, if the concentration of H,O, is low enough it should lead
to an decrease of the overall intensity. Indeed this was observed as shown
in Figure 6.6. The time until the intensity reached its maximum increased
from about 3 minutes to more then 10 min for the lowest concentration. The

overall intensity decreases as well for the lowest concentration (0.25 mM).

6.2.1. Cascade reaction

The conditions for the reaction were fixed at 0.1 mg/mL ABTS, pH 6 and
2.5 pg/mL HRP throughout the following experiments. These conditions
ensure that the measured kinetics depend only on the first reaction since the

enzymatic reaction with HRP and ABTS will be fast enough to be considered

instantaneous.
Enzyme A&
GOX
H,O Enzyme B
. HAng S Horse radish peroxidas (HRP)
[ s |
H,0+0.50, H,0+0.5 0,

Figure 6.7.: Schematically presentation of a cascade reaction using a
first enzyme (GOX, DAAO) with a substrate to produce HoO2 which
is then reacting with HRP and ABTS to form ABTS*. In our case the
educt will be glucose, but in principle other substrates can be used.

Figure 6.7 shows a scheme of the reaction cascade. In this thesis, two differ-
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6. Enzymatic catalysis

ent enzymes (GOX and DAAO) and two different substrates (glucose and
D-alanine respectively) will be investigated. The general method however,
can be extended to every enzyme reaction where H,O is produced. In the
reaction cascade the substrate will be oxidized in the presence of the enzyme
and H,O; is produced in-situ. This will subsequently react with ABTS and
HRP and thus under reaction conditions where the HRP reaction is consid-
ered instantaneous, the reaction rate of the first reaction can be monitored.
In the first set of experiments, different concentrations of glucose were re-
acted with GOX (2.5 ug/mL) and the change in intensity was measured by
Raman spectroscopy. A series of 7 different glucose concentrations were
tested examining the variation in signal intensity (Figure 6.8). For high con-
centrations the reaction is almost instantaneously complete and does not
differ, which indicates that at these substrate concentrations, the reaction
rate is not dependent on the substrate concentration itself (Equation 6.7).
At these concentration we are high above K, and work under saturation
which means at V,,,,... For the lower concentrations, the rate of the reaction is
lower showing a linear increase in intensity with time over the course of the
experiment.

The same set of experiments was done using DAAO (2.5 pg/mL) as the
enzyme with D-alanine as the substrate (see Figure 6.9) and the same trend
can be observed, although even for high concentrations the reaction is signif-

icantly slower. This indicates that the activity of DAAO compared to GOX
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6.2. Introduction of ABTS as a measuring tool

is significantly lower. Reasons for this could be a lower activity of DAAO
as an enzyme. Other possible reasons for the difference in enzyme behavior
such as variation between batches as the enzyme is isolated from bacteria,
whilst age and storage can also be significant. This means it is difficult to
make any general conclusions towards the enzyme activity. Throughout
the experiments all enzymes were kept on ice to ensure their conservation
but activity will still decrease over time. However, we showed that Raman
spectroscopy of ABTS* can be used to measure the activity of enzymes of

different nature and specificity for different substrates.
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Figure 6.8.: A: Intensity of ABTS* over time at different glucose
concentrations with GOX as the enzyme. B: From each dataset the first
data-points where the increase of ABTS* is linear are separated. These
data points follow a linear fit and can be used to determine the specific
reaction rate for each glucose concentration.
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Figure 6.9.: A) Intensity of ABTS* over time at different XX con-
centrations with DAAO as the enzyme. B) From each dataset the first
data-points where the increase of ABTS* is linear are separated. These
data points follow a linear fit and can be used to determine the specific
reaction rate for each glucose concentration.
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6. Enzymatic catalysis

6.2.2. Michaelis Menten constant

The datasets derived in the last section as well as the linear fitting (Figure
6.8B and 6.9B) can be used to calculate the Michaelis Menten constant. Since
the signal intensity corresponds to the turnover of H,Os, and thus of glucose,

a linear fit corresponds to the reaction rate, e.e.
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Figure 6.10.: A) Michaelis Menten plot with corresponding fitting
values for V4, and kps. B) Linewaver Burk plot with corresponding
values for V., and Kj;.
The values for V,,,,, and K, are shown in Figure 6.10 including the plotted
data. Values for V,,,, are similar for both methods and show good agree-

Land

ment with the plots. For the enzyme GOX the value lies around 20 s~
for DAAOQ it is about 15 times lower at 1.3 s~!. As mentioned before, by
analyzing the rough data, the enzyme activity of DAAO is lower than GOX.

The value of V,,,,, is also plausible considering the maximum reaction rate in

Figure 6.10 A, which is about 21 s7' and 1.3 s~ for GOX and DAAO respec-
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6.2. Introduction of ABTS as a measuring tool

tively. A small discrepancy can be found when the two fitting parameters
are compared for the K, value. For GOX the value is in both cases around
0.9 mmol but for DAAO the value is 2.15 mmol using the Michaelis Menten
fit and 0.78 mmol using the Linewaver Burk method. K}, is similar for both
enzymes, even though a 15 times higher V,,,,, was measured. This means
that binding of the substrate is similar but the transition state is not formed
so rapidly in DAAO compared to GOX.

A direct comparison of these values with the literature is complicated since
many factors, like the cascade reaction, the specific enzyme, the concentra-
tion and temperature all play a role. A closer look at the enzyme database
BRENDA reveals how much the Michaelis Menten constants can vary for
each enzyme and substrate.'® For the oxidation of D-glucose with GOX the
Ky, values are between 12.5-26 mmol, with V,,,., values between 0.59-318.2
s~ ! being reported under slightly varying reaction conditions. It is noticeable
that the values derived through our measurements are generally lower (up
to 10 times) than those found in the literature. The same can be found for the
reaction of D-alanine with DAAO, with the values in the database varying
from 0.036-800 mmol for K,; and 0.000167-721 s~ ! for V,,... As mentioned,
the reasons for this can be of a different nature, like temperature or pH. One
systematic reason however, could be the wrong assumption that the second
reaction of the cascade can be neglected in the calculations. This would need

further clarification in future experiments.
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6. Enzymatic catalysis

6.2.3. Introducing a competing enzyme

In this subsection the effect of a competing catalase (CAT), which dispro-
portionates H,O, to H,O and O,, is introduced. For these experiments we
choose to compare CAT with GOX at different CAT concentrations. In all
experiments all but the CAT concentrations remain constant at: 0.1 mg/mL

ABTS, pH 6, 0.25 ig/mL HRP and 0.23 mM glucose.

Enzyme A
L H,0, Enzyme B
. Horse radish peroxidas (HRP)
o [ ABTS J
H,0+0.50, H,0+ 050,

H,0 + O,

Figure 6.11.: Scheme of enzymatic cascade reaction with two enzymes
competing for HoOo, HRP and CAT.

Figure 6.11 shows the scheme for the enzymatic reactions happening in solu-
tion. In the first reaction GOX oxidizes glucose and H,O; is created which
then can react in two different ways. The first way is, again, the enzymatic
reaction with HRP and ABTS, the other reaction (with CAT) competes with
HRP, and depending on their enzyme activity and concentration different
intensities of ABTS* will be measured.

Figure 6.12 shows time traces recorded with different CAT concentrations. At

low concentration, almost no influence on the reaction is visible. Just above
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6.3. Catalysis in beads
concentrations of 0.015 mg/mL a significant reduction of ABTS production
is observed. At this point the enzyme ratio of CAT and HRP is 6. Increasing
the ratio finally leads to the complete suppression of the creation of ABTS* at

a ratio of 120.
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Figure 6.12.: Intensity of ABTS* over time with different CAT concen-
trations. Low concentrations up to 0.0025 mg/mL CAT (Graph A) show
no significant effect on the ABTS* production. At higher concentrations
from 0.015 mg/mL upwards (Graph B), the ABTS* production is reduced
indicating that the competition with CAT became measurable

6.3. Catalysis in beads

A major advantage of Raman microscopy is the ability to map an excerpt of
the field of view and get spectral information for each point. This was used
to monitor the specific ABTS* intensities in a reaction environment where
enzymes are immobilized in agarose beads. Throughout these experiments
HRP will still be present in solution, whilst GOX is immobilized in agarose
beads of low density (white in the microscope) and CAT is immobilized in

agarose beads of high density (black beads in the microscope).
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A)
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Figure 6.13.: Line scans of enzyme loaded beads in HRP solution and
the corresponding increase of ABTS* signal (blue < red) for different
arrangements of the beads. Pure beads of GOX (A), beads of GOX and
CAT far away from each other (B) and beads of GOX and CAT in close
proximity (C).

Figure 6.13 shows a line mapping of three different scenarios. In the first
case only GOX beads were used and the signal measured over time (Figure
6.13A). The evolution of the signal shows a progressive increase over time
within the line scan. Only the measuring points on the bead show a very
slow increase. This is somewhat counterintuitive, as this point should be the
highest turnover rate of ABTS, since GOX is needed for the creation of HyO5.
The reason for this anomaly could be of a technical nature. Due to the higher
density of the bead, the focus point will be changed and the scattering of the
agarose will lower the effective laser intensity.

In the second configuration (Figure 6.13B) CAT loaded beads were introduced

and the signal was measured between two beads with a distance of several
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6.4. Possible implementation of SERS

hundred micrometer to each other. In these cases the distance is too big and
the signal increases evenly since the H,O, will be consumed by the HRP in
solution before it can diffuse to the CAT loaded bead.

Once the distance between the GOX and the CAT bead is reduced, GOX
and CAT compete and less ABTS* is formed. Figure 6.13C shows a bead
loaded with GOX with two very close CAT loaded beads on one side. In this
configuration the ABTS* signal can be detected on the side pointing away
from the CAT beads but in the void between the two beads very little to no
ABTS is formed due to the competition of CAT. It must be noted that neither
reaction will have reached a steady state, and once formed ABTS* will diffuse
throughout the solution. Therefore it will be possible to eventually detect

ABTS* everywhere.

6.4. Possible implementation of SERS

Finally, we aimed to extend the use of Raman spectroscopy towards SERS.
For that purpose we used CTAC stabilized AuNPs of 70 nm in diameter,
synthesized by Guillermo Gonzalez-Rubio, and self assembled them on pre-
viously treated microscope slides.'®® The synthesis was not the focus of this
work and initial experiments were done using a method previously reported

187

in the dissertation of Andrea La Porta.”®’ Briefly, glass slides were treated

with 70% H,SO, and subsequently immersed in a 6 ;M solution of AuNPs
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Figure 6.14.: A) Picture of the glass slide after treatment with AuNPs.
The particles are immobilized on a glass slide which is then placed in a
self-made container for roughly 500 pL of reaction solution. B) SERS
background at different laser powers (785 nm) at 1s exposure time under
10x magnification. C) Mapping of the background shows homogeneous
distribution of the signal. The signal is nominated to 1.

for 30 min. The residing AuNPs were washed off and the remaining AuNPs
on the slide were used as SERS substrate (Figure 6.14A). The substrates gen-
erally showed a low background and an even distribution of the SERS signal

as shown in Figure 6.14.

As a proof of concept we elected to use pyruvate kinase as the enzyme - ex-
amining the formation of benzaldehyde from benzyl amine whilst pyruvate
reacts to form alanine (Figure 6.15A inset). This was conducted as a precursor
to inclusion in a cascade reaction with a second enzyme to transform the
aldehyde to an alcohol. However, to see if the detection of either benzyl
amine, benzaldehyde or benzyl alcohol is possible, the SERS signal of each
compound was recorded and plotted in Figure 6.15. All compounds show a

SERS signal and indeed a difference can be detected. For the first reaction of
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Figure 6.15.: A) SERS spectra of benzyl amine, benzyl alcohol, ben-
zaldehyde. Inset: Enzymatic reaction under investigation. Pyruvate
kinase will transform benzyl amine to benzaldehyde using pyruvate which
reacts to form alanine. B) SERS spectra of the reaction mixture before
(to) and after (teo).

the transformation of the amine to the aldehyde, the amine shows a unique
band at 1600 cm ™" which could, in principle, be used to monitor the reaction.
In the next step the reaction was run in a controlled environment and the
mixture was checked before (t)) and after (t) to see if other compounds
in the reaction mixture will interfere with the signal. Figure 6.15 shows
both spectra before and after the reaction, indicating that the band at 1600
cm ! can indeed be used to monitor the reaction in future experiments. This
reaction is not a simple process and involves complicated reaction conditions.
Therefore this work is presented here as a proof of concept with continuation
required in order to develop a SERS sensor to follow the reaction set out in

the future work section.
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6.5. Conclusion

In this chapter it was shown that Raman spectroscopy can be used as a
tool to monitor (quantitatively) enzymatic cascade reactions by following
the intense Raman signal of ABTS*. ABTS*, which is created from ABTS in
the presence of HRP and H,0,, is produced in a cascade reaction coupled
to other enzymatic reactions of GOX or DAAO. The oxidation of glucose
and D-alanine were observed through real time monitoring in both systems.
The examination of the process at different concentrations ultimately led
to a determination of the reaction rate at different substrate concentrations.
Using these, we calculated the Michaelis Menten constant for both enzymes.
The correlation between theory and results is not satisfying yet, which can
be seen by the significant error for the fit. Additionally the same data was
analyzed using the Linewaver and Burk method which also gives values for
Ky and V,,,4,. The comparison of both fitting methods shows fairly good
agreement of the values with a small discrepancy for all but one value. In
future experiments, more measuring points for different substrate concen-
trations and reorganization of the setup could help to improve the results.
Especially the delay between the start of the measurement and the mixing of
the reactants should be minimized.

In a last set of experiments we extend the technique towards SERS and syn-
thesized substrates with AuNPs on which enzymatic reaction could take

place in solution. We tested the possibility to detect benzyl amine, benzalde-
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hyde and benzyl alcohol. There was not enough time during this work to
finish the experiments and thus this chapter only shows preliminary results.
However the direction shown is very promising and shows great potential
for future work. In a first set of experiments the enzymatic reaction could be
monitored in real time over the substrate by monitoring the disappearance
of the band at 1600 cm ™. In a second step this reaction could be coupled to
another enzyme to form the alcohol out of the aldehyde and again monitor
this by SERS.

Ultimately we could imagine an extension of this work to immobilize the
enzyme in beads again, look at the spatial distribution and load the beads
with AuNPs as well. This could possibly give hints to the transition states of

the substrate.

155






Chapter 7.

Conclusion and Outlook

Metal nanoparticle - polymer composite materials are widely used in many
different forms and aspects to advance urgent questions in research. As
briefly introduced in Chapter 2, the combination of metal nanoparticles
with polymers offers a huge variety of options from nanoclusters, single
nanoparticles covered and stabilized with polymers up to micron-sized
polymeric structures functionalized with metal nanoparticles. The focus of
this thesis has been on the combination of AuNPs with polymeric micro

structures. In total, three different systems have been introduced:

¢ The first system was based on thermoresponsive nanogels attached
with evenly distributed and in-situ grown AuNPs (Chapter 3). These
AuNP impregnated nanogels have subsequently been investigated for
applications as a delivery medium for two different anti-cancer drugs
(Chapter 4), and also as a potential SERS sensor (Chapter 5).

¢ In a second system, the combination of PLGA microgels loaded with

with hydrophobic AuNPs (Chapter 3) tested to examine their capability
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for SERS sensing (Chapter 5).

¢ The last particle system could not be completely embraced due to time
constraints. The idea was to load agarose beads with enzymes and
AuNPs for SERS studies (Chapter 6). The work in this thesis however,
did not yet reach this task yet and dealt mainly with resonance Raman

studies and an outlook to implement SERS measurements.

The thermoresponsive nanogels were synthesized using PEGMA based
monomers to ensure bio-compatibility and to have the ability to fine tune the
LCST. The nanogels were synthesized using a polymerization precipitation
method and and a new method was then developed to grow AuNPs in-situ.
A mixture of HAuCl, and NaBr was used to grow previously synthesized
small AuNPs with formaldehyde at high pH. This method was chosen to
ensure a free gold surface (avoiding the possible influence of stabilizing
ligands) for better drug delivery or SERS applications.

To examine the robust nature of the drug delivery system, two anti-cancer
drugs were chosen which exhibited different physicochemical properties. For
further functionalization, the nanogels were additionally wrapped with two
different polyelectrolytes (alginate or poly-L-arginine). The polyelectrolytes
offer further stability, alter the release profile and produce different modifica-
tions in the thermoresponsive nanogels. It was shown that pH, glutathione
concentration, heat and NIR-light triggers the release and that the drug is

successfully delivered to cells.
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In addition, the nanogels were also examined as potential SERS substrates.
It was shown that the nanogels can indeed be used to detect crystal vio-
let and Doxo. However, the SERS intensity was not enough to follow the
Doxo release inside cells. The signal, using the 633 nm laser as excitation
was not sufficient enough to overcome the high fluorescence background
and thus the signal to noise ratio was very poor. To improve the response,
one possibility could be to vary the AuNP synthesis to improve the SERS
enhancment factor, by example - using a modified procedure to produce
AuNSs. As discussed previously, such particles may then offer improved
enhancement with the 785 nm laser through greater resonant SERS with the
particles and suppression of the auto fluorescence of the cells which would
be less dominant at this wavelength.

To develop this procedure further, it would possible to modify the poly-
meric scaffold and add extra functionalities. Recent work by other groups
has shown, for example, degradation upon pH changes or or changes of
[GSH].'™ To the best of the authors knowledge, this systems have yet to be
combined with metal nanoparticles. The implementation of such a system
would not, however, be straightforward since nanoparticles inside the gel
would most likely hinder the degradation process and maybe completely
suppress it. That is not to say that it is not worthy of investigation, as exploita-
tion of this field would lead to a variety of different systems and applications.

Another significant question, raised by the work in this thesis, is the mech-

159



7. Conclusion and Outlook

anism of drug release using thermoresponsive microgels. Depending on
the nature of the monomer, the mechanism and thus the path for the drug
release will change drastically. PEGMA based monomers seem to favor a
drug release upon heating, as shown in Chapter 4. The polymer collapses
above the LCST and, much like a sponge, will then squeeze out the drug.>1%”
Switching the monomer towards pNIPAM however seems to encapsulate
the drug differently and favors release through diffusion below the LCST
and encapsulate molecules above it.”"!% To my knowledge there is no study

to compare both polymers in the context of drug delivery and it would be

interesting to know more about it for the design of future experiments.

PLGA as a polymeric matrix was chosen due to its wide use in biomedical
application. The polymer itself is of synthetic nature but still FDA approved
and biodegradable. Due to these enticing properties it is widely used as a
scaffold for tissue growth, and as microgels for drug delivery systems. In
cooperation with the group of Prof. Lahann from the University of Michigan,
mainly SERS encoded AuNSs, but also other particles, were implemented in
high quantities using electro hydrodynamic co-jetting. The resulting multi-
compartmental structures were analyzed using 3D-SERS tomography and
tested on their long term stability under light. In contrast to fluorescence,
these systems could be very interesting to monitor scaffold degradation in

situ. The SERS signal is stable under UV-irradiation and additionally should
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have a better penetration depth when using a 785 nm laser. Two scenarios
are imaginable, one would be the labeling of the PLGA scaffold, the growth
of a tissue, and the observation of the long term degradation of the scaffold.
This could be realized in a controlled environment and then ultimately in
animals. The second scenario would be additional labeling of the cells with
SERS encoded AuNSs. It is well known that the microenvironment of tumor
metastases plays a crucial role in the spread throughout the body. Especially
the cell-cell interactions between tumor cells and associated fibroblast, which
seems to be important for growth.'® In this context, PLGA scaffolds could
be used to simulate such an environment with SERS labeled cells to monitor

their interaction and maybe changes in the micro-environment.

Finally enzymatic cascade reactions have been followed by resonance Raman
spectroscopy in solution. This work has been conducted in collaboration
with Dr. Fernando Lépez-Gallego. ABTS reacts in the presence of H,O,
and HRP to form ABTS*, which shows a characteristic resonance Raman
band at 1600 cm~'. Under selected conditions this reaction can be used
to follow an upstream connected enzyme reaction of GOX or DDO. Intro-
duction of a third enzyme (CatA), which remains in concurrence to HRP,
leads to inhibition of ABTS* production which was monitored as well. The
concept was extended to enzymes immobilized in agarose beads. Finally,

tirst steps towards including SERS were done, by testing SERS substrates
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with the proof of concept reaction of benzyl amine to benzyl alcohol with the
intermediate of a benzaldehyde. Results show that it is possible to distin-
guish the three compounds. In future work, it would be interesting to follow
the actual enzymatic reaction in situ. Furthermore, once the SERS system
is established, it is easy to imagine that the concept could be expanded to
more enzymes and substrates. Immobilization of AuNPs inside the agarose
gel next to enzymes could also be interesting and reveal, in the best cases,
insights about different transition states of either the enzyme or the substrate.
The outcome of work in this direction is not clear since the enzyme - metal
interaction could play an important role and maybe even prevent the system
from working. However further work in this direction would be interesting

and could lead to a new methods to monitor enzymatic reactions.

In a more general outlook, the knowledge gained throughout the work
for this PhD would be useful and a good starting point for the development
of new bio-imaging systems.'”® As mentioned previously, the use of three
dimensional SERS imaging could be an interesting tool to monitor tissue
degradation as well as cell migration in tumors. The method however, is
not limited for biomedical applications and could be extended to a general
method of monitoring catalysis or for polymer characterization. Another in-
teresting aspect would be to work towards a more quantitative SERS system.

In general, quantitative SERS measurements remain challenging but would
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work great as sensing platform. Controlled aggregation and extensive use of
statistics led to a variety of quantitative SERS measurements systems.'?1-194
However, creating a quantitative sensing tool for in-situ measurements which
could be used to study release kinetics of drugs or monitor biomolecule in

real time would be a great goal to achieve.
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Appendix A.

XPS measurements

XPS experiments were performed in a SPECS Sage HR 100 spectrometer with
a non monochromatic X ray source (Mg Ka line of 1253.6 eV energy and 250
W). The samples were placed perpendicular to the analyzer axis and cali-
brated using the 3d;,, line of Ag with a full width at half maximum (FWHM)
of 1.1 eV. An electron flood gun was used to compensate for charging during
XPS data acquisition.

The selected resolution for the survey and high resolution spectra were 30
and 15 eV of Pass Energy and 0.5 and 0.15 eV /step, respectively. All mea-
surements were made in an ultra high vacuum (UHV) chamber at a pressure
below 5x10® mbar.

In the fittings, Gaussian Lorentzian functions were used (after a Shirley back-
ground correction), where the FWHM of all peaks were constrained while

the peak positions and areas were set free.
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A. XPS measurements
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Figure A.l.: General survey spectra. The photoelectron and Auger

peaks from sodium, carbon, oxygen, tin, nitrogen, silicon and gold were
detected.
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Figure A.2.: Shown in the spectra are the expected positions of the

C C bonds at 285.0 ¢V, C N bonds at around 286.0 eV, and C-O, C=0
and O-C=0 bonds at around 286.5, 288.6 and 290.5 eV, respectively.
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Figure A.3.: XPS spectra at the region where the N 1s signal is

expected. Only the sample with poly-L-arginine showed nitrogen signal,

with the N 1s peak position at around 399.7 eV, which is attributed to
N-H, C-N bonds.
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Appendix B.

Publications and conference

contributions

B.1. Publications

¢ Spatial Analysis of Metal-PLGA Hybrid Microstructures Using 3D
SERS limaging
M.S. Strozyk, D. Jimenez de Aberasturi, ].V. Gregory, M. Brust, J. La-
hann, L.M. Liz-Marzén
Adv. Funct. Mater. 2017, 27, 1701626

¢ Biocompatible, Multiresponsive Nanogel Composites for Co-delivery
of Anti-angiogenic and Chemotherapeutic Agents
M.S. Strozyk, S. Carregal-Romero, M. Henriksen-Lacey, M. Brust, L.M.
Liz-Marzéan

Chem. Mater. 2017, 29, 2303-2313
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B. Publications and conference contributions

B.2. Conferences

172

03/2017 NanoSpain 2017, San Sebastian (Spain)

Poster Title: Thermosensitive nanogels with multiple anti-tumour asso-
ciated effects

11/2016 International Conference on ‘Self-Assembly in Confined
Spaces’, San Sebastian (Spain)

Poster Title: ‘SERS Encoded Particles with Antibody Labeling for ad-
vanced Cell Tracking’

10/2016 HYMADE project meeting, Vienna (Austria)

Workshop on Thin Films and Student Training: Entrepreneurship and
Business Models

03/2016 Europt[r]ode XII, Graz (Austria)

Poster Title: ‘Gold loaded microgels as SERS devices for biological
applications’

03/2015 Fourth international conference on ‘Multifunctional, Hy-
brid and Nanomaterials’, Sitges (Spain)

Poster Title: ‘Hydrogel supported Au and Au/Pd- clusters’
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ABSTRACT

Single therapy approaches are usually insufficient to treat certain diseases, due to
genetic differences between patients or disease resistance. Therefore, such
approaches are gradually replaced by combination therapies comprising two or more
drugs. In oncology these include BRAF inhibitors, cytotoxic, anti-angiogenic or
immunomodulatory agents, among others. We propose herein the use of
multiresponsive nanogel composites for the co-delivery of a DNA intercalator
(doxorubicin) and an anti-angiogenic and immunomodulatory agent (pomalidomide).
We introduce a surfactant-free synthetic protocol to decorate biocompatible

poly(ethylene glycol)methacrylate nanogels (PEGMA) with evenly distributed gold



nanoparticles and explore their ability to deliver drugs upon stimulation by various
triggers such as heat, light and reducing agents present in the intracellular
environment. We further demonstrate that an additional polymer coating on the
nanogel surface can decrease uncontrolled drug leakage, and modulate cellular

uptake and the drug release profile.



INTRODUCTION

Chemotherapy still prevails as the most common treatment for cancer. However, there is a
rising demand for alternative therapies, which involve the use of anticancer drugs combined
with other molecularly target agents toward the reduction of side effects and the
enhancement of the treatment efficacy.'?> The use of nanoparticles (NPs) for drug delivery
is a well recognized method to control the delivery kinetics and biodistribution of the drug
in question, as well as offering protection from biological conditions which can cause drug
degradation.>”” Furthermore, NP materials need not be limited to one sole material or be
loaded with a single drug. In fact, this leads to many possibilities in terms of triggered,
controlled, drug release and co-delivery that can be combined with multimodal imaging.®!!
Regarding chemotherapy, NPs offer the possibility to improve treatment efficacy by
delivering cytotoxic drugs to cancerous cells with minimal exposure to non-cancerous cells,

1215 Tymors, however, are complex structures

thereby avoiding chemotherapy side effects.
and their growth promotes angiogenesis in an autocrine manner, thereby allowing a
constant supply of nutrients and oxygen to the cancerous cells.'®!® The suppression of
tumor growth by action of anti-angiogenic agents is therefore an appealing method to target
cancer.'??° One of the most interesting aspects therefore of NPs is their ability to deliver a
combination of drugs which can target different aspects of tumour growth and persistence.
One such example of this is Doxil, a liposomal doxorubicin carrying NP system, which has
been combined with dexamethasone and pomalidomide and is currently in clinical trials to
treat Multiple Melanoma (MM) cancer (NCT01541332 from www.clinical trials.gov).

In this context, we propose the use of nanogels for combination therapy and controlled

release of drugs. Nanogels are formed by crosslinked polymeric networks that possess a



large water content and open spaces with a characteristic mesh size. The mesh size governs
the diffusion of drugs within the nanogel and the chemical interaction between the polymer
structure determines the drug entrapment efficiency.?!*? Nanogels show several advantages
over other drug carrier systems, which are related with the mild conditions of drug
encapsulation, which allow entrapment of labile drugs (hydrophilic and hydrophobic), their
excellent biocompatibility and the easy tailoring of their responsiveness toward triggers of
drug release.”>** In contrast, the main drawback is the uncontrolled leakage of drugs. The
nanogel polymer chemistry can be designed to release cargo molecules upon different

stimuli such as e.g. pH or heat.?

By including gold (Au) NPs within the nanogel, near-
infrared (NIR) illumination can be used to induce local heating at the AuNP surface,
thereby providing a further trigger for drug release and offering NP-based
hyperthermia.’®*” Importantly, the use of NIR illumination renders such a system suitable
for use in biological tissues, due to the reduced absorption by tissue of light with
wavelength between 650 and 950 nm.?®

In this proof of concept work we demonstrate that AuNP-containing thermosensitive
nanogels, coated with an appropriate polyelectrolyte, are suitable platforms for the co-
delivery of doxorubicin (Doxo) — a cytotoxic agent and DNA intercalator — and
pomalidomide (Poma) — an anti-angiogenic and immunomodulatory agent.?*=! These
drug delivery systems are preferentially cytotoxic to cancer cells in vitro, while also being
efficient at inhibiting angiogenesis in tube-formation assays in vitro. Nanogels are a highly
versatile system in which drug release profiles can be controlled via polyelectrolyte coating

and/or various external stimuli, showing good biocompatibility and biodegradation in vitro.

The final nanogels thus offer a stable platform that can be prepared by straightforward



production methods and used to deliver several drugs, with both hyperthermia and

photothermal ablation therapy characteristics.

RESULTS AND DISCUSSION

Formation of polyelectrolyte coated AuNP decorated PEGMA nanogels

The thermoresponsive nanogels used for the loading and co-delivery of the two
selected drugs were based on poly(ethylene glycol) methyl ether methacrylate
(PEGMA), and formed by the well-established free radical polymerization
method.??73* PEGMA nanogels were chosen because of their easy-to-tailor lower critical

OC,35,36 and

solution temperature (LCST), ranging from room temperature up to 90
because their monomer constituents are non-toxic.>’ These are two major advantages, as
compared e.g. to the widely used poly(N-isopropyl acrylamide) (pNIPAM).*? In the
second step of the synthesis, a surfactant-free method was used to incorporate light
responsive (plasmonic) AuNPs within the PEGMA nanogels, thereby avoiding potential
toxicity of surfactants and keeping the AuNPs surface free to adsorb other molecules
(Figure 1a). To this purpose, pre-made nanogels were immersed in a solution of HAuCls,
followed by addition of a strong reducing agent, NaBH4. The amino groups in the nanogels
(present in the monomer 2-aminoethyl methacrylate hydrochloride) coordinate the gold
precursor and small gold seeds of approximately 3 nm were formed upon NaBH4 reduction.
These seeds were subsequently grown by addition of HAuCls, sodium bromide and
formaldehyde, which displays a pH-dependent reducing potential.** Sodium bromide
helped in controlling AuNP growth due to the formation of a gold bromide complex with

higher stability as compared to free HAuCls. When the process was carried out, in the

absence of either Au seeds or sodium bromide, nanogels were obtained with particle



disparity, anisotropy and aggregation (Figure S1, Supporting Information). On the
contrary, seeded growth produced nanogels with evenly distributed AuNPs with an average
size of 23.2 + 6.1 nm and a low proportion of anisotropic particles (Figure 1b). The
nanogel containing AuNPs displayed a localized surface plasmon resonance (LSPR) band
centered at 540 nm (Figure 1¢), which is redshifted with respect to free AuNPs with similar
sizes due to some anisotropy and plasmon coupling between the AuNPs in the gel. This
two-step process allows a good level of control over the final AuNP size, which can range
from 9 to 30 nm simply by tuning the amount of Au seed-loaded nanogels added to the
growth solution (Figure S2). PEGMA nanogels were subsequently wrapped with
biodegradable and biocompatible polyelectrolytes to modify the release profile of
encapsulated drugs, and to add a coating that can easily bind other functional moieties
(such as antibodies or dyes) for future applications.*! Functionalization was carried out by
immersing AuNP-loaded nanogels in the appropriate polyelectrolyte solution followed by
several washing steps to remove non-adsorpted polyelectrolytes. Samples with different
surface compositions were named as follows: 1) AuNGI1 had no coating, 2) AuNG2 was
coated with poly-L-arginine and 3) AuNG3 was coated with polyalginate. We studied the
influence of the two different coatings, i.e. the polypeptide poly-L-arginine and the
polysaccharide polyalginate, on the physicochemical properties of the nanogels, and their

drug loading and release profiles for both Doxo and Poma.
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Figure 1. a) Schematic representation of the in-situ growth of gold nanoparticles in PEGMA nanogels. Small gold seeds
were synthesized by reduction with NaBH4. Further growth was realized by introducing the nanogels with seeds in a
growth solution containing NaBr and formaldehyde at high pH. The obtained nanogels were finally wrapped with a layer
of polyelectrolyte. b) Representative TEM pictures of the nanogels during the different growth steps, as labeled. c) UV-
Vis spectra of the corresponding particle colloids.

Influence of polyelectrolyte coatings on the physicochemical properties of PEGMA
nanogels

The presence of the polyelectrolytes on PEGMA nanogels was confirmed by X-ray
photoelectron spectroscopy (XPS), zeta potential, LSPR and particle size analysis. XPS
data showed a clear decrease in the amount of Au on the nanogel surface between coated

and non-coated nanogels. Additionally, nitrogen was identified in sample AuNG2 due to



the amino groups in poly-L-arginine, whereas AuNG3 showed a higher amount of oxygen
due to the hydroxyl and carboxyl groups in polyalginate, as compared with AuNGI.
Changes in zeta potential, LSPR and particle size were also observed, as shown in Table 1.
AuNG2 was found to become more compact upon polyelectrolyte addition, which in turn
reduced the AuNP interparticle distance attached to the nanogels, resulting in stronger
plasmon coupling and a LSPR red shift of 23 nm after functionalization (Figure 1b,c). The
decrease in overall nanogel size observed in AuNG2 is due to the strong electrostatic
interaction between the negatively charged nanogel and the positively charged
polyelectrolyte causing the formation of a polyelectrolyte-gel complex.*> In some cases if
the molecular weight of the coating molecule is low enough they can even penetrate the

3 In contrast, functionalization with the anionic

nanogel reducing the mesh size.*
polyalginate did not modify the LSPR but caused slight swelling of the nanogel,

presumably due to the weaker interactions between polyalginate and the nanogel.

Table 1. Differences in elemental composition, LSPR, zeta potential ({) and hydrodynamic diameter (Dn) of the coated
and non-coated PEGMA nanogels.

Sample N (at.%) C(at.%) O (at.%) Au (at.%) LSPR (nm) ¢ (mV) Dn (nm)
AuNG1 0 64.3 24.8 10.9 544 -36.2+0.2 274.1£2.0
AuNG2 11.1 56.3 27 5.6 567 409+0.3 2238+ 1.4
AuNG3 0 46.9 49.6 3.5 544 -34.5+0.8 292.1+44

In the context of physicochemical changes, it is worth highlighting the strong influence of
polyelectrolyte coatings on the thermoresponsive behavior of PEGMA nanogels. Bare
nanogels displayed a LCST above 30 °C (Figure S11) and the inclusion of AuNPs inside
the nanogels did not hinder their ability to shrink or swell in response to heat changes

(Figure 2a). In contrast, we noted significant differences in the swelling ratios (Q)



depending on the type of polyelectrolyte coatings. Q was defined as the ratio between the
volume of the corresponding nanogel at a temperature T versus the volume at 70 °C
(Q=V(T)/V(70 °C)). Figure 2b illustrates the observed decrease in Q for coated PEGMA
nanogels. The largest decrease of Q between coated and non coated nanogels was observed
for AuNG2, which almost completely lost its thermoresponsiveness. This result is in
agreement with the reduction in particle size upon coating with poly-L-arginine.

Interestingly, the LCST increased from 32 °C in AuNGI to 36 °C and 37 °C for AuNG2 and

AuNG3 respectively, closer to physiologically relevant temperatures.
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Figure 2. a) Schematic representation of the shrinking process and representative TEM pictures in collapsed and swollen
states. b) Dynamic light scattering monitoring of the swelling ratio in AuNGs. ¢) UV-Vis spectra of the nanogels,
alternating at 20 °C and 50 °C, plotted as solid and dashed lines, respectively. The insets show the LSPR maxima during

each cycle.



These results were confirmed with UV-Vis spectroscopy. As expected, the
thermoresponsive decrease in the volume of the nanogel led to smaller inter-particle
distances and hence to a red shift and broadening of the LSPR band. AuNG1 and AuNG3
behave similarly, with an approximate red shift of 14 nm between 20 and 50 °C. We
verified the reversibility of the shift by carrying out multiple heating/cooling cycles. The
shift was fully reversible over 5 temperature cycles (Figure 2¢, inset). AuNG?2, in contrast,
shows no change of the LSPR, in accordance with the low Q value (Q= 1.1). Interestingly,
the thermoresponsive behavior of coated PEGMA nanogels was observed to further change
after encapsulation of drugs, in such a way that AuNG2 recovered its thermal
responsiveness (Figure 3a). Further detailed information about the thermal behavior of
different formulations of PEGMA nanogels has been included in the Supporting
Information.

In addition to the described physicochemical differences, the colloidal stability between
coated and non-coated PEGMA nanogels was studied by incubating them in different
media of biological interest and analyzing the corresponding values of LSPR maxima and
zeta potential.** AuNG3 displayed higher colloidal stability in non-supplemented cell
culture media as compared with AuNGI1 and AuNG2, which aggregated due to the high
ionic strength, as previously reported for different polymer coated AuNPs. All PEGMA
nanogels showed colloidal stability in cell culture media supplemented with serum due to

protein adsorption (data shown in the Supporting Information).*’

Influence of polyelectrolyte coatings on stimulated drug delivery

Drug loading was achieved by immersing AuNP decorated PEGMA nanogels in an

aqueous solution of drugs in basic conditions, and quantified by the decrease of drug
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concentration in solution after loading. The maximum loading of Doxo was 0.33
mol/mg(Au) for AuNG1 and AuNG3, and 0.30 mol/mg(Au) for AuNG2. The encapsulation
of Poma was less efficient with only 0.025 mol/mg(Au) for AuNG1, 0.019 mol/mg(Au) for
AuNG2 and 0.020 mol/mg(Au) for AuNG3. For the sake of simplicity we discuss in the
main text the loading and release behavior of Doxo alone, though a similar analysis was
carried out for Poma and is discussed in the Supporting information. The entrapment of
drugs was possible due to attractive interactions between Au decorated PEGMA nanogels
and Poma and Doxo. Both electrostatic interactions and hydrogen bonding may be involved
in the loading of the nanogels, due to the presence of carbonyl and ester groups in the
nanogel and amino groups in both drugs.*® In fact, a change in the zeta potential of the
nanogels toward more positive values after drug encapsulation was observed, as previously
reported for similar nanogels.*’” Figure 3 shows the influence of polyelectrolyte presence
on Doxo release from PEGMA nanogels, as a function of increasing temperature. Both
polyelectrolytes shifted the thermal release to temperatures above 37 °C, as compared to the
non-coated AuNG1 (Figure 3a). However, poly-L-arginine (AuNG2) hindered more the
uncontrolled leakage of Doxo from the nanogel compared to polyalginate (AuNG3), but
also made PEGMA nanogels less efficient at thermally triggered release. Figure 3b shows
an 18-fold increase for AuNG3 but only a 5-fold increase for AuNG2, of released Doxo

between room temperature and 50 °C.
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Figure 3. a) Dynamic light scattering measurements showing the correlation between the decrease in the swelling ratio
(solid lines) of AuNGI1, AuNG2 and AuNG3 and the increase in Doxo release (dashed lines) with the increase of
temperature. b) Cumulative Doxo release over time at room temperature (solid lines) and at 50 °C (dashed lines).

Near-infrared (NIR) light, glutathione (GSH) and pH were also confirmed to trigger the
release of drugs from AuNP decorated PEGMA nanogels, via different mechanisms
(Figure 4a-c). The interaction of NIR light with AuNPs inside the nanogels led to
shrinkage and in turn remotely controlled release of drugs due to the photothermal effect.
Upon continuous NIR illumination (808 nm, 8.3 W/cm?), an initial increase in both the

recorded temperature and Doxo release were noted, followed by a plateau in both

measurements after ca. 10 minutes (Figure 4a).
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Figure 4. a) Temperature increase (open circles) of AuNG3 solution under NIR illumination (808 nm, 8.03 W/cm?) and
the corresponding doxorubicin release (filled circles). b) Doxo release from AuNG3 upon heating and/or GSH addition
and corresponding SERS spectra (inset). SERS spectra were recorded in solution at a concentration of 5 pug/mL(Au),
Plaser= 12mW for 633 nm and tin=20s with a 10x objective (NA=0.35). The assigned band at 1420 cm™' is highlighted with
a grey background. ¢) pH influence on the release of Doxo at different [GSH]. d,e) Summary of the different Doxo release
efficiencies comparing the delivery at room temperature (control) versus the delivery upon the application of external
stimuli, NIR light and heat (50 °C) in solutions mimicking the extracellular (d) and intracellular environment (e).

The mechanism of drug release triggered by heating (including NIR light irradiation) and
subsequent nanogel shrinkage can be related to the removal of hydrogen bonding between
the drugs and the nanogel itself, but also to the decrease in the radius of the nanogel and
shortening of the diffusion path for entrapped drugs. In contrast, drugs that are released
through reduced temperature induced swelling of nanogels have been shown to diffuse
faster when the mesh size of the hydrogel increases due to hydrogen bonding with water

molecules.*®* Tt

should be noted that, realistically, the required temperature decrease is
hard to achieve in biological systems. The release mechanism of Doxo and Poma at

different temperatures from AuNG2 and AuNG3 was analyzed using the semi-empirical
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Peppas model,*° obtaining in both cases values of the release exponent n corresponding to
the anomalous transport regime (0.43<n<0.85), which represents a mixture between
diffusion-controlled release and other mechanisms (see Supporting Information).

GSH was also found to enhance drug release from AuNP decorated PEGMA nanogels. This
trigger is of interest for intracellular drug delivery since its concentration is over 200 fold
higher within cells (0.2-10 mM) than in the extracellular environment (2-20 uM).>"3? To
compare the GSH triggered Doxo release with that induced by heating, we exploited the
ability of AuNPs to induce surface enhanced Raman scattering (SERS). SERS was used to
identify Doxo within the AuNG3 nanogel after incubation with GSH, after heating and after
both heating and GSH incubation, and the signals were compared to the corresponding
fluorescence intensity of Doxo delivered to the supernatant from the nanogel. Figure 4b
shows that both GSH and heat triggered the release of Doxo from the nanogel, and both
triggers, acting in synergy, released 1.8 times more than the sum of the two triggers
separately (30 min incubation time, T= 50 °C, [GSH]= 5 mM). The presence of Doxo was
monitored using the characteristic SERS peak at 1420 cm™ (corresponding to the C-O-H
and C-H bending mode). The temperature increase enhanced the signal of Doxo as
compared with the control experiment at room temperature, due to shortening of the inter-
particle distances, which is known to induce a further enhancement of the Raman signal.
However, upon application of both T increase and GSH, the Doxo signal vanished faster
than by only heating. The release mechanism of GSH could be related to ion
displacement,” since it is known that GSH adsorbs onto AuNPs and polymers and can
trigger this kind of release mechanism intracellularly.’*** In addition, we observed

degradation and disassembly of the Au decorated PEGMA nanogels, both after GSH
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exposure in solution and in in vitro experiments, which would subsequently enhance drug
release (Supporting Information).

pH changes affect hydrogen bonding,> as well as charges on amino and carboxylic groups
in the nanogels. As pH is also known to considerably decrease during the endocytotic
pathway in cells, we studied the effect of pH on the release of Doxo from the nanogels. By
exposing AuNG3 to pH 7.4 or pH 5.5, values that are representative of the extracellular and
intracellular environment respectively, we noted a 2-fold increase in Doxo release.
Additionally, the increased Doxo release at low pH was more pronounced in the presence
of GSH at the usual concentrations in the intracellular environment (Figure 4c). We
subsequently compared how all the aforementioned triggers can affect drug release in an
environment mimicking both extracellular and intracellular conditions. Figure 4d,e shows
that intracellular conditions enhance Doxo release induced by both heat and NIR
illumination. Moreover, the polyelectrolytes on the nanogels surface caused significantly
different drug release profiles, AuNG2 being more efficient in avoiding drug leakage,
whereas all triggers enhanced drug release from AuNG3. We therefore conclude that
AuNG3 appears to release higher amounts of Doxo, yet AuNG2 releases the same drug in a
more controlled way under the effect of different triggers (Figure S14). A similar study
was carried out for the release of Poma (Figure S14). In this case, release was more
significantly affected at intracellular conditions (high [GSH] and low pH) than by the
application of external stimuli. AuNG2 were more efficient in releasing Poma than AuNG3
and uncontrolled leakage was similar for both types of nanogels. The different release
profiles shown in our work are key when selecting the appropriate carrier for a specific
drug that could demand a faster release or which is very toxic and should be only released

at the target cells.
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Modulation of cellular uptake in vitro

Polyelectrolyte shells on AuNG2 (poly-L-arginine) and AuNG3 (polyalginate) were
shown to affect nanogel uptake by both cancer and non-cancer cells, due to the different
composition and surface charge of the nanogels. Taking into consideration that the
increased metabolic activity of cancer cells compared with non-cancer cells can be

36-58 we conducted a co-culture of HeLa cancer cells

exploited to improve nanogel uptake,
with healthy human dermal fibroblasts (HDF) to determine the differences in nanogel
endocytosis. Using fluorescence microscopy and TEM we observed higher levels of
endocytosis for AuNG2, as compared to AuNG3 (Figure 5). Flow cytometry determined
the levels of AuNG2 and AuNG3 uptake in this co-culture, measured 24 h after a short 2 h
incubation. The percentages of HDF cells positive for Doxo (used as a fluorescent label)
were 75.6% and 33.7% for AuNG2 and AuNG3 nanogels, respectively, whereas the
percentage of HeLa cells positive for Doxo were 99.4% and 75.6% for AuNG2 and
AuNG3, respectively. This shows significant differences in cell specificity which can
indeed be ascribed to the enhanced metabolic rates of cancer cells, as well as increased
levels of AuNG2 uptake compared to AuNG3 due to the overall cationic charge of the
AuNG2 system. Cationic nanoparticles and also molecules with overall positive charges
(e.g cell penetrating peptides) are well known to associate with cell membranes to higher
levels than their anionic counterparts. As expected, incubation of cells (both cancerous and
healthy) with free Doxo resulted in rapid nuclear localization, whereas Doxo containing

AuNG2 and AuNG3 were localized in endosomes (Figure Sa,b). Similar results were

obtained with breast cancer MCF-7 cells (Figure S19), in agreement with previous
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studies.® However, such increased levels of uptake in cancer cells did not correlate with

higher drug release in vitro (Figure 6).

Figure 5. a) Cellular uptake of free Doxo, AuNG2 and AuNG3 nanogels. A co-culture of HeLa (unstained) and HDF
(blue stained) cells were exposed to Doxo and Doxo containing AuNG2 and AuNG3 for 2 h and uptake visualized using
Doxo fluorescence (shown in red in main images or in white in inserts for clarity). Clear nuclear (left image) or
endosomal staining (middle and right images) is seen after free or nanogel delivered Doxo, respectively. Scale bars are
100 pm. b) TEM images of HeLa cells exposed to AuNG2 and AuNG3 for 2 h and then processed the following day for
TEM imaging. Magnified photos are shown in color coded boxes.

Modulation of co-delivery in vitro

The effect of the two drugs Poma and Doxo was measured separately because they affect
cells through different molecular mechanisms. We first verified that the increased levels of
AuNG-PEGMA nanogel uptake by cancer cells compared to non-cancer cells resulted in
downstream cell death. As seen in Figure 6a, whilst free Doxo resulted in cell death of
both cancer and non-cancer cells in the co-culture system, exposure to Doxo-containing
AuNG?2 and AuNG3 caused predominate cytotoxicity to cancerous HeLa cells whilst HDF

cells remained viable. The presence of Poma within the nanogels was verified as not
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inducing any cytotoxic effects (Figure S20). The high levels of cytotoxicity noted in HeLa
cells was slow, occurring ca. 4 days after the initial exposure of the cells to the AuNG-
PEGMA nanogels. We subsequently investigated the use of NIR light as a method to
improve Doxo release and subsequent cell death, compared to non-illuminated controls.
NIR-light illumination of HeLa cells incubated with AuNG-PEGMA nanogels resulted in a
significant decrease in the viability over the non-illuminated cells (Figure 6b). Non-Doxo
loaded nanogels (AuNG*) were used as second control, showing that it was possible to
induce hyperthermia with AuNP-PEGMA nanogels, which is interesting for combined
therapy as previously reported for other drug delivery systems.’® However, we verified that
there exists an enhancement of Doxo release under NIR light illumination in vitro when

lower power densities are applied, thereby avoiding hyperthermia (Figure S21).
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Figure 6. a) Live/Dead staining of HeLa/HDF co-cultures, ca. 4 days post initial exposure to free Doxo, or Doxo-
containing AuNG2 and AuNG3. Live cells show green-channel fluorescence whilst dead cells uptake propidium iodide
and are positive for red channel fluorescence. The predominant live population (green) are HDF cells which can be
identified by their characteristic shape, whereas HeLa cells are the majority “dead” population. Scale bars are 200 pm. b)
NIR-laser induced hyperthermia and photo-thermal-induced cytotoxicity of HeLa cells. HeLa cells were exposed to Doxo-
containing AuNG2 and AuNG3, or non-Doxo control nanogels (AuNG*) for ca. 12h, followed by illumination with an
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808 nm diode laser at 16 W/cm? for 20 minutes. Cell viability was measured the following day using the MTT assay
(mean of triplicate wells +- SD).

The drug Poma has been shown to be highly efficient at inhibiting angiogenesis,’! in
addition to a wide variety of immune system modifying effects such as the inhibition of
cytokine production in LPS-stimulated peripheral blood mononuclear cells (PBMCs),*
thereby placing it in the group of immunomodulatory drugs (IMiDs).®! We took advantage
of these immunomodulatory effects as a method to verify that Poma remained active after
release from AuNG nanogels. In order to do so we exposed LPS-stimulated J774 murine
monocyte-macrophage cells to AuNG2 and AuNG3, containing Poma alone or Doxo and
Poma, and determined the levels of IL-6 cytokine produced. Compared to non-exposed
controls, IL-6 levels were reduced by 90 %, similar to exposure to free Poma (Figure S22).
No significant differences in the ability of AuNG2 and AuNG3 to inhibit LPS-induced IL-6
were observed, nor did the presence of Doxo in the formulations hinder Poma. We next
investigated the ability of Poma containing nanogels to inhibit angiogenesis in an in vitro
tube formation model. Due to the short time span of the assay (“tubes” form within hours
and cells die naturally at approximately 24 h post planting), we pre-incubated HUVEC cells
with Poma-containing nanogel formulations overnight, and the following day we planted
the nanogel-containing HUVEC cells on the tube-inducing gel support. Figure 7a shows
the effective inhibition of tube formation when healthy HUVEC cells, otherwise capable of
tube formation, were pre-incubated with both Poma- containing AuNG2 or AuNG3, at a
concentration equivalent to 10 uM. On the contrary, HUVEC cells pre-incubated with Au
decorated PEGMA nanogels without Poma were able to form tubes (Figure S23), as

expected. In addition to Poma effects on HUVEC cells when grown under angiogenesis-
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stimulating conditions, the cell surface area and the aspect ratio (AR) of HUVEC cells were
significantly reduced upon exposure to Poma-containing nanogels when grown under
“normal” tissue culture conditions (Figure 7b,c). IMiD compounds have been shown to
activate GTPases, enzymes which are responsible for cellular cytoskeleton reorganization,
cellular differentiation and movement.®> In fibroblasts, Poma has been shown to induce
formation of actin stress fibers,** and changes of cell area and aspect ratio have been
documented upon exposure of cells to both anti- and pro-angiogenic molecules.®>%*
Considering that the production of pro-angiogenic molecules such as VEGF and bFGF is
inhibited by a cascade of signaling pathways due to pomalidomide’s ability to down-
regulate cell adhesion molecules and reduce VEGF, bFGF and IL-6 secretion,® it is
reasonable to assume that Poma will affect cell surface area. Exposure of HUVEC cells to
Poma-containing nanogels resulted in a decrease in cell size, reducing the surface area by
1/3 — 2/3 of the original value. The decrease in cell surface area and aspect ratio was more
pronounced for Poma-containing AuNG2 than for AuNG3, which can be correlated with an
enhanced cell uptake of these nanogels, but also with the higher degree of Poma release
observed in solution. Interestingly, we did not observe any similar effects upon exposure of
HUVEC cells to free Poma, which suggests that these IMiD mediated changes in cell

morphology are highly dependent on exposure time and subsequent Poma release from

nanogel formulations.
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Figure 7. a) The angiogenesis tube formation assay shows the ability of HUVEC cells to grow vessel-like interconnecting
networks through the aid of growth factors present in the underlying gel. In cases were no nanogels were applied (1),
established tube formation is seen within 6 h, yet with HUVEC cells pre-incubated with AuNG2 (3), or AuNG3 (4), or
HUVEC cells incubated with free pomalidomide (2), poor or no tube-formation is seen. Each image (circle) is 4 mm in
diameter showing the whole well. b) HUVEC cells incubated with free Poma, AuNG2 or AuNG3 for 4 h at a final Poma
concentration of 10 uM. Cells were washed, fixed and stained with Dapi and AF488-phalliodin to show the nucleus and
actin fibers respectively. Scale bars are 50 um. c) Area and aspect ratio (AR) of cells described in (b), measured using
Image] from at least 30 cells from 3 separate images. Mean +- SD is shown.

CONCLUSIONS

In summary we synthesized a versatile multiresponsive drug delivery system based on
thermoresponsive nanogels containing gold nanoparticles for the co-delivery of
doxorubicin and pomalidomide. The gold nanoparticles inside the nanogel were
synthesized in a new two-step method to ensure even particle distribution throughout the
gel and surfactant-free synthesis. The leakage of drugs was reduced by wrapping the
nanogels with a polyelectrolyte shell. We studied two possible coatings: polyalginate and
poly-L-arginine. These two coatings produced different modifications in the
thermoresponsive behavior of the nanogels and other physicochemical properties that were

characterized and influenced first, the stimuli responsive release of the two drugs and
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second, their interaction with cells and their drug delivery in vitro We showed that pH,
glutathione concentration, heat and NIR-light can all trigger the release of drugs in an
extent that was dependent on the chemical nature of the drug and the coating
polyelectrolytes. Both coated nanogel systems showed enhanced uptake by cancer cells
compared to non-cancer cells, due to their enhanced metabolism, but more specific uptake
in cancer cells was seen for nanogels coated with positively charged polyalginate. Taking
this into account and considering: 1) both polyelectrolyte coated PEGMA nanogels have
low leakage and show a slow drug release profile, 2) the cytotoxic doxorubicin is released
more efficiently by a remote controlled trigger (light) from AuNG3 than AuNG2 nanogels
and 3) the release of pomalidomide was effective for the two nanogel formulations, we can
conclude that polyalginate coated PEGMA nanogels can be considered as the more
convenient drug delivery system for the remote controlled co-delivery of doxorubicin and

pomalidomide.

METHODS

Materials. Milli-Q water (resistivity 18.2 MQ-cm) was used in all experiments. Hydrogen
tetrachloroaurate trihydrate (HAuCls-3H20, >99.9%), di(ethylene glycol) methyl ether
methacrylate, poly(ethylene glycol) methyl ether methacrylate, poly(ethylene glycol)
diacrylate, 2-aminoethyl methacrylate hydrochloride, methacrylic acid, formaldehyde (37
wt%), doxorubicin hydrochloride and poly-L-arginine hydrochloride (mol wt >70,000)

were all purchased from Sigma-Aldrich. Pomalidomode was purchased from Abcam.
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Alginic acid (sodium salt) was obtained from Fisher Scientific. All glassware was washed
with aqua regia, rinsed 3 times with Milli-Q water and dried before use.

Synthesis of poly ethylene glycol methacrylate nanogel.

Nanogels were synthesized by purging a 300 mL Milli-Q water solution of 5.6 g
di(ethylene glycol) methyl ether methacrylate, 2,4 g poly(ethylene glycol) methyl ether
methacrylate, 160 mg poly(ethylene glycol) diacrylate, 297 mg methacrylic acid and 576
mg 2-aminoethyl methacrylate hydrochloride with argon for an hour at 70 °C. The reaction
was then started by adding 120 mg of 2,2, azobis(2methylpropionamidine)dihydrochloride
disolved in 2 mL of degassed Milli-Q water and run for 12 hours at 70 °C.

Synthesis of AuNP decorated nanogel.

After washing via centrifugation, 10 mL of nanogels were incubated with 50 uL 0.1 M
HAuCls overnight before reduction of the gold occurs with addition of 100 uL 0.1 M
NaBH4 solution. Small gold domains of about 3-4 nm were formed and stabilized by the
amino group of 2-aminoethyl methacrylate hydrochloride. The nanogels were used as seeds
for the growth of bigger gold particles without further purification. Further growth of AuNP
was carried out with formaldehyde under basic conditions. A 100 mL growth solution with
a final concentration of 1 mM HAuCls, 5 mM NaBr and different amounts of seeds was
prepared followed by the addition of 500 puL formaldehyde solution (37 wt%). The
reduction was finally started by changing the pH to 11 through the addition of 750 uL. 1 M
NaOH. The reaction was very slow due to the more stable gold-bromide complexes. After
15 minutes a color change was observed but the reaction was allowed to run overnight
before particles were carefully washed via centrifugation and characterized (TEM and UV-
Vis spectroscopy). By simply varying the amount of seeds, AuNP with different sizes were

obtained.
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Loading with Doxorubicin/Pomalidomide and addition of polyelectrolyte layer
Nanogels were loaded with drugs by immersing them in solutions of Doxo and/or Poma
with a final concentration of 0.25 mM of each drug and a pH adjusted to ca. 8. The
nanogels were incubated overnight and the addition of the polyelectrolyte layer was carried
out without further purification. After mixing, the particles were gently shaken and the
mixture was incubated for 30 min. Nanogels and polyelectrolytes were mixed in a 1:1
volume ratio. The solutions of polyelectrolytes were prepared with a concentration of 1
mg/mL poly alginate, 0.5M NaCl adjusted to pH=5 and 0.5 mg/mL poly-L-arginine and 0.5
M NaCl. Thereafter, nanogels were purified by centrifugation (6 times, 2240 g for 15 min)
and the supernatants were collected to calculate the loading of every drug by fluorescence
spectroscopy (Varioskan Flash from Thermo Scientific) and ultra performance liquid
chromatography (Acquity).

Drug release via NIR-illumination

One hundred pL of AuNG samples was placed in a 96-well transparent microplate and
laser irradiation was carried out using a 808 nm fiber coupled laser diode with a maximum
power of 4 W (Lumics). The spot size was chosen to iluminate the whole well at once (0.4
cm in diameter) and the power and time was adjusted to obtain the desired power density
used for the experiments.

Co-culture and Live/Dead staining

Human dermal fibroblast (HDF; Invitrogen) cells were stained in suspension for 1 h, 37 °C,
using Cell Tracker Blue CMF2HC (Invitrogen) at a final dilution of 1/100 in FBS free
DMEM. Cells were washed and mixed 1:1 with unstained HeLa cells (a gift from Prof.
Charles Lawrie, Biodonostia) and plated at a final cell number of 1x10* cells/well in a 96-

well plate (Ibidi p-plate 96-well). The following day media was replaced with doxorubicin

24



(4 pg/mL; Sigma Aldrich) and nanogel solutions (diluted 1/25, equivalent to 4 pg/mL
doxorubicin), 200 pL/well. PEGMA nanogels were incubated with cells for 2.5h, followed
by washing with warm PBS (10 mM, pH 7.4) and replacement of the medium. Images were
taken at various time points, after removal of nanogel solutions, using a 20x objective with
DIC contrast and red and blue fluorescence channels for doxorubicin and Cell Tracker Blue
(HDF cells) fluorescence respectively. A Zeiss Cell Observer microscope with AxioVision
software was used.

The same cultures were used to analyze cell viability using Live/Dead (Abcam) staining
after ca. 96 h. Media was replaced with 150 pul of warmed staining buffer containing 1/1000
dilutions of both “live” and “dead” fluorophores. Cells were left at 37 °C for 15 min and
then imaged using a 10x objective with phase contrast and green and red fluorescence
channels for “live” and “dead” staining respectively. Due to the late timepoint, HDF cells
were no longer positive for Cell Tracker Blue and therefore visual comparison of cell
morphology alone was used to differentiate between dead cell populations. A Zeiss Cell
Observer microscope with AxioVision software was used.

Flow cytometry

Human dermal fibroblast cells were stained in suspension for 1 h, 37 °C, using Cell Tracker
Blue CMF2HC at a final dilution of 1/100 in FBS free DMEM. Cells were washed and
mixed 1:1 with unstained HeLa cells and plated in a 24-well plate at 5x10%cells/well. The
following day media was replaced with doxorubicin (4 pg/ml) and nanogel solutions
(diluted 1/25, equivalent to 4 pg/ml doxorubicin), 500 pL/well. PEGMA nanogels were
incubated with cells for 2h30, followed by washing with warmed PBS (10 mM, pH 7.4) and

replacement of the media. The following day cells were lifted up using trypsin-EDTA and
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washed twice with ice-cold PBS. Samples were analysed in 1 % BSA/PBS on a BD Canto
IT flow cytometer using compensation. Cells were gated using the Pacific Blue channel
(HeLa vs. CMF,HC-stained HDF cells), and then the % of doxorubicin positive cells
measured in the PE channel.
Cell viability; irradiation experiments
HeLa cells were plated in a 96-well TC-treated transparent plate at 5x10* cells/mL, 100
uL/well. The following day media was replaced with doxorubicin (4 pg/mL) and NP
solutions (diluted 1/25, equivalent to 4 pug/mL doxorubicin), 100 pL/well. NPs were left
overnight with cells (approx 18 h) followed by replacement of the cell media. Individual
wells were irradiated using a 808 nm fiber coupled laser diode with a maximum power of 4
W (Lumics). The spot size was chosen to illuminate the whole well at once (0.4 cm in
diameter) and the power and time was adjusted to obtain the desired power density used for
the experiments. The following day cell viability was analysed using the MTT assay
(Roche) and absorbance measured at 550 nm, showing both non-irradiated and irradiated
wells.
Transmission electron microscopy of cells

HeLa cells were grown in 60 mm diameter tissue culture treated petri dishes, 1x10°
cells/3 mL/dish. The following day, nanogels were added at a final dilution of 1/50, 3
ml/dish. PEGMA nanogels were incubated with cells for 2 h, followed by washing with
warm PBS and replacement of the medium. The day after, cells were fixed in the dish using
2 % formaldehyde/2.5 % glutaldehyde in Sorensens buffer (initial fixation of 10 min at rt,
followed by secondary fixation with fresh solution for 2 h at 4°C). Fixative was removed
and cells washed using cold Sorensens buffer. A cell scrapper was used to bring the cells

into suspension. Cells were embedded in 2% agar, followed by further fixation and staining
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with a 1% osmodium tetraoxide solution for lh on ice. Samples were washed with
Sorensens buffer and then water, and dehydrated in an ethanol series, followed by 2 final
pure ethanol and then pure acetone washes. Samples were embedded in Spurrs resin and
polymerized overnight at 65 °C. One hundred nm slices were cut using an ultramicrotome
and viewed using TEM (JEOL JEM-1400PLUS , 40kV - 120kV).
LPS-induced IL-6 production from J774 cells

J774 macrophages were plated in a normal tissue culture treated 96-well plate at a
concentration of 2 x 10”5 cells/ml, 100 pl/well. The following day half the wells were pre-
treated with LPS (Sigma Aldrich) at a final concentration of 1 pg/ml, 100 pl/well. After 1 h
of LPS-stimulation, a further 100 pl of NPs (1/5 diluted, equivalent to a final pomalidomide
concentration of 10 pM) were added. Controls including free pomalidomide (a final
pomalidomide concentration of 10 pM), DMSO (final dilution of 1/5000 equivalent to the
volume present in 10 pM pomalidomide), and pomalidomide free NPs were included. The
final volume was 200 pl/well. Cells were incubated for 24 h, following which supernatants
were removed and frozen for subsequent IL-6 analysis. Supernatants were analysed for IL-
6 using standard sandwich ELISA with TMB substrate detection.
Angiogenesis assays

Human umbilical vein endothelial cells (HUVEC) were plated in a normal tissue culture
96-well plate at 1x10° cells/ml, 100 pL/well. The following day nanogels were added at a
final concentration equivalent to 10 uM pomalidomide. Cells were incubated with PEGMA
nanogels for 2 h, followed by washing with warmed PBS and replacement of the media.
The following day 10 pL of Geltrex (Invitrogen) was placed in the lower wells of an
angiogenesis slide (Ibidi p-slide Angiogenesis) and left to solidify at 37 °C for

approximately 30 min. HUVECs, previously incubated with nanogels, were uplifted using
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Trypsin-EDTA (Invitrogen), counted, and adjusted to 2x10°cells/ml. Fifty uL of cells were
added to each well (1x10%cells), taking care not to disturb the gel. Control wells without
nanogel pre-incubation and with direct pomalidomide (10 pM) incubation were included.
Cells were imaged approximately 6 h post seeding with a Zeiss Cell Observer microscope
equipped with a x10 objective with phase contrast. AxioVision software with the “Mosaix”
application was used to image the whole well (4 mm diameter).
Pomalidomide-induced cell morphological changes

HUVEC cells were plated in a 96-well plate (Ibidi p-plate 96-well) at a concentration of
4x10* cells/well, 200 uL/well. The following day media was replaced with the
corresponding nanogel solution, 200 pL/well, at a final concentration equivalent to 10 uM
pomalidomide. Pomalidomide-free nanogels at an equivalent concentration, and
pomalidomide alone were also included. After 4 h, wells were washed with warmed PBS
and fixed using a 4% formaldehyde solution in PBS. Cells were stained using DAPI
(Invitrogen) and AF488-phalloidin (Invitrogen) to show the nucleus and actin fibers
respectively. Images were taken using an EC Plan-Neofluar x40 oil objective with DIC
contrast and filters for green (AF488-phalloidin actin staining), red (doxorubicin staining)
and blue (DAPI nuclear staining) fluorescence. Cell area and aspect ratio (AR) values were
calculated using ImagelJ, analyzing 10 cells from 3 separate compound images composed of

9 tiles (in total ca. 30 cells/formulation).
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Spatial Analysis of Metal-PLGA Hybrid Microstructures

Using 3D SERS Imaging

Malte S. Strozyk, Dorleta Jimenez de Aberasturi, Jason V. Gregory, Mathias Brust,

Joerg Lahann,* and Luis M. Liz-Marzdn*

The incorporation of gold nanoparticles in biodegradable polymeric nanostruc-
tures with controlled shape and size is of interest toward different applications
in nanomedicine. Properties of the polymer such as drug loading and antibody
functionalization can be combined with the plasmonic properties of gold nano-
patticles, to yield advanced hybrid materials. This study presents a new way to
synthesize multicompartmental microgels, fibers, or cylinders, with embedded
anisotropic gold nanoparticles. Gold nanoparticles dispersed in an organic sol-
vent can be embedded within the poly(lactic-co-glycolic acid) (PLGA) matrix of
polymeric microstructures, when prepared via electrohydrodynamic co-jetting.
Prior functionalization of the plasmonic nanoparticles with Raman active mol-
ecules allows for imaging of the nanocomposites by surface-enhanced Raman
scattering (SERS) microscopy, thereby revealing nanoparticle distribution and
photostability. These exceptionally stable hybrid materials, when used in com-

to the development of new drug carrier
systems and therapeutic methods.l’] One
example is given by surface-enhanced
Raman scattering (SERS), a ultrasensitive
imaging tool, which, in combination with
engineered particle systems, has already
found a variety of applications.*5! The
ability to tune the excitation wavelength
into the near infrared (NIR) range, the
so-called biological transparency window
(650950 nm), leads to improved light
penetration in living tissue, while the low
Raman cross section of water and the
potential for multiplexed measurements
over long periods of time, render this
technique ideal for nanomedicine applica-

bination with 3D SERS microscopy, offer new opportunities for bioimaging, in tion

particular when long-term monitoring is required.

1. Introduction

The 21st century is the era of modern nanomedicine, when
nanotechnology and biotechnology converge into a new foun-
dation that enables entirely novel modalities for diagnostics,
sensing, and therapy."”l The development of new microscopic
and spectroscopic techniques combined with the prepara-
tion of nanomaterials with a high degree of control is crucial

s.°77] For example, Contag, Gambhir,
and co-workers recently introduced a
Raman spectrometer coupled to an endo-
scope for SERS-based endoscopy.®”’!
Crucial for this and other applications
are nanoparticles functionalized with Raman active molecules
(SERS-tags).>!% A common strategy toward achieving stable,
SERS active nanostructured materials, comprises the inte-
gration of both polymers and gold nanoparticles into hybrid
materials. Recent examples have been reported for a variety
of systems, where, e.g., a thin polymer shell acts as the par-
ticle stabilizer, the polymer itself being used as the SERS tag,
or where gold particles are embedded in SERS tag-loaded
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hydrogels.®11-13] These systems are often too specific and

intrinsically limited to specific shapes, sizes, and surface func-
tionalizations. Embedding metal nanoparticles in a biodegrad-
able polymeric system, which can be modulated in shape and
size, would offer more versatile alternatives for applications
in nanomedicine. This kind of polymers can be easily used
as anchor points for further functionalization with targeting
molecules, as cavities for drug loading, or as smart polymers
that are responsive to a specific stimulus.'*! Interestingly,
a simple modification of the size of a polymeric microgel can
result in a different cell uptake mechanism.'®l In this con-
text, poly(lactic-co-glycolic acid) (PLGA) is a biocompatible
(FDA approved)'”! and biodegradable polymer, which is widely
used to fabricate nanostructures like microgels, nanoparticles,
fibers, or rods.'®1% PLGA can also be loaded with drugs and
functional molecules for further surface functionalization.2%:2!]
Additional complexity has also been imparted to PLGA nano-
structures by implementing multicompartmental structures
for highly specific applications, such as drug delivery systems
containing two different drugs and distinct release profiles.?223]
Embedding metal nanoparticles in PLGA particles can be used
to combine different optical, electrical, and magnetic features,
thereby increasing the range of potential applications.?*! Gold
nanoparticles, in contrast to PLGA, are optically active and
show interesting behavior upon laser irradiation, including
local heating that can be exploited for thermoresponsive
delivery methods, as well as the above-mentioned SERS activity,
which can be used for imaging.?’! These biological applica-
tions are favored for gold nanoparticles with shape anisotropy,
such as gold nanostars (AuNSs), which absorb =800 nm, where
tissue displays reduced absorption and, in turn, increased pen-
etration depth.[?°l However, anisotropic nanoparticles are often
grown in water or other solvents with high dielectric constants,
which may hinder their encapsulation in polymers.[272°]

We present here a universal method to embed metal nano-
particles of various composition, shape and size, in PLGA
nanomaterials by means of the so-called electrohydrody-
namic (EHD) co-jetting process. This process has been well
established for PLGA over the last decade and offers a high
throughput method to synthesize PLGA microgels of different
sizes and morphologies.'”! Transfer of gold nanoparticles from
water into chloroform (CHCI;)%*% was accomplished using
hydrophobic SERS active molecules, which act as both capping
agents and SERS labels. The resulting nanoparticles with high
and reliable SERS signals can be embedded in selected com-
partments of the PLGA particles, while different fluorescent
dyes were added to other compartments, thereby allowing us
to expand the standard characterization methods (transmis-
sion electron microscopy (TEM), scanning electron microscopy
(SEM), and fluorescence microscopy) and using 3D confocal
SERS microscopy (3D-SERS) to identify the nanoparticle dis-
tribution inside the polymer. To avoid potential interferences
arising from the fluorescence of the dyes, these were selected
so that their absorption and emission were sufficiently far
away from the laser excitation wavelength (785 nm in this case)
used for SERS measurements. Even though 3D-SERS imaging
offers powerful and complementary possibilities, it is still fairly
undeveloped due to its complexity, as the weak nature of the
Raman signal and its complicated scattering behavior require
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finding a suitable compromise for the optimum pinhole size
that ensures confocality as well as sufficiently high signal inten-
sity.!l Recently, a few groups developed substrates to demon-
strate Raman imaging with high spatial resolution in 3D.[!332:33]
Especially Ozaki and co-workers recently showed the recon-
struction of a 3D plasmonic structure using 3D-SERS.1 Prom-
ising applications for 3D SERS imaging would be, e.g., related
to monitoring of implanted scaffolds for tissue regeneration,
so as to control their degradation over time, in combination
with tissue growth. This is commonly done by using invasive
methods such as histology, which do not allow continuous
monitoring, while noninvasive methods such as fluorescence
microscopy are often limited in penetration depth, sensitivity,
and long-term stability, as well as by photobleaching.3*3]

We introduce here the synthesis of PLGA-metal nano-
particle hybrid materials using EHD co-jetting. AuNSs labeled
with different SERS active molecules were embedded in sepa-
rate compartments of different polymeric structures (particles
and fibers), and 3D-SERS imaging was used to monitor the dis-
tribution of the particles inside the polymer. We propose that
these hybrid materials containing SERS labeled nanoparticles
and thus allowing characterization by means of SERS imaging,
offer significant advantages over existing fluorescence-based
materials for bioimaging.

2. Results and Discussion

2.1. Synthesis of Bicompartmental PLGA Nanoparticles Loaded
with SERS Encoded Nanoparticles in Separate Hemispheres

The preparation of hybrid multicompartmental PLGA-plas-
monic microparticles is schematically illustrated in Figure 1.
Nanoparticles synthesized in aqueous solution were transferred
into CHCIl; by means of a protocol previously reported by our
group.’” A Raman active molecule was used as surfactant
during this process to obtain highly stable and bright SERS
tags. The resulting particle suspension was mixed with various
amounts of PLGA and different fluorescent dyes: ((Poly[(m-
phenylenevinylene)-alt-(2,5-dihexyloxy-p-phenylenevinylene) as
a blue dye or poly[tris(2,5-bis(hexyloxy)-1,4-phenylenevinylene)-
alt-(1,3-phenylenevinylene)] as a green dye.

Gold nanostars were specifically selected for most of the
experiments due to their strong absorbance in the NIR range
(see TEM images and optical spectra in Figure S1, Supporting
Information) and their outstanding performance as SERS
tags, to conduct 3D SERS measurements. The Raman active
molecules biphenyl-4-thiol (4-BPT) and 2-naphtalene-thiol
(2-NAT) were used as ligands due to their strong binding affinity
to gold surfaces and their characteristic and easily distinguish-
able Raman signals. The final particle size was influenced by
the solvent composition and the molecular weight of PLGA.[!%
When using 17 kDa PLGA and 70:30 CHCl;:DMF, particles of
=600-800 nm were obtained, whereas 40 kDa PLGA in 70:30
CHCIl;:DMF yielded particles of =1-2 um, and using 50-75 kDa
PLGA and solvent ratios between 70:30 and 97:3 CHCl;:DMF,
particles in the range of 3-8 um could be produced.

In order to demonstrate universality of the method, we also
prepared polymeric particles containing SERS-encoded 30 nm

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Fabrication of multicompartmental hybrid particles using electrohydrodynamic co-jetting. The size of the particles can be controlled by
using different polymer molecular weights and varying polymer concentrations. TEM images in A—F are representative for particles of different sizes
and compositions. PLGA molecular weight was varied from A,B) 17 kDA through C,D) 40 kDA up to E,F) 50-75 kDA. These examples show various
configurations with two (A, C—F) or three (B) compartments, containing AuNSs (A—F) and iron oxide nanoparticles (B). The particles also contain
poly[(m-phenylenevinylene)-alt-(2,5-dihexyloxy-p-phenylenevinylene) as a blue dye and poly[tris(2,5-bis (hexyloxy)-1,4-phenylenevinylene)-alt-(1,3-phe-
nylenevinylene)] as a green dye, in separate compartments. All scale bars are 500 nm.

AgNPs and 40 nm iron oxide particles (Figure 1; Figures S2
and S3, Supporting Information). AgNPs are ideal for SERS
measurements at laser excitation wavelengths =500-600 nm,
whereas magnetic nanoparticles could be used to separate/col-
lect the hybrid particles by magnetophoresis. In an additional
experiment, the PLGA surface was functionalized with car-
boxylic acid groups, by adding 30% of 5050 DLG 1A polymer
(5.9 kDa) to the initial PLGA/AuNSs mixture (Figure S4A, Sup-
porting Information). For subsequent experiments, these can
be useful as anchor points for further (bio) functionalization,
e.g., with antibodies.

For EHD co-jetting, the polymer/particle/dye mixtures were
flown in a laminar regime through parallel mounted metallic
needles at 0.2 mL per hour. After a stable droplet was formed at
the interface of the polymeric solutions, a voltage was applied
between the droplet and a collector plate. The voltage created
a polymeric jet from the tip of the droplet towards the collector
and was sufficiently high to induce break-up of the jet into
individual particles. Transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and fluorescence micro-
scopy studies demonstrate that particles evenly formed over a
large area (Figure S4, Supporting Information).

2.2. Stability of the Compartments

PLGA hybrid microgels showed high particle loading, regard-
less of the type of plasmonic particles used in the synthesis, as
observed in TEM images (Figure 1A-F). However, TEM images
alone could not resolve the different compartments within the
particles. Therefore, the inner distribution and the preservation
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of the different compartments after synthesis were character-
ized by means of fluorescence imaging (from blue and green
dyes) and SERS imaging (from two different SERS-encoded
AuNSs).

Once synthesized, polymeric particles were embedded in
a ProLong™ gold matrix between two coverslips and initially
examined by confocal fluorescence microscopy (Figure 2A).
For SERS measurements, the particles were immobilized on a
quartz glass slide to avoid the fluorescence background from
standard glass and then examined under a WITec Alpha 300RS
confocal Raman microscope, using a 785 nm diode laser as the
excitation source. As a reference, we used the Raman bands
at 1275 cm™! for 4-BPT (C—C ring stretch) and 1375 cm™! for
2-NAT (C—C ring stretch), so that the characteristic bands
of both Raman reporters could be clearly distinguished
(Figure 3B). In Figure 2B,C, both fluorescence and SERS
images indicate the stability and preservation of the two initial
compartments. Interestingly, no interference from the fluores-
cent dyes was observed, and as a result the shape of the com-
partments was clearly resolved by both techniques. The SERS
images also allowed for differentiation of the compartments,
but in contrast to fluorescence imaging, the SERS signal was
not found to be evenly distributed throughout the entire par-
ticle. This is due to the distribution of AuNSs, which, in contrast
to the dyes, may associate into clusters within the PLGA com-
partments, resulting in a distinct pattern with islands of higher
intensity in the SERS maps. Figure 2C also shows a dominant
signal from 4-BPT in this form of representation and reveals
lack of information regarding the inner particle distribution.
For this reason, 3D SERS imaging was conducted, focusing on
obtaining spatial information in x, y, and z directions.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) Bicompartmental PLGA (40 kDa) particles containing =50 nm AuNSs labeled with 4-BPT and a green dye in one compartment, and AuNSs
labeled with 2-NAT and a blue dye in the other compartment. B) Fluorescence image of =4 um particles showing that both dyes and compartments
are well separated and distinguishable. C) SERS mapping of a =7 um particle, also displaying two separate compartments. The signals from 4-BPT

(red) and 2-NAT (green) are spatially separated.

The 3D distribution of SERS-encoded AuNSs inside the
microgel particles was examined with high-resolution confocal
Raman microscopy. We selected a 100x 0.9 NA objective with a
50 wm pinhole that best met our requirements.>!! One particle was
scanned over a volume of 14 x 14 x 20 um? (40 x 40 x 35 points
per line), with an integration time of 40 s per line (785 nm
laser, 7 mW). The observed signal-to-noise-ratios were in gen-
eral very high and the SERS spectra for both Raman tags were
well resolved under these scanning conditions (Figure 3B).
A series of slices (in z-direction) were imaged, in which both
SERS tags (2-NAT, 4-BPT) could be resolved, indicating spatial
separation within different compartments. Even though some
degree of overlap (yellow—orange color) was observed, the com-
partments were found to be well separated from each other in
most cases. Additional 3D reconstructions (Figure 3C,D) confirm
these results and suggest that the compartments are not perfect
hemispheres but rather have a “tennis ball” like structure, where

A) B

mem

Intensity (counts) ™=

both compartments are wrapped around each other. In conclu-
sion, we show that SERS labeled AuNSs are present throughout
the microgel and their distribution can be resolved by confocal
Raman microscopy. This 3D reconstruction especially helps to
achieve information about nanoparticle distribution, which is not
possible by conventional SERS measurements.

2.3. Labeled Fibers and Rods

One of the challenges related to monitoring the evolution and
degradation of scaffolds during tissue growth is related to a
low penetration depth when using fluorescence microscopy
(usually with illumination and fluorescence in the visible).
Since PLGA electrospun nanofibers have been reported as scaf-
folds for cell or tissue growth,3% we explored the possibility to
synthesize PLGA fibers containing AuNSs, while preserving
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Figure 3. 3D confocal Raman imaging of a single microgel particle. A) Z-stack showing the existence of separated compartments and the distribution
of SERS labeled AuNSs within the particle. B) Representative SERS spectra of BPT (red) and 2-NAT (green) labeled AuNSs measured inside PLGA par-

ticles. The peaks marked with
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* indicate the specific signals used for mapping. C,D) 3D reconstruction of the particle from two different perspectives.
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Figure 4. Examples of PLGA-based bicompartmental fibers containing
SERS-encoded AuNSs, prepared by electrohydrodynamic co-jetting and
analyzed by A) fluorescence imaging and B) SERS mapping.

their bicompartmental structure (Figure 4). We thus pre-
pared fibers with a diameter of 10 um, i.e., twice as large as
the particles above, which would likely facilitate the resolution
of the different compartments. SERS imaging indeed showed
a distinct separation between the compartments filled with
4-BPT-coated AuNSs and 2-NAT-coated AuNSs (Figure 4B). The
3D reconstruction of the SERS data in Figure 4B confirms yet
again that SERS is a useful tool to resolve the structure of our
hybrid polymeric structures and the internal structure of the
different compartments.

To further demonstrate the universal character of our syn-
thesis protocol, the obtained fibers were cut into pieces, to
obtain cylinders with different lengths (Figure S5, Supporting
Information). Upon embedding the fibers in a Tissue-Plus
matrix and using a cryosectioning instrument (see Experi-
mental Section), it was possible to fabricate cylinders while
keeping the two compartments stable.'® Cylinders are of
interest since the shape of particles plays an important role in
the modulation of cell uptake, as reported elsewhere.l*”]

2.4. Fluorescence versus SERS: Long-Term Experiments

Long-term stability is a key advantage of SERS, as compared to
fluorescence, and can be exploited in labeled scaffolds or micro-
gels as imaging tools in nanomedicine. During long-term exper-
iments, the particles are exposed to a number of factors that
lead to degradation and bleaching of organic molecules. The
environments used for both in vitro and in vivo experiments
are chemically aggressive, containing redox active molecules,
enzymes, highly reactive radicals and pH changes.’**0 Addi-
tionally, exposure to light during microscopy observation often
leads to photobleaching of organic dyes.*!!

We analyzed the effect of photobleaching on our hybrid
materials by measuring fluorescence and SERS signals from
a large number of particles (>100) before (Figure 5A) and
after (Figure 5B) UV-irradiation for 30 min. Prior to irradia-
tion, the samples displayed fluorescence and SERS signals
throughout the whole field of view. In contrast, after irradiation,
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the fluorescence signal completely vanished, while the SERS
signals remained basically unaltered. This experiment clearly
illustrates the degradation of the dye over time upon exposure
to light, whereas the SERS tags remain stable and active, in
a demonstration that SERS is an attractive tool for long-term
(bio)imaging experiments.

3. Conclusions

We have introduced a universal method for the synthesis of
PLGA microgels of different sizes and shapes, loaded with dyes
and metal nanoparticles with distinct electromagnetic proper-
ties. These particles offer a wide range of potential applications,
in particular for biomedical imaging. Even though we focused
here on PLGA (FDA approved polymer), the EHD co-jetting
method facilitates the use of various other polymers (and their
blends), including a wide range of synthetic polymers (PMMA,
PAA, PEI, Dextran) and more recently crosslinked biopolymers
such as proteins. We demonstrated that SERS encoded AuNSs,
embedded within polymer microgels, can be used to resolve
and reconstruct the shape of both particles and fibers. Impor-
tantly, co-loaded dyes do not interfere with the SERS signal or
create a background, which is likely due to the high and reli-
able SERS signal originating from AuNSs densely covered with
Raman tags. Finally, an important outcome of this study is the
demonstration that the SERS signals from embedded AuNS,
in contrast to that from fluorescent dyes, are not altered upon
exposure to UV illumination, therefore offering the possibility
for long-term imaging experiments. Since PLGA is a biocom-
patible and biodegradable polymer, potential applications of
these hybrid materials can be foreseen, for example in com-
bined drug delivery/imaging devices. In particular, microfibers
functionalized with AuNSs may allow us to obtain new insights
in the role of implanted scaffolds in regenerative medicine.

4. Experimental Section

Materials: Milli-Q water (resistivity 18.2 MQ cm) was used in all
experiments. Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0,
>99.9%), sodium citrate tribasic dihydrate (=98%), silver nitrate (AgNOs,
>99%), L-ascorbic acid (AA, 299%), O-[2-(3-mercaptopropionylamino)
ethyl]-O’—methylpolyethylene glycol (PEG-SH, My = 5 000 g mol™),
2-naphthalenethiol (2-NaT, 99%), biphenyl-4-thiol (4-BPT, 97%),
chloroform (299.8%), and 50-75 kDa PLGA, were purchased from
Sigma-Aldrich. 17 kDa PLGA (#5002a) and 40 kDa PLGA (#5004a)
were purchased from Corbion. 5050 DLG 1A polymer (#LX00560-130)
was purchased from Lakeshore Biomaterials. ProLong™ gold matrix
was purchased from Thermofisher Scientific. Quartz microscope slides
were from Electron microscopy (#72250-01). 5 nm AuNPs and 40 nm
iron oxide nanoparticles were purchased from Ocean Nanotech LLC.
All glassware was washed with aqua regia, rinsed threefold with Milli-Q
water and dried, prior to use.

For EHD co-jetting, a syringe pump (Fisher Scientific Inc., USA) and a
power supply (DC voltage source, Gamma High Voltage Research, USA)
were used.

Synthesis of Gold Nanostars: AuNSs were prepared using a seed-
mediated growth method.l*2l Adding 5 mL of 34 x 1073 wm citrate solution to
95 mL of boiling 0.5 x 1073 m HAuCl, solution under vigorous stirring and
then maintaining boiling for 15 min, seed particles were formed. 50 nm
AuNSs with an LSPR maximum at 750 nm, were prepared by adding 2.5 mL

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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A) Preirradiation
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2) 4-8PT

4) Fluorescence
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B) Post irradiation
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Figure 5. A large number (>100) of bicompartmental particles were immobilized on a glass substrate and both SERS and fluorescence signals were
measured A) before and B) after exposure to UV-light. Images 1-3 demonstrate that the SERS signals from both 4-BPT and 2-NAT SERS tags show
no difference over time and remain active upon irradiation. The fluorescence signals of both blue and green dyes (4-6) however, vanish after UV light

exposure, due to photobleaching of the dye molecules.

of the citrate-stabilized seed solution to 50 mL of 0.25 x 1073 m HAuCl,
solution (containing 50 uL of 1 m HCI), in a 100 mL glass erlenmeyer
at room temperature, under moderate stirring. Quickly, 500 pL of
3 x 1073 m AgNOj; and 250 pL of 100 x 1073 m ascorbic acid were added
simultaneously. The resulting AuNSs solution was mixed with 410 pL of
PEG-SH 0.1 x 1073 m, stirred for 15 min and washed by centrifugation at
1190 g, 25 min, 10 °C, and subsequently redispersed in water.

Synthesis of Silver Nanoparticles: A modification of a previously
reported approach was used to prepare 30 nm Ag NPs.*l 250 mL of
Mili-Q water was heated under magnetic stirring, then 4 mL of trisodium
citrate (0.1 m) and 0.32 mL of ascorbic acid (0.1 m) were added to the
boiling water. Subsequently, 0.93 mL of AgNO; (0.1 m) was added and
boiling was maintained for 1 h under stirring. The solution was cooled
down and stored in the fridge.

Phase Transfer of Plasmonic Nanoparticles: All plasmonic particles
were prestabilized with PEG (O-[2-(3-mercaptopropionylamino) ethyl}-
O’methylpolyethylene glycol),13% and subsequently transferred from water
into CHCl; by vigorously stirring the colloids with a chloroform solution
of the hydrophobic Raman active molecules. Both phases were mixed
overnight, so that the particles would slowly diffuse from the aqueous into
the organic phase. Afterwards, the aqueous phase was discarded and the
organic phase centrifuged several times to remove excess of free ligand.

Bicompartmental PLGA Particles: Bicompartmental PLGA particles
were synthesized using 50-75 kDA PLGA (#430471 Aldrich) and a
solvent ratio of 97:3 for CHCl; and DMF. Briefly, in compartment (1)
0.0405 g of PLGA was mixed with 235 uL of green dye (1 mg mL™
in CHCl;) and 485 pL of SERS-Tag (4-BPT) AuNSs [Au® = 3 x 1073 ]
in CHCl;3 and 15 uL DMF. Compartment (II) was prepared by mixing
0.0405 g of PLGA with 235 uL of blue dye (1 mg mL™" in CHCl;) and
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485 L of SERS-Tag (2-NAT) AuNSs [Au° = 3 x 107 m] in CHCl; and
15 uL DMF.

Bicompartmental Fibers: Using a 50-75 kDA PLGA (#430471 Aldrich)
and a solvent ratio of 97:3 for CHCl; and DMF, 10 um fibers where
obtained. In compartment (1) 0.15 g of PLGA was mixed with 54.55 uL of
green dye (1 mg mL™" diluted in CHCl;) and 350 pL of SERS-Tag (4-BPT)
AuNSs [Au® = 3 x 107 Mm] in CHCl; and 15 uL DMF. Compartment
(I1) was prepared by mixing 0.15 g of PLGA with 54.55 L of blue dye
(1 mg mL™" in CHCl;) and 350 uL of SERS-Tag (2-NAT) AuNSs
[Au® =3 x 1073 M] in CHCl; and 15 uL DMF.

Bicompartmental Cylinders: Bicompartmental fibers were deposited in
an aligned orientation on a tissue cryomold, and then embedded in a
Tissue-Plus matrix. They were stored at —4 °C for 24 h, after being cut
using a Leica 3050S cryostat cryosectioning instrument. The obtained
slides were collected in falcon tubes and washed several times by
centrifugation and redispersion in water. Cylinders of 2, 5, and 10 um
were obtained, as defined by the cutting plane size.

SERS  Measurements: SERS measurements (except bleaching
experiment) were carried out using a WlTec Alpha 300RS micrcoscope
with a 100x 0.9 NA objective, a 600 g mm™' diffraction grating and a
785 nm Laser source with a power of about 7 mW.

3D Reconstruction: For each z-height, a single point map was created
by plotting the intensity of a selected band for each SERS tag (1275 cm™'
for 4BPT and 1375 cm™ for 2-NAT), as a function of the position. The
resulting maps were merged using Image) and 3D reconstructions were
created using the Image| plugin 3D Viewer.

Bleaching Experiment: The microgel suspension was dropcast on a
quartz glass slide and SERS maps were measured using a Renishaw inVia
Raman microscope, equipped with a 1024 x 512 CCD detector, using a

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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785 nm excitation source and a 1200 g mm™' diffraction grating.
Measurements were carried out using a 100x 0.85 NA objective in
Streamline mode, with 2.1 mW laser power and an exposure time of 3.58 s.
The slide was transferred to a Zeiss Cell Observer microscope, where
fluorescence images under 20x magnification were obtained and then the
LED diodes were used to illuminate the sample. In general, the samples were
illuminated for 30 min with the 470 and 530 nm lasers, with powers of 11.6
and 2.3 mW, respectively. Fluorescence images and SERS measurements
were repeated and processed under the exact same conditions.
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