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Summary

Summary

The oral route of vaccination is besides nasal, vaginal or rectal route, one of the most
interesting mucosal vaccination routes. Usually a vaccine as live but attenuated,
inactivated or even dead pathogen is administered subcutaneously or intramuscularly via
injection, to develop immunity to a pathogen. Alternatively, also purified proteins can be
used for vaccination. The aim of oral or mucosal vaccination is to achieve a cheap and save
mass immunization, with avoidance of needle based systems, no need of clinical
environment and lower production cost. Disadvantages that have to be overcome are
potential degradation of the vaccine and probably inefficient uptake through the intestinal
wall, resulting in low immune responses. The present work evaluates the protection of a
protein based vaccine by nanoparticles and delivery through the gastrointestinal tract as a
perspective for oral vaccination. The results presented in this thesis show a successful
encapsulation and therefore protection of the model protein ovalbumin with the basic
polymer poly(D,L-lactide-co-glycolide acid) (PLGA) and further developed PLGA derivatives.
These derivatives were found to increase the protein encapsulation up to 50% and release
of the protein from nanoparticles from 50 to 100% compared to pure PLGA particles.
Furthermore, the polymers introduce passive and active drug targeting properties to
PLGA. In in vitro and also in vivo mice studies an improved efficiency of vaccination could
be proven. This was shown by a significant increased T cell activation, with higher

interleukin 2 production.

Furthermore, a new and reproducible method for a size-adjustable production of
nanoparticles was investigated to study a size-dependent uptake of NPs during
vaccination. This technology is a semi-automated system for an operator independent,
scalable and size adjustable NP synthesis. By varying certain process parameters the
system is able to produce nanoparticles in a size range of 150 to 600 nm with a narrow size

distribution.




Zusammenfassung

Zusammenfassung

Die orale Vakzinierungsroute ist neben der nasalen, vaginalen oder rektalen Route, eine
der interessantesten, mukosalen Vakzinierungsrouten. In der Regel wird ein Vakzin lebend,
aber abgeschwacht, inaktiviert oder abgetotet subkutan oder intramuskuladr verabreicht,
um eine Immunitat gegen einen Krankheitserreger zu entwickeln. Alternativ kdnnen auch
gereinigte Proteine flr eine Vakzinierung verwendet werden. Das Ziel der oralen,
beziehungsweise mukosalen Vakzinierung, ist das Erreichen einer kostengiinstigen und
sicheren Massenvakzinierung, unter Vermeidung von Nadel basierten Systemen und ohne
Notwendigkeit einer klinischen Umgebung. Nachteile, die Gberwunden werden missen,
sind der potenzielle Abbau des Vakzins und ineffiziente Aufnahme durch die Darmwand,
mit daraus resultierenden niedrigen Immunantworten. Die vorliegende Arbeit bewertet
den Schutz eines Vakzins durch Nanopartikel (NP) und Transport durch den
Gastrointestinaltrakt als Perspektive fir die orale Vakzinierung. Die Ergebnisse zeigen eine
erfolgreiche Verkapselung und damit Schutz des Modellproteins Ovalbumin mit dem
Polymer Polylactid-co-Glycolid (PLGA) und weiteren PLGA-Derivaten. Fiir diese Derivate
wurde eine erhohte Proteinverkapselung von bis zu 50% und eine erhohte Freisetzungs-
rate aus den NP von bis zu 50 bis 100% im Vergleich zu reinen PLGA-Teilchen gefunden.
Weiterhin werden mit diesen Polymeren passive und aktive Drug-Targeting-Eigenschaften
in das Polymer PLGA eingefiihrt. In vitro, als auch in vivo-Studien an Madusen konnten eine
verbesserte Effizienz der Vakzinierung nachweisen. Dies wurde durch eine signifikant

hohere T-Zell-Aktivierung, mit einer gesteigerten Interleukin 2-Produktion gezeigt.

Auflerdem wurde ein neues und reproduzierbares Verfahren fiir die Herstellung von NP
unterschiedlicher GroRe untersucht, um eine groBenabhangige Aufnahme von NP
wahrend der Vakzinierung zu untersuchen. Diese Technologie ist ein halbautomatisches
System fiir eine Bediener-unabhingige, skalierbare und NP-Synthese mit einstellbarer
GroRe. Durch das Variieren bestimmter Verfahrensparameter konnte gezeigt werden, dass
das System in der Lage ist, NP in einem GroRRenbereich von 150 bis 600 nm mit einer engen

GroRenverteilung herzustellen.




General Introduction

1. General Introduction

1.1. Oral vaccination

Vaccination is in general the use of an antigenic material, a vaccine, to develop immunity
to a pathogen, by stimulating the immune system in order to control diseases in a
preventive strategy. The first vaccination was realized by Edward Jenner in 1796 [1], who
gave cowpox pus to healthy people, to induce a protective immune response against
smallpox. This vaccination was so efficient, that in nowadays smallpox has been
eradicated, as one of the first infection diseases [2]. But still, especially in developing
countries infectious diseases cause most of the mortality among children younger than
5years [3] and represent substantial health problems in older children and adults.
Vaccines are one of the most promising interventions to reduce the burden of specific
infections in populations in developing countries [4]. Furthermore the continuous contact
with existing pathogens also in first world countries and additionally the emergence of
new pathogens over the time requires new and innovative, but also cheap and save
vaccination strategies. Especially for immunizing populations in developing countries oral
vaccines are of major interest for several reasons. Particularly, contaminated needles and
syringes are the main problems both for healthcare workers, as well as for environmental
safety in many developing countries where there is a high prevalence of HIV and
hepatitis B and C [5,6]. Current licensed vaccines are mostly delivered by subcutaneous
(sc) and intramuscular (im) injection, what makes the mass immunization especially in
these countries expensive and unsafe, because of the cost intensive production of the
syringe that has to be applied by trained personnel [7]. Another negative aspect of the
invasive route of delivery, while not using a needle free system, is the increased possibility
of needle-based side effects [8]. However, also in first world countries needle and syringe
vaccinations can lead to unwanted infection in both patients and healthcare workers. In
the US, annually more than one million people suffer from infections from needles, thus
causing costly treatments. Also to achieve high immunization coverage in the population,
immunization without needles or syringes, by for example oral vaccination, would increase
acceptability and consequently compliance. An alternative to the subcutaneous or
intramuscular application of vaccines is the mucosal route of vaccine delivery. In

particular, oral vaccination is a most attractive and also cost-effective form of preventing
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infectious diseases. Over the last few years, there has been exponential increase in
interest in needle-free vaccine delivery. Already various vaccine delivery systems have
been under investigation for oral [9], nasal [10], ocular [11,12], vaginal [13] and rectal

route [14].

For vaccination pathogens like viruses, bacteria, parasites or even fungi can be used in
either live, attenuated, inactivated or killed form. Additionally, purified products, like
proteins, RNA, and DNA derived from these pathogens, are possible vaccines, inducing an
immune response that shows already success [15] but also failures [16] in literature. Still,
oral vaccines are largely ineffective, due to degradation in the gastrointestinal tract (GIT)
and probably inefficient uptake through the intestinal epithelium, resulting in low immune
responses. Considering the oral vaccines available on the market only killed or attenuated
microorganisms, that can resist the intestinal degradation, without any need of protection,
are so far available [17]. To overcome these limitations, uncountable research groups and
companies focus on oral vaccine delivery, because, already existing oral vaccines brought
already great benefits for disease control or even eradiation of diseases [17]. Focusing on
protein based vaccines the greatest challenge is the protection of proteins from the
gastrointestinal environment, by the selection of a suitable carrier and adjuvant to boost
the immune response. The development of new vaccine delivery systems and suitable
vaccine adjuvants can lead to cheaper and efficacious vaccines and increase the
immunization rate in poor or undeveloped countries. The use of protective polymeric
vaccine carriers, which can additionally function as adjuvants, is maybe one the best
options to solve this global issue [18-21]. Another benefit is the avoidance of oral systemic
tolerance, which is induced by oral delivery of soluble proteins, caused by T cell anergy,
T cell deletion and the induction of suppressor T cells [22]. The whole complexity of oral
tolerance was already reviewed elsewhere [23,24]. In order to develop new and complex
vaccine strategies, the understanding of how the immune response works, how vaccines
stimulate the response to convey protection and how the currently available polymeric

delivery systems works, is necessary.
1.1.1. Intestinal mucosal immune system

For the oral delivery of vaccines the GIT is the most important side of action [25]. With a

length of approximately 9 meters and a total surface area, including villi and microvilli, of
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400 m?, compared to only 2.3 m” of the skin [26], the GIT is the largest and also most
studied compartment of the mucosal immune system. The surface of the GIT, including
stomach as well as small and large intestine, is covered by a confluent, protecting layer of
mucosa and forms together with a large number of immune cells and types of lymphoid
tissue, the gut associated lymphoid tissue (GALT) [27,28]. For oral vaccination the small
intestine covered by the mucosa is of great importance, which carries most of the immune
cells, like T cells, monocytes/macrophages and B cells. Moreover, 80% of the immune-

globulin and immunoglobulin producing cells are located in the intestinal tract [29].

A mandatory step for starting an immune response, is the internalization and presentation
of an antigen (e.g. derived from proteins) by professional antigen presenting cells (APCs),
which are located within the intestinal wall [30]. Therefore, the major challenge for
polymeric vaccine carriers is the save and efficient delivery of proteins through the mucus
and intestinal epithelium to the APCs. Prior to the uptake of polymeric vaccine carriers by
APCs, the delivery of the carrier to the intestine, uptake by intestinal cells and subsequent
passage through the intestinal epithelium is important. The delivery through the stomach
and therefore protection from gastric acid can be easily achieved by encapsulating the
polymeric vaccine carriers, in freeze-dried and stable form, in enteric coated tablets or
capsules. After the tablet or capsule has reached the intestine, the protective coating gets
dissolved, together with the capsule or tablet and the polymeric vaccine carriers will be
released. The mucus-covered intestine is a highly specialized tissue, which consists of
enterocytes, goblet cells, enteroendocrine cells, M cells and various other cell types [27].
The goblet cells and enteroendocrine cells secret mucus, which is required for a better
float of the bolus as well as peptide hormones, responsible for the digestion of the
intestinal content [31,32]. The largest population of cells in the intestine represents
enterocytes. They make up approximately 80% of all intestinal epithelial cells, controlling
the uptake of fluids, electrolytes and nutrients and are the most important barrier for

harmful pathogens and toxic material [33,34].

The paracellular route of uptake in the intestine, through the intercellular space between
the epithelial cells is completely blocked or restricted for pathogens, particulate polymeric
vaccine carrier or macromolecules, due to the tight junctions. The permeability can be

enhanced by selecting an appropriate polymer, like starch [35] or chitosan [36], which




General Introduction

might lead to an opening of tight junctions. However, the uptake and delivery of polymeric
vaccine carriers via M cells is more pronounced [37]. The main task of M cells is the
collection and transport of possible pathogens no matter whether, macromolecules,
bacteria, viruses or particles, from the basolateral lumen [38] to the extracellular space.
After crossing the mucus, the pathogens are taken up by phagocytosis or endocytosis and
transported in small vesicles through M cells [39]. This whole process is also called
transcytosis. Anatomically, the uptake of pathogens in M cells is also facilitated by a
thinner protecting glycocalyx, sparse microvilli and apical surface receptors that can be
targeted [40,41]. The majority of M cells are thereby located within Peyer's patches [42],
which are local aggregations of lymphoid tissue of the small intestine. On the basolateral
lumen of the Peyer's patches an increased number of APCs, within a dom-/pocket-like
structure [43,44] can be found. Important APCs are dendritic cells (DCs), macrophages and
B cells [45,46]. Epithelia cells, membranous microfold (M) cells or enterocytes are also able

to present antigens on the cell surface, but are less important targets for vaccination [47].
1.1.2. Specific Immune system

The specific immune response, also known as adaptive immune response, is able to
specifically adapt the immune response to a certain pathogen [48]. The main effector cells
during this process are highly specialized cells, which recognize specific structures
(antigens) of pathogens and can furthermore produce antibodies against particular
pathogens. After the first contact of a pathogen with the immune system and the first
initial immune response a immunological memory can be created, representing the basis
of vaccination [16]. Carriers of the specific immune response are white blood cells, also
known as lymphocytes [49]. The specific immune response can be divided furthermore
into two main broad classes — the humoral and the cell-mediated immune response [27].
During the humoral immune response the foreign antigen is bound by secreted antibodies
from activated B cells leading to the inactivation of the pathogen [49]. In cell-mediated
immune responses, T cells recognize their specific antigen only after the pathogen has
been internalized, processed to peptide fragments and displayed on the major
histocompatibility complex (MHC) of a specific APC [27]. Two MHC classes can be found,
first the MHC class | molecule [50,51], which is recognized by CD8" cytotoxic T cells,

present endogenous produced antigens, from invaded intracellular viruses and bacteria.
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The MHC class | is expressed on nearly all cells, except of cells, without a nucleus. Second,
the MHC class Il molecules [52-54], which are recognized by CD4" T helper cells, are
present on the cell surface of APCs that engulfed exogenous available pathogens. As we
aim with our work, to combat intracellular infections, especially of virus or bacteria
infected cells, the focus is on CD8" cytotoxic T cells. During CD8 mediated immune
responses the T cell receptor (TCR) binds to the MHC molecule and releases after
activation, interleukins (for regulation of differentiation and growth of further B and
T cells) and cytotoxins (for example release of granulysin, for the apoptosis of the target
cell) [16,55]. Especially for the prevention of virus replication, the release of cytotoxins is
important. With the release of interleukins other cell types can be activated, leading to the
differentiation of B and T cell to long live memory cells. With these memory cells a fast

defense reaction, after repeated contact with the pathogen, can be achieved [56,57].

In detail, multiple steps are necessary, after a pathogen or nanoparticulate vaccine system
has reached the APC (Figure 1). First the APC is surrounding the whole pathogen or
nanoparticulate vaccine system, in an endosomal compartment, called phagosome [58].
After lysis or breaking up the pathogen/nanoparticle (NP), the pathogen is processed into
smaller peptides, transported to the endoplasmic reticulum and bound intracellular to
MHC class |, forming the MHC class |:peptide complex. This complex is then transported to
the surface of the APC, for the recognition by CD8 T cells [59—-61]. The binding of the
MHC class I:peptide complex on the APC with the antigen-specific T cell receptor (TCR) is
the first of three steps for specific T cell immunity. The second mandatory step for the
activation of naive T cells is the co-stimulation of the APC and T cell by expression of
costimulatory ligands and receptors (up-regulation of CD80/86 on the cell surface of the
APC and Tcell) [62]. The upregulation of this costimulatory ligand is followed by the
recognition of pathogen-associated molecular patterns (PAMPs) by APC through pattern
recognition receptors (PRRs) [63,64]. This evolutionary initiated signaling cascade for cell
activation has thereby a direct link to the adaptive and innate immunity. The last step for
specific T cell immunity is the cytokine release caused with a T cell activation through cross
presentation of the antigen, which can detected by a CD69 up-regulation [65]. An
interesting cytokine, which can be released, is the Interleukin 2 (IL-2), which can induce
the proliferation of T cells towards effector T cells and/or memory T cells, what is essential

for the fight against a recurring infection.

10
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Figure 1 | Molecular mechanisms of transport and uptake of antigen loaded NPs along the intestinal epithelium.
Antigen loaded NPs (AIN) are directly taken up by APCs or transported by M cells through the intestinal wall, before
APCs in the Peyer’s Patches can take up the AIN. The antigen is released from AIN and is after further processing
presented to CD8" cytotoxic T cells (CTLs), by MHC | molecules. As next step the binding of the TCR on the T cell to
the MHC class I:peptide complex on the APC takes place. In parallel a co-stimulation of the T cell via upregulation of
CD80/86 on APCs and CD28 on T cells happens. The last step is the release of cytokines from both, APCs and T cells.

1.1.3. Adjuvants

For vaccination usually adjuvants (from Latin, adiuvare: to aid) are used to modify the
immunological reaction of the vaccine [66]. The most prominent effect is the boost of
immunological responses, with enhanced antigen uptake and higher release of antibodies.
Consequently, this results in a longer lasting protection and also minimizes the amount of
administered vaccine [67]. Two different ways of actions are known predominantly from
adjuvants. First, the adjuvant can cause an irritation by inflammation, what causes an
unspecific increase of immune response, boosting the immune response. Therefore, the

co-administration of minimal amounts of toxins (e.g. tetanus toxin together with a tetanus

11
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vaccine) is often used. Second, the circulation time of a vaccine in the human body can be
increased by forming depot formulations, for example with oil emulsions of paraffin oil,
like Freund's adjuvant. For other adjuvants like aluminum hydroxide the type of action is
not totally clear. Aluminum alone has no effect on the immunological reaction, but
without Aluminum the vaccine/toxin combination would not respond high enough [68].
For our research two types of adjuvants were used, CpG oligodeoxynucleotides (CpG
ODN) [69] and Cholera toxin B (CTB) [70,71]. The CpG ODN is a synthetic, single-stranded
DNA molecule [72,73], which binds to the endosomal associated PRR-like TLR9, inducing a
strong immune response. After CpG ODN uptake the specific immune system is activated,
due to its high homology to prokaryotic DNA. The CTB is a protein complex purified from
cholera toxin. The main reason described in literature, why CTB has a great adjuvant
effect, is the efficient binding to the monosialotetrahexosylganglioside 1 (GM1) receptor
that is present on all APCs, as well as most of the M cells. This binding triggers events that

results in an improved antigen uptake, with facilitating the antigen presentation [74].

The adjuvants can be either administered together with the vaccine encapsulated and
protected within the carrier or co-administered in one formulation [75,76]. However,
vaccine formulations containing adjuvants are designed for the initiation of an efficient
immune response, but there are of course also many possible side effects [77]. Most often
vaccination leads to fever, what is called in clinical trials as reactogenic. This term
describes the ability to produce common or so-said “expected” side effects. Other
common side effect could be redness, bruising, swelling, and induration that could be

increased with the usage of adjuvants [77].

Besides the usage of additional given adjuvant, one should also consider substances, with
an intrinsic adjuvant-function. This can be the polymer for the production of a
nanoparticulate vaccine carrier or the carrier itself. A benefit can be the use of vaccine
carriers without additional adjuvants, what reduces adjuvant induced side effects. One
example for an intrinsic adjuvant-function is reported in chapter 4.3.6 for our new
unmodified PEG-b-PAGE-b-PLGA NP loaded with OVA, which shows without adjuvant the

same T cell response, compared to an OVA/adjuvant formulation.

12
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1.1.4. Delivery of protein-particles through the GIT

Most of the current available vaccines, as mentioned before, are delivered sc or im,
because these vaccines would not survive the harsh conditions of the GIT. Consequently,
they cannot be taken up efficiently and induce no immune response [78]. This is due to the
fact, that the GIT has developed various morphological and physiological barriers against
toxic materials, harmful pathogens, but also against particulate systems and macro-
molecules, like proteins. These barriers are first, the acid conditions in the stomach and
basic conditions in the gut lumen, second the proteolytic enzymes of the stomach and
intestines (e.g. cathepsin, pepsin, trypsin, a-amylase, chymotrypsin), third, the bacterial
gut flora, fourth, the mucus layer on gut epithelia cells and fifth the gut epithelia
itself [79]. By the delivery of pure proteins as vaccines the mentioned defense systems
would lead efficiently to the destruction or even degradation of the protein to a certain
extent, consequently the protein is not functional anymore for vaccination [78]. To
overcome this problem, we investigate furthermore the integrity and activity of the
protein after vaccination. The usage of model proteins in research is very prominent,
because therapeutic proteins are very costly and after a first evaluation with the model

protein, the work can be adapted to the therapeutic protein.

Representative model proteins are bovine serum albumin (BSA) or ovalbumin (OVA) that
are available in high amounts for lower prices and in high purified, medical grade. For
integrity and activity studies of the protein the unique 3-dimensional tertiary and
sometimes quaternary structure is important [80—82]. This tertiary structure is further-
more characterized by defined primary and secondary structures, describing the amino
acid sequence and repeating local structures, like alpha helix and beta sheets, which are
additionally stabilized by hydrogen bonds. The tertiary structure characterizes the shape of
the whole, single protein with the relationship to other internal secondary structures. A
synonymous term for “tertiary structure” is also called fold, which is also known as its
native conformation. Especially this native conformation is important for the activity of the
protein and has to be kept stable [83]. The quaternary structure is an arrangement of
multiple proteins and plays an important role in complex protein structures like, ion
channels or enzymes [84]. As mentioned before the use of model proteins can help to

evaluate results from method development, however each protein differs from each
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other, by their structure, molecular weight and physicochemical properties. Nevertheless,
the development of protein/vaccine delivery systems with the help of a model protein,
instead of the real therapeutic protein, is only a first hint for successful delivery systems.
After the evaluation with the model protein, the system needs to be tested with the

therapeutic protein.

For our research the model protein OVA was used. OVA is a glycoprotein, which is the
main protein found in egg white and comprises roughly 55-65% of the main protein egg
white [85]. The protein consists of 385 amino acids and has a molecular weight of
approximately 45 kDa. OVA is a good model protein for method development, but can also
be used for preclinical mouse vaccination studies, because mice had never contact with
this protein and can therefore induce an immunological response [86,87]. For human
vaccination studies the therapeutic protein, Her-2/neu was used. Only a part of the
protein Her2 (human epidermal growth factor receptor 2), also called HER/neu, with 630
amino acids and a molecular weight of approximately 73 kDa was used. The over-
expression of this receptor is a biomarker for development and progression for specific

types of breast cancer [88].
1.2. Particulate vaccine/protein delivery systems

The main reason for the oral administration of particulate vaccine delivery systems,
compared to the administration of free protein as vaccine is the encapsulation and
therefore protection of a protein from the harsh gastrointestinal condition or enzymatic
degradation [89]. Even the selection of an appropriate particulate vaccine delivery system,
opens a lot of questions, regarding the selection of suitable polymers, preparation
methods, particle sizes, optimal surface properties, drug loadings and release, as well as
the different possibilities for passive or active drug targeting. Especially nanoscale vaccine
delivery systems promise great potential for protein delivery. Since APCs, like DCs or
macrophages, recognize and engulf viruses and bacteria within the same range like NPs of
sizes between 20-2000 nm, leading to a better presentation the antigen on the APCs [90].
The term nanoscale is thereby officially used for size ranges between 1-100 nm, but
systems in the sub-micrometer range from 1-1000 nm are also often described as
nanoscale systems or NPs [91]. Two different types of NPs, depending on the preparation

method, are known in literature, the nanospheres and nanocapsule, which are either
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characterized by a uniform polymer matrix or a polymeric shell enveloping a fluidic core

(Figure 2A) [92].

A Non-surface modified nanoparticles

Polymer

API

Nanocapsule Nanosphere

B Surface modified nanoparticles

Targeting
ligand

PEGylated nanoparticles PEGylated nanoparticles with ligands

Figure 2 | Schematic representation of non-targeted and targeted NPs. A) Two different types of non-targeted
NPs; nanocapsule and nanospheres, with distribution of the polymer and the API. B) Targeted NPs with PEG chain
and targeting ligands, which are connected at the end (yellow triangle) or in-between (red triangle) of the PEG
chain.

For a controlled drug release, improved bioavailability, tissue delivery of antigens or tuning
of the overall physical properties, the NPs can be tailor-made on individual needs [93—-95].
These include modifications of the polymer molecular weight, different ratios of
monomers, drug concentration and possible linkage of ligands or drug targeting molecules
on the NP surface. Furthermore, different release kinetics can be established with release
over short, but also over long time periods of days, weeks or even month. Requirements
for the NPs are good stability, no toxicity, non-immunogenicity, non-inflammatory,
biodegradability and especially for intravenous application non-thrombogenicity [89,96—
98]. NPs aren’t restricted only to oral delivery, because due to their small size, NPs are also
able to extravasate intravenously through the epithelium, endothelium, or even penetrate
microcapillaries [95,99,100]. If we compare NPs over microparticles (MPs) (>1 um) the

application via intravenous route is another advantages of NPs, because they are small
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enough to avoid blocking of the smallest capillaries (5-6 um) as it could be for

MPs [101,102].
1.2.1. Polymers for passive and active drug targeting

As mentioned before, the selection of a suitable polymer is essential for a successful
delivery of the vaccine, because the polymer defines mainly the properties of the prepared
cargo. The oldest and most important biopolymers in nature are deoxyribonucleic
acid (DNA), ribonucleic acid (RNA) and proteins [103], which consist of multiple poly-
nucleotides and polyamino acids. These polynucleotides and polyamino acids, also called
monomers and build blocks, are repeated in large numbers [104]. Nevertheless, mono-
mers of the polymers are not the only target that can be changed in order to modify the
characteristics of a polymer. Further modifications can be the use of different polymer or
monomer types, different numbers of repeating monomers or the further addition of

building blocks for passive or active targeting.

For the administration of nanoparticulate vaccine delivery systems and the application in
human, the biocompatibility, biodegradability and the possibility to excrete the
polymer/monomers from the body is preferable. Therefore biocompatible and
biodegradable polymers contain often, within their structure, a chemical bond, which can
be cleaved under basic, acid or even neutral conditions. Focusing on the degradable
polymers, these polymers can be divided furthermore in two different groups, first the
synthetic polymers, for example, PLGA and poly-s-lactone (PCL) and second, the natural
occurring polymers, like chitosan and starch [105,106]. For our research we focus on the
most common synthetic polymer PLGA and further developed and investigated PLGA
derivatives. Figure 3 shows the basic structure of PLGA and the new PLGA derivatives,

which were used during the studies.
PLGA

The most common biocompatible and biodegradable polymer, for the encapsulation of
hydrophilic substances, like proteins, is the co-block-polymer PLGA [107]. It has been used
for more than two decades for biomedical application and is approved by the Food and
Drug Administration (FDA) for therapeutic devices for the application in humans [108]. The

abbreviation PLGA is an acronym for poly(D,L-lactide-co-glycolide) where usually D- and
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L-lactic acid forms can be found in equal ratios. Furthermore, the lactic to glycolic acid
ratio is an important characteristic. If the polymer consists of 65% lactic acid and 35%
glycolic acid, the PLGA is identified as 65:35 PLGA in literature. PLGA is a polyester that is
synthesized by a ring-opening co-polymerization of cyclic dimers of lactic acid and glycolic
acid (1,4-dioxane-2,5-diones) [109,110]. The basic PLGA polymer is already used in drug
delivery applications, like implants (e.g. Zoladex®) or microparticles (e.g. TrelstarTM
Depot®) [111], whereas protein delivery applications with NPs are still under
investigation [112]. Independently from the final formulation, the polymer has shown no

toxicity and is extremely safe [113].
Copolymers of PLGA

Considering PLGA as a monoblock, different types of copolymers for PLGA were
investigated during the last years, in order to overcome the limitations of PLGA, regarding
restricted capability of loading and release of proteins. For our purpose, we focused on
modified PLGA with the aim to increase its hydrophilic character and to reduce the
interactions between the polymer and protein, thus resulting in an increased
encapsulation of proteins and a faster release. By addition or linkage of a polyethylene
glycol (PEG) group to PLGA, the encapsulation and release properties for hydrophilic APIs
of the obtained PEG-b-PLGA [114-117] can be improved. PEG is a surface active,
hydrophilic and flexible molecule that is also approved by the FDA for the use in humans.
Another positive property of PEG in PEG-b-PLGA is that the PEG chains orient themselves
mainly towards the outer aqueous phase and form a layer of PEG on the NPs surface,
when using PEG-b-PLGA polymer in NP preparation [118]. This PEG layer can mask the NPs
from the host’s immune system [119] prolonging the presence of the PEGylated NPs in the
human body [120]. It is also believed that PEGylation facilitates the transport through the
Peyer’s Patches, making it even more interesting for an vaccination approach [121]. As this
modification does not have a specific target, but increases the resting time in the human
body, it leads to an improved passive drug targeting. Further details on PEG-b-PLGA can be
found in the chapter 1.2.4 dealing about the surface properties of NPs or in our publication

“Impact of hydrophilic-modified PLGA on particle formation, protein loading and release”.
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Functionalization of PLGA

Besides the passive drug targeting properties of PEG, the focus is nowadays on active drug
targeting strategies. This includes the possibility to link covalently functional groups, like
antibodies or receptor ligands to the polymers or on the surface of the NPs (Figure 2B).
Efficient and active drug targeting can increase the drug concentration in specific body
sites with reduction of total, delivered dose and reduction of associated side effects [122—
124]. For our approach an poly(allyl glycidyl ether) (PAGE) group, between the PEG and
PLGA building block was added, to form a PEG-b-PAGE-b-PLGA polymer. This PAGE group
gives us the possibility to link receptor agonists. One of this new covalent side-chain
functionalization is the Mannose functionalized Mannose-PEG-b-PAGE-b-PLGA. The
Mannose receptor is mainly present on APCs, like DCs or macrophages [125,126]
enhancing the uptake of Mannose-PEG-b-PAGE-b-PLGA. Another approach is an amine
functionalized Amine-PEG-b-PAGE-b-PLGA polymer. The tertiary amine, linked to the PAGE
group, will be protonated in neutral to acid conditions and hence influence the surface
charge of the resulting NP. The aim was to mimic the cationic surface properties of starch
or chitosan NPs to open the tight junctions [35,36] facilitating the uptake of NPs through

the intestinal wall.
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Figure 3 | Schematic representation of PLGA (I), PEG-b-PLGA (ll), unmodified PEG-b-PAGE-b-PLGA (lll), Mannose-
PEG-b-PAGE-b-PLGA (IV) and Amine-PEG-b-PAGE-b-PLGA (V) with x = lactic acid group, y = glycolic acid group,
m = polyethylene glycol, n = poly(allyl glycidyl ether) with Amine-/Mannose functionality, R = methyl- or biphenyl-
group.
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1.2.2. Preparation methods

The selection of appropriate methods for NP preparation depends on the loaded drug and
the physicochemical character of the polymer [127]. NPs can be prepared either by direct
polymerization of monomers or by preformed polymers. As PLGA and its derivatives are
already preformed polymers, the most common methods for the preparation of NPs are
the solvent diffusion-emulsion evaporation method, solvent displacement/nanopreci-
pitation method and further, not so frequent used methods, like salting-out [128] and
emulsions-diffusion methods [129]. Every preparation method has its advantages, but also
notable disadvantages. Disadvantages for all preparation methods can be (I) unknown
toxicity of reagents and solvent, (II) harsh processes, due to mechanical mixing and homo-
genization (damage of biological macromolecules), (lll) low encapsulation and loading
efficiencies for different types of drugs, (V) poor reproducibility [130] and (V) poor scale-
up capabilities [130]. The choice and modification of preparation method are influencing
the resulting NP properties and drug loading. On the contrary, the prior selection of API
limits also the selection of the preparation method. Drug-loaded NPs can be achieved by
two ways; first by incorporation of the drug into the NPs or second by adsorption of drug
onto the surface of the NPs [93]. The incorporation of drugs is performed during the NP
production, whereas the adsorption onto the surface can be realized after the NP
preparation. As the adsorption of proteins on the surface of the NPs does not protect the

protein, it was not focus of our work.
Solvent diffusion-evaporation method

The first mentioned and most frequently used method for the preparation of micro- and
NPs is the solvent diffusion-evaporation method (Figure 4A) [131-134]. In the first step the
polymer is dissolved in a water insoluble organic solvent. In the past most frequently
chloroform or dichloromethane (DCM) were used, but today these solvents are replaced
by ethyl acetate, due to better handling and lower toxicity [135]. By ultrasonication or high
speed homogenization the polymer solution is emulsified into the water phase, to prepare
an oil in water (o/w) emulsion. Usually the water phase contains a surfactant, such as
polyvinyl alcohol (PVA), to obtain a stable emulsion. The water phase is mostly stabilized
by a surfactant, like polyvinyl alcohol or poloxamer, avoiding the formation of agglom-

erates and coalescence. After evaporation of the organic solvent, the polymer precipitates
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and NPs are formed. The biggest disadvantage of this method is the limited capability for
encapsulation of hydrophilic drugs, like proteins, because they are not soluble within the

organic phase, to be encapsulated within the polymer.

A Solvent diffusion-evaporation method
Protein Surfactant
in buffer solution in water

3\

0 ¢

Evaporation of
Homogenisation Homogenisation organic solvent
N

Water in oil (w/o) Water in oil in water Nanoparticles
organic solvent emulsion (w/o/w) emulsion

(0

B Solvent displacement/nanoprecipitation method

PLGA in
organicsolvent

Water

Evaporation of
organic solvent

Surfactant Diffusion Nanoparticles
solution in water

Figure 4 | Schematic representation of NP preparation methods A) Solvent diffusion-evaporation method. For the
double emulsion diffusion-evaporation method the protein in buffer is added to the organic solvent, containing the
polymer, and homogenized, to obtain the w/o emulsion. Within the next step a surfactant solution is added and the
solution is again homogenized, to obtain the w/o/w emulsion. After diffusion and evaporation of the organic
solvent the NPs are formed. For the single emulsion diffusion-evaporation method the initial step, adding the
protein, does not have to be performed B) Solvent displacement/nanoprecipitation method. The polymer dissolved
in organic solvent is added under stirring to a surfactant solution. After addition of water, the organic solvent
evaporates and the NPs are formed.

To encapsulate proteins a modification of the single emulsion diffusion-evaporation
method was investigated - the double emulsion diffusion-evaporation method
[132,136,137]. Therefore an aqueous, concentrated protein solution is added to the
primary organic polymer solution by ultrasonication or high speed homogenization, to
form a water in oil (w/0) emulsion. The protein is now dispersed in nano-droplets within
an organic polymer solution. This primary emulsion is then added under continuous

stirring to a second aqueous phase, to form a water in oil in water (w/o/w) emulsion. After
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evaporation of the organic solvent and precipitation of the polymer the hydrophilic APl is

trapped inside of the NPs.
Solvent displacement/nanoprecipitation method

The solvent displacement method, or so-called nanoprecipitation method (Figure 4B), was
developed from Fessi et al in the 1980 [138,139]. For the preparation of NPs a preformed
polymer is dissolved in a semipolar, water miscible organic solvent, like Acetone,
Acetonitrile or Dimethyl sulfoxide (DMSO) [140]. The polymer is then injected into an
aqueous solution, with or without surfactant, and the organic solvent diffuses into the
aqueous phase. Small nano-droplets are formed by the rapid diffusion of polymer solvent

into non-solvent, which precipitate and form NPs.

Two of the below mentioned disadvantages, poor reproducibility [130] and poor scale-up
capabilities [130], were addressed within the thesis published in a research article
(Chapter 3). Our aim was the establishment of an operator independent, scalable and size

adjustable method for NP preparation.
1.2.3. Particle size

The most important parameters in NP characterization are particle size, particle size
distribution and particle morphology. The size can influence the physicochemical
properties of the NPs, like hydrophobicity, zeta potential and consequently API loading,
API release and stability of the NPs, but also the biological fate, in vivo distribution and
toxicity. In literature the most appropriate methods for the determination of particle sizes
are the dynamic light scattering (DLS) or so-called photon-correlation spectroscopy,
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic
force microscopy (AFM). The DLS measurements of NPs require a NP suspension in
medium with known viscosity and refractive index of the polymer. During the
measurement monochromatic light hits the spherical particles within the solution and the
light is scattered in all directions (Rayleigh scattering). The Brownian motion of the
particles causes additionally an intensity fluctuation (constructive or destructive) of the
incoming light, when the moving particles are hit. With the help of these parameters the
hydrodynamic diameter of the particle can be determined [141]. In addition to the particle

size, also the polydispersity (called the polydispersity index - PDI) can be defined [142]. PDI
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values smaller than 0.2 indicate monodisperse size distribution [142], whereas PDI values
larger than 0.2 reflect polydisperse distributions. To verify the results from DLS, usually
SEM, TEM or AFM measurements are performed, as a visual control and for an evaluation
of the particle morphology [143]. TEM and AFM operate on different principles compared
to SEM, but result also in evaluable image data, 2D images for SEM and TEM and 3D image
for AFM. In detail, SEM produces images of a fixed sample by a scan of a focused beam of
electrons. Therefore the fixed sample is generated by a dry powder of NPs that is fixed on
a silicon waver, with a cover of a 3-6 nm gold layer. The electrons within the beam interact
with the fixed sample, by random scattering or absorption, generating various signals that
create information about the composition and surface topography of the NPs. Comparing
the obtained sizes from SEM, TEM or AFM to DLS, the identified sizes by SEM are slightly
smaller, because with DLS method the hydrodynamic diameter is determined which is

larger due to the connected water molecules.

Various studies demonstrated already in vitro and in animal studies in vivo the advantages
of NPs over MPs and the potential for the application in humans as drug carrier [95]. One
example for size dependent uptake of MPs was published by Desai et al [99]. They
examined the uptake in Caco-2 cells and found that for 10 um MPs the uptake was 6-fold
lower than for 1 um MPs, which were furthermore 2.5-fold lower in uptake compared to
100 nm NPs (on weight basis). The human Caco-2 cell line is the first-line in vitro model for
the intestinal barrier that was obtained from human colon adenocarcinoma. In a similar
study Lamprecht et al. studied the bioadhesion of NPs and MPs to inflamed tissue within
the intestinal mucosa. They found that the adherence of NP with a size of 100 nm is higher
compared to MPs of 1 or 10 um diameter [144]. Also for specific cell type uptake the size
of the particles is essential. The uptake or so-called ingestion of particles in APCs, like DCs
or macrophages is size dependent. Macrophages preferentially take up particles with
larger, bacterial sizes (500-2000 nm), whereas DCs mainly take up smaller particles of virus
sizes (20-300 nm). This size dependent uptake was also part of our research article
“Antigen delivery via hydrophilic PEG-b-PAGE-b-PLGA NPs improves vaccination
efficiency”. Therefore blank and OVA loaded PLGA and PEG-b-PAGE-b-PLGA NPs of
different sizes (100-450 nm) were incubated with macrophages. From these studies we
could conclude that optimal uptake of PLGA and PEG-b-PAGE-b-PLGA NPs in macrophages

is between 250 to 400 nm.
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Another aspect is the particle size dependent release, assuming the same API loading.
Smaller particles have an increased surface area-to-volume ratio, while the API at or near
the surface is released faster. On the other hand bigger particles have the ability to
encapsulate higher amounts of API, what can negate the decreased surface

area-to-volume ratio [145].
1.2.4. Surface properties of nanoparticles

The properties of the NP surface, including charge, hydro- or lipophilicity and modification
of the surface are important aspects for NP delivery. However, it must be noted that
different application routes have different requirements. For example, for intravenous
applications the charge of the NP surface has only little impact. This could be explained by
the very fast and unspecific uptake by the mononuclear phagocyte system, especially in
Kupffer cells of the liver and the spleen macrophages [146—148]. This is why the research
is focused on hydrophilic modifications, for example PEGylation of NPs, to avoid
recognition and unspecific uptake of NPs and increase the circulation time in the blood.
With regard on the oral application, in detail for the uptake through the intestinal wall,

possible positive, neutral or negative charges of NPs are of higher relevancy.

The surface charge of NPs is commonly characterized by the zeta potential and is thereby
influenced by the dispersing medium and composition of the particle [149]. The surface
charge of the NPs should be, independent from polymer, either strongly negative or
strongly positive for a good stability of the NPs, because higher absolute charges increase
the repulsion between the particles and prevent aggregation [150]. For the uptake of NPs
in the intestine, the adherence and mobility within the protecting layer of the intestine -
the mucus - is important [151,152]. Usually virulent and bacterial particles, particles or
drugs are efficiently trapped and removed in the GIT by mucus clearance [153]. A
successful example for the diffusion through the mucus layer and the penetration through
the epithelium is a virus. A virus can successfully overcome the intestinal barriers mainly
due to its small size of about 20-400 nm and the non-adhesive surface of the
virus [151,153]. Mimicking these properties for the development of NPs, would already

increase the possibility of successful NP uptake.
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First of all, as already mentioned, the mucosal adherence of the particles is an important
aspect. The adherence increases the retention time on the mucosal surface, what can be
achieved by strong interactions between the particles and the mucus. These interactions
can be hydrogen bonds, polymer chain interactions, hydrophobic forces, Van der Waals
interactions and ionic interactions [152]. Especially ionic interactions between the mucus
and the particle surface are important aspects. High interactions and therefore increased
resting time in the intestine can be achieved by the usage of positively charged NPs. This is
due to the interaction between the negatively charged glycocalyx of the intestinal mucosa
and the positive groups on the surface of the NPs [154]. Examples of polymers with
positive surface charges are Chitosan and EUDRAGIT® NPs (for example with Eudragit
RL/RS). Polymers with a negative surface charge, like PLGA and its derivatives might have a
lower resting time, because of lower ionic interactions [154]. Nevertheless, besides
mucoadhesion, good mucus penetration and fast diffusion through the mucus has to be
ensured, explaining that too strong interactions with the mucus are also less beneficial.
Negatively charged polymers offer significantly higher mucus penetration and diffusion,
than positively charged polymers [154]. Another approach to positively influence the
mucus penetration and furthermore achieve lower mucus interactions, is the coating of
the NP surface masking the surface properties. The most often used surface coating is
polyethylene glycol (PEG), which is typically covalently linked to the surface of the NP. The
coating minimizes the interactions between the particle and the mucus and makes the
particle more hydrophilic, which increases the penetration of the NPs [153,155]. If the PEG
coating is only applied via adsorption a fast desorption could be possible, with lose of PEG
properties, why in literature the PEG is predominantly covalently linked to the polymer. To
sum up, the right balance between mucus penetration and mucoadhesion is important for
the efficient delivery and uptake of NPs in the GIT. The NPs must be small enough to avoid
steric interactions with the mucus and should diffuse fast through the mucus [152,156].
On the other hand they should have also mucoadhesive properties for a higher retention

time in the GIT.

Another NP characteristic is the determination of surface hydrophobicity. Therefore in
literature several techniques are established such as hydrophobic interaction chromato-
graphy [157], contact angle measurements [158] and adsorption of probes [159,160]. In

detail, we focused on the adsorption of hydrophilic and hydrophobic probes in comparison
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to the adsorption of the target drug. This was adapted from the Rose Bengel assay and can
be read in detail in “Impact of hydrophilic-modified PLGA on particle formation, protein

loading and release”.
1.2.5. Drug loading

For a given delivery systems the total dose, the drug load and the encapsulation efficacy
are important parameters. The drug load or encapsulation capacity indicates the
percentage of the active API relative to the entire delivery system (APl + excipients),
whereas the encapsulation efficiency refers to the actually loaded drug amount compared
to the drug amount needed for the preparation of a given delivery system. Obviously, high
encapsulation efficiencies of 80% and more are most desirable but do not necessarily
correspond to high loading rates, which can sometimes be 10% or less, but still
satisfactorily: If the loading rate/encapsulation capacity is 10% (i.e. 10 mg APl are
contained in 100 mg of a given formulation, for example NPs), an encapsulation efficiency
of 80% would mean that 12.5 mg of the API are needed to produce the aforementioned
10 mg API encapsulated in 100 mg NPs. For drug delivery purposes high loading rates for
efficient drug delivery are important, whereas high encapsulation efficiencies are helpful
to reduce the production cost of the NPs. As previous described in the chapter 1.2.2 NP
preparation, drug loading can be achieved by two ways, either by encapsulation of the
drug into the NPs or by adsorption of drug onto the surface of the NPs. The major benefit
of protein encapsulation is the protection of the protein from environmental influences
and higher achievable loading rates in NPs, compared to the adsorption of the NP surface.
Encapsulation capacity and efficiency are also dependent on the solubility of the API
within the polymer matrix or dispersion medium. In addition to the solubility, the highest
loading of proteins is found when the proteins are loaded close to or at their isoelectric
point [161]. This is related to the preparation technique and the selection of polymer,
dispersion medium and further excipients. For hydrophobic APls most often the
nanoprecipitation method is used, because the drug can be solved together with the
polymer and additionally precipitated together. For hydrophilic drugs, such as protein or
vaccines, the method of choice is the double emulsion diffusion-evaporation method.
While the protein is encapsulated under liquid conditions, it precipitates inside of the NPs

and is stabilized by the polymer matrix. However encapsulation of proteins by the
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emulsion technique raises questions, like whether unwanted aggregation or denaturation
of the protein happens at the w/o/w solvent interface, because of the usage of organic
solvents and high shear forces during the preparation [162]. The best way might be the
usage of a hydrophilic polymer, in a hydrophilic nanoparticulate system for a gentle

encapsulation of protein in an aqueous encapsulation procedure.
1.2.6. Drug release

For the release of proteins from nanoparticulate systems the polymer and API itself has to
be considered. Certain aspects that need to be examined are solubility and diffusion of the
protein through the polymer matrix, differentiation between absorbed and encapsulated
protein, polymer matrix degradation, erosion and combination of water diffusion and
polymer erosion processes. However the properties of the polymer (chemical structure,
molecular weight, crystallinity and hydrophobicity) and prepared NPs (size, distribution,
morphology and preparation method) is influencing the release behavior [108]. Different
types of degradation or erosion behaviors of the polymer are known from literature, which
are characterized by bulk, surface or combined erosion mechanisms. For all erosion
mechanisms the extent of water diffusion into the NPs, compared to the rate of

degradation, is important.

The bulk erosion (Figure 5A) [163] is defined by the release of protein dependent from
diffusion, while during this process the water reaches the matrix very quickly and dissolves
the protein for diffusion. The erosion and degradation of the polymer, in comparison to
the diffusion, occurs slower. Once water has entered the polymeric matrix all polymeric
bonds are cleaved simultaneously. This is one reason why these polymers with bulk
erosion characteristics tend to break into smaller units. Surface erosion (Figure 5A) [105] is
mainly found for polymers, where the water diffuses only slowly into the polymer matrix
and the erosion and degradation via hydrolysation can occur only at the surface. The
release of the protein is dependent on the polymer degradation, as the entrapped protein

cannot be released until the matrix is degraded and dissolved into polymer monomers.

All polyesters, as well as PLGA, undergo bulk erosion, as the hydration of the whole matrix
occurs in minutes, whereas the degradation, by the dissolution or degradation of the

polymeric bonds, takes weeks or even month. The degradation of PLGA occurs by
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hydrolysation to the monomers lactic and glycolic acid. Both monomers are un-toxic and
can be metabolized in the human body via the Krebs cycle, to carbon dioxide (CO,) and
water (H,0) (Figure 5B) [164,165]. As the biocompatibility is favorable, the undesired
property of very slow degradation is an important reason, why the basic PLGA polymer

shows such a little practical relevance for vaccine delivery systems.

A Bulk erosion

w w® - % &
R .
o y - g o oy
e/ gt - A o
L e 5 g ’ ¥
o b - # >
R 3 . - »®
o . : . A
¢ e 5 ¥ wg*y 4
> Time
* * &
N & - * & - ? &
e iy > S ®
o N 7 >~ g™ LV
- %ﬂé‘ ’ - » P b
B = & > * a?e
- ' 1} % - o "~ - - W 3 -
X =
LA | LA | *
B fo) o}
H o} OH , HO _
(@) OH HO/\”/ OH Metabolic Pathways
o* ¥ o
Poly(D,L-lactide-co-glycolide acid) Lactic Acid Glycolic Acid

Figure 5 | Schematic representation of bulk and surface erosion and PLGA degradation. A) In bulk erosion water
enters the polymer matrix very fast, while the whole polymer matrix is degraded at the same time and the drug is
dissolved. In surface erosion water cannot enter the polymer matrix and degrades the particle from the surface.
B) PLGA degradation to the un-toxic monomers lactic and glycolic acid.

In general, polymeric NPs with encapsulated protein made of PLGA and its derivate, show
a biphasic release profile [166—168]. First the initial and fast, so-called burst release, is
attributed to the protein, which is located near at the surface or is directly adsorbed on
the surface. This process of release in mainly driven by diffusion and solubility of the
protein and hydrophilicity of the polymer. The second phase of protein release is the
slower, so-called sustained release. This phase is defined by the diffusion of protein
through the matrix and hydroxylation/degradation of the polymer to soluble polymer
products. Another aspect is the adsorption of pure protein to the surface of the NPs,
instead of the incorporation of the protein into the particles. The release is then controlled
by the absorption or desorption to the surface and diffusion processes of the protein. As a

result the burst release can reach up to 100%, with a negligible sustained release [169].
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To modify the release out of PLGA particles, different approaches were investigated in
literature during the last years [170,171]. Degradation studies for PLGA show faster
degradation of the PLGA with 50% lactic acid and 50% glycolic acid, compared to polymer
with higher amounts of lactic acid (75:25%, 65:35%). The higher amount of lactic acid,
increases the hydrophobic character of the polymer, absorbs less water and as a
consequence degrades more slowly [172]. Additionally the molecular weight of polymer
can be decreased, in order to increase the release of the protein, as the degradation
occurs faster. However, these modifications in polymer structure for protein release are
only visible in long term studies longer than 10 to 20 days [173]. Further modifications of
the polymer can be the addition of a surface active molecule, like polyethylene glycol
(PEG), which reduces the interaction between the polymer and protein, resulting in higher

release rates.
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Research Objectives

2. Research Objectives

From the general introduction chapter of the thesis it can be concluded that oral
vaccination is the preferred route of vaccination, compared to sc or im injections of
vaccines. However the oral route of vaccine administration promises lots of obstacles,
which could be solved by the delivery of vaccines encapsulated in nanoparticulate delivery
systems. Since NPs suffer from their inefficient uptake or low immune response, novel
polymers for the preparation of vaccine delivery systems were investigated. These novel
polymers were made of different polymers compositions from PLGA, polyethylene

glycol (PEG) and poly(allyl glycidyl ether) (PAGE) building blocks.

On the one hand, these building blocks were introduced to increase, in vitro and in vivo,
the protein load and release. On the other hand passive and active drug targeting abilities
were introduced. For the above mentioned points the thesis has focused on several

aspects which are reflected by the different chapters:

Chapter I. Systematic study of polymer parameters for the preparation of model
protein loaded NPs (loading, release and activity of the protein), with

induction of a passive or active drug targeting building blocks.

Chapter . Selected polymers were used for the preparation of NPs with different
sizes, protein loading efficiencies and release kinetics to investigate time
dependent antigen release and uptake efficiencies in APCs (in vitro).

Furthermore an adjuvant effect of the novel polymers in vivo was shown.

Chapter lIl. For the preparation of NPs with different sizes an operator independent,

reproducible and scalable semi-automated system was investigated.
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3. Impact of hydrophilic-modified PLGA on particle

formation, protein loading and release

The author of the thesis made the following contribution to this chapter: Planned, designed and
performed all experiments, analyzed data from the mentioned studies, interpreted all experimental
data and wrote the manuscript.

The synthesis of the polymers, for the preparation of nanoparticles, was kindly performed by
Justyna A. Czaplewska and Tobias Majdanski at Laboratory of Organic and Macromolecular
Chemistry (IOMC) and Jena Center for Soft Matter (JCSM) in Jena. The author thanks the IOMC and
JCSM for the support.
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3.1. Introduction

It is well-known that larger, complex and hydrophilic active pharmaceutical ingre-
dients (API) such as proteins, administered without any protection/vehicle, are prone to
degradation and suffer from a low capability to cross biological barriers [1]. To overcome
this problem the incorporation of proteins in the polymeric matrix of nanoparticles (NPs)
appears to be a promising strategy [2—5]. Numerous advanced drug delivery systems, such
as NPs, microparticles and liposomes were developed in the last decades [6,7]. Among
those, NPs show high potential to control the delivery of various APIs [8,9]. Many
polymeric matrix materials have been intensively investigated in this context, including
poly(D,L-lactic-co-glycolide) (PLGA) [10-14], chitosan [15-17], poly-e-caprolactone
(PCL) [18,19], starch [20,21], alginate [22,23], and gelatin [24-26]. One of the most
common biodegradable and biocompatible polymers [27] used to prepare NPs for the
encapsulation of proteins, via the water-in-oil-in-water (w/o/w) double emulsion method,
is PLGA. The major disadvantages of using a hydrophobic polymer such as PLGA are
however a limited capability of both protein loading and release over time. There has been
an increasing interest in the past years to overcome this problem through the
development of more hydrophilic PLGA derivatives, as an increased hydrophilic character
is expected to improve interaction with and facilitate encapsulation of hydrophilic
substances such as proteins. In this respect, the covalent linkage of polyethylene
glycol (PEG) as a flexible, hydrophilic, and FDA-approved molecule to PLGA [28] has been
extensively described in literature [29,30]. The PEGylation of PLGA, in order to produce
PEG-b-PLGA, also creates the potential for improved passive drug targeting properties; this
is due to a longer circulation time, as a consequence of passively masking the NPs from the
host immune system [31]. The next step in the development of a superior PLGA is
considered to be the addition of a functional block to PEG-b-PLGA, allowing for the
covalent linkage of targeting ligands for active drug targeting/delivery. This is a new
approach based on the insertion of a poly(allyl glycidyl ether) (PAGE) group between PEG
and PLGA units of PEG-b-PLGA (PEG-b-PAGE-b-PLGA) (Figure 1). This PAGE group can then
act as a linker for drug targeting ligands. In the current study the influence of hydrophilic
PEG building blocks and different subtypes of PLGA on the properties of various PEG-b-
PLGA and non-functionalized, novel PEG-b-PAGE-b-PLGA polymers was systematically

investigated, while keeping all other method parameters fixed — an approach which has
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not been extensively explored in literature to date. The produced PEG-b-PLGA and PEG-b-
PAGE-b-PLGA polymer subtypes had different lactic-to-glycolic acid ratios, different molar
masses (Mn) of PLGA and different degrees of PEGylation. The evaluation of the effect of
various building blocks on NP characteristics was based on measurements of protein
encapsulation efficiency, loading and release. For this purpose, the model protein
ovalbumin (OVA), found in egg white, was used for all experiments. OVA is commonly used
as a model antigen/protein in murine animal studies investigating protein drug delivery
with hydrophobic micro- or nanoparticles; its use in the current work therefore allowed
for comparison of the obtained data to literature [32,33]. Further to the evaluation of
encapsulation, loading and release, the native structure of the protein within the different
PLGA polymer NPs was studied. For a meaningful comparison of polymer effects it was
important to identify a standard NP preparation procedure and to keep all other
preparation parameters identical. The optimization of such a preparation procedure was
performed for the PEG-b-PAGE-b-PLGA polymer and adapted to the other polymers.
Protein release was investigated over the course of 7 days, in order to allow for evaluation

of both short and long-term release kinetics.
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Figure 1 | Schematic representation of PLGA (A), PEG-b-PLGA (B) and PEG-b-PAGE-b-PLGA (C); in detail number of
x = lactic acid, y = glycolic acid, m = polyethylene glycol, n = poly(allyl glycidyl ether), R = methyl- or biphenyl group.
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3.2. Materials and methods

3.2.1. Materials

Different types of PLGA (Resomer®, Table 1) were supplied by Evonik Industries
AG (Darmstadt, Germany). Various PEG-b-PLGA and PEG-b-PAGE-b-PLGA polymers were
synthesized in the Laboratory of Organic and Macromolecular Chemistry (IOMC) and Jena
Center for Soft Matter (JCSM), at the Friedrich Schiller University of Jena (Table 1) [34].
The number average molar mass (Mn) of the different polymers was given as a mean
average, determined by size exclusion chromatography (SEC) and nuclear magnetic

resonance (NMR).

Table 1 | Composition of PLGA-Resomer types and synthesized PEG-b-PLGA/PEG-b-PAGE-b-PLGA polymers; PLGA
as a co-polymer was considered as a monoblock.

Number Polymer Polymer Lactic-to-glycolic PEG PAGE PLGA Ratio

Type acid ratio [DA] [Da] [Da] (PEG:PLGA)
P1 Resomer RG 502 H Monoblock- 50:50 - - 10800 -
P2 Resomer RG 503 H Monoblock 50:50 - - 23200 -
P3 Resomer RG 653 H Monoblock 65:35 - - 23900 -
P4 Resomer RG 753 H Monoblock 75:25 - - 24 400 -
P5 Resomer RG 504 H Monoblock  50:50 - - 38800 -
PP 1 PEGa4-b-PLGAg33 Diblock 50:50 1500 - 54 500 1:36
PP 2 PEG45-b-PLGAg4 Diblock 50:50 2000 - 45000 1:225
PP 3 PEG;,-b-PLGA4g Diblock 50:50 3200 - 46700 1:14.5
PPP 1 PEG4-b-PAGEg-b-PLGAys  Triblock 50:50 2000 850 19150 1:9.6
PPP 2 PEGys-b-PAGEg-b-PLGAsss  Triblock 50:50 2000 1000 29700 1:15
PPP 3 PEG4-b-PAGEg-b-PLGAg;;  Triblock 50:50 2000 1000 54250 1:27
PPP 4 PEGs4-b-PAGEg-b-PLGAgy  Triblock 50:50 2400 900 54630 1:23
PPP5 PEGg-b-PAGEg-b-PLGA;54  Triblock 50:50 2900 1000 49050 1:17
PPP6 PEGgs-b-PAGEg-b-PLGA;gs  Triblock 50:50 4300 1000 51100 1:12
PPP7 PEG;.5-b-PAGE 3-b-PLGAgg; Triblock 50:50 5550 1500 44750 1:8

Albumin from chicken egg white (ovalbumin, type Grade V, purity = 98%, 44 kDa), the
QuantiPro™ BCA Assay Kit (for 0.5-30 pug/ml protein), and D-(+)-trehalose dihydrate (from
Saccharomyces cerevisiae, purity > 99%), dichloromethane (DCM, HPLC grade) were
purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany), as were sodium
chloride (NaCl, BioXtra, purity = 99.5%), potassium chloride (KCl, BioXtra, purity = 99.0%),
sodium phosphate dibasic heptahydrate (Na,HPO,; * 7H,0, meets USP testing specifi-
cations) and monobasic potassium phosphate (KH,PO,; for molecular biology,
purity 2 98.0%), which were used to prepare phosphate buffer (PB Buffer) and phosphate
buffered saline (PBS buffer). Polyvinyl alcohol (PVA) was purchased from Kuraray Europe
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GmbH (Hattersheim, Germany). Water used for all preparations and investigations was
produced by a Millipore Q-Gard 2 purification system (Merck Millipore, Billercia, United

States). All other used chemicals were of analytical grade.
3.2.2. Preparation of nanoparticles

OVA-loaded NPs based on PLGA, PEG-b-PLGA and PEG-b-PAGE-b-PLGA were prepared
using a double emulsion solvent evaporation technique. Briefly, 50 mg of polymer was
dissolved in 2.5 ml DCM (20 mg/ml) and emulsified with 0.5 ml OVA solution (in PBS
pH 7.4, OVA concentration 20 mg/ml) by sonication with 35% amplitude (energy
introduced 280 J) at room temperature (Branson digital sonifier 250, Danbury, United
States). Subsequently 5 ml of a 2% PVA solution (w/v) was added to the first emulsion and
sonicated again with 35% amplitude (energy introduced 595 J), at room temperature, to
obtain the w/o/w emulsion. The same procedure was carried out with only 0.5 ml PBS in
the absence of OVA solution to prepare blank, unloaded polymer NPs. The double
emulsion was diluted by adding water dropwise followed by stirring at 1,000 rpm
overnight at room temperature, to evaporate the DCM. To produce NPs surface coated
with OVA, unwashed blank NPs after overnight DCM evaporation were incubated for 1 h
with 0.5 ml OVA solution (in PBS pH 7.4, OVA concentration 20 mg/ml). Finally, unloaded,
OVA-loaded and OVA surface-coated NPs were purified, by centrifugation at 15,000 g for
11 min (Rotina 420 R, Hettich Lab Technology, Tuttlingen, Germany) and washed twice
with water. After purification trehalose and PVA were added to NPs as a cryoprotectant
and stabilizer for lyophilization respectively. For lyophilization the NP suspension was
frozen for 3 h at -80 °C and lyophilized for 3 days under vacuum (Alpha 2-4 LSC, Christ

GmbH, Osterrode, Germany). Four batches of every formulation were prepared.
3.2.3. Characterization of nanoparticles

The average size (in nm), size distribution (polydispersity index - PDI) and T-potential
(in mV) of the polymeric NPs were measured using dynamic light scattering (DLS) and
electrophoretic mobility (Zetasizer Nano ZSP, Malvern Instruments, Herrenberg, Germany)
at 25°C. The measurements were performed with aqueous dispersions of NPs
(~ 0.1 mg/ml) prior to lyophilization. The surface morphology of NPs was determined by

scanning electron microscopy (SEM - Zeiss EVO HD15, Jena, Germany). NPs were coated
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with a gold layer of approximately 10 nm under vacuum before SEM examination

(accelerating voltage 5 kV, focal distance 10 mm).
3.2.4. Determination of Encapsulation efficiency and loading

A bicinchoninic acid protein (BCA) assay kit (QuantiPro™ BCA Assay Kit) was used for the
determination of encapsulation efficiency (% EE = encapsulated OVA [mg]/initial drug in
formulation [mg] * 100) and loading (% L = encapsulated OVA [mg]/weight prepared
NPs [mg] * 100) of OVA in NPs, according to the manufacturer's instructions. Accordingly,
1 mg of lyophilized NPs was dissolved in 1 ml of 1 M NaOH solution (1 mg/ml). After
overnight incubation and neutralization with 1 M HCI at 20 °C, the protein concentration
within dissolved NP samples was determined using the QuantiPro™ BCA Assay Kit and the
Tecan Infinite M200 Pro (Mannedorf, Switzerland) plate reader at A= 562 nm. Blank NPs

were used as control. Each batch was analyzed in triplicate.
3.2.5. In vitro release of protein

Approximately 10 mg of lyophilized NPs were incubated with 10 ml of PBS buffer (100 mM
and pH 7.4) in glass vials, over 7 days under continuous stirring at 150 rpm at 37 °C. At
appropriate time intervals (1 h, 2 h,4 h,8 h,1d, 3d, 5d, 7 d) the samples were collected
and centrifuged for 15 min at 20,000 g. The clear supernatant was used to determine the
amount of OVA released from the formulation using the QuantiPro™ BCA Assay Kit. Each

batch was analyzed in triplicate.
3.2.6. Activity of OVA

Quantification of the activity of OVA encapsulated or coated on the surface of the NPs was
performed using an ELISA assay, in order to determine whether the native state of the
protein was maintained. The prepared NP dispersion (1 mg/ml) was incubated for 24 h in
PBS buffer pH 7.4 at 37 °C under continuous stirring at 150 rpm. The dispersion was
centrifuged at 20,000 g for 15 min and the total amount of protein in the supernatant was
determined using the QuantiPro™ BCA Assay Kit. To determine the amount of active OVA
in the same supernatant an ELISA assay (Serazym® Ovalbumin ELISA, Seramun Diagnostica
GmbH, Heidesee, Germany, range 0.625-20 ng/ml, lower limit of detection (LLOD) =

0.125 ng/ml), which was performed according to the instructions provided by the

46



Impact of hydrophilic-modified PLGA on particle formation, protein loading and release

manufacturer, was used. Consequently, the amount of OVA quantified with the ELISA
assay was divided by the total amount of OVA within the supernatant to determine the
percentage of active or so-called native protein (% Activity = (amount of native OVA [mg]/
total amount of OVA in the supernatant [mg]) * 100). As negative control supernatant
from blank particles was employed, and a freshly prepared OVA solution in PBS was used

as positive control.
3.2.7. Determination of surface hydrophobicity

The surface hydrophobicity was determined by the adsorption of the hydrophobic dye
Rose Bengal (RB) on NPs. The hydrophobic dye (with a constant czs = 40 pg/ml) was
incubated with an increasing NP concentration (0.3125-5 mg/ml) for 1 h at room
temperature [35]. After the incubation time the suspensions were centrifuged at 20,000 g
for 15 min and the absorption of the supernatants was measured at A= 542 nm. An RB
calibration curve (40-0.625 pg/ml) was prepared to determine the RB concentration in the
supernatant. The partitioning coefficient (PQ) of RB for each NP concentration was then
calculated by dividing the adsorbed amount of RB on NP surface by the free amount of RB
in the dispersion medium. This PQ was plotted versus the increasing NP surface area. The

obtained plots were used a measure for the degree of NP surface hydrophobicity.
3.2.8. Statistical analysis

Statistical analysis of loading and encapsulation efficiencies was performed via one way
analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test using
GraphPad Prism 6 software (GraphPad Software, Inc, La Jolla, CA). The confidence interval
was set at 95%, a p value of > 0.05 was taken as not significant (n.s.) and a p value of

< 0.05 was accepted as significant (*); p < 0.01 (**), p < 0.001 (***).
3.3. Results and discussion

In many studies to date, the influence of changing numerous process parameters - such as
the amount of polymer and drug used, the time for preparation, and the selected
excipients (different emulsifier or release modifier) - on particles produced via the double
emulsion method has been described [36—40]. However, for comparison of the potential

of a polymer to act as an encapsulation material it is of utmost importance to keep the
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majority of process parameters unchanged. As a consequence, only the Mw of the
different polymer building blocks, and hence the fraction of its influence on the polymers’

properties, was varied.
3.3.1. Characterization of nanoparticles

Blank and OVA-loaded NPs of all PLGA subtypes were prepared using the same conditions
by a double-emulsion method. The results yielded narrowly distributed (PDI < 0.15) sub-
micron particles with a mean size of OVA-loaded PLGA, PEG-b-PLGA and PEG-b-PAGE-b-
PLGA particles in the range of 170-220 nm (Figure 2). Blank particles were roughly
15-25 nm smaller than the OVA-loaded particles, which is not surprising taking into
consideration the size of the encapsulated protein (mean size of a single OVA molecule
determined by DLS is 2-3 nm). No substantial influence of PLGA, PEG or PAGE Mn or of
lactic:glycolic acid ratio was found on NP physiochemical characteristics for any of the
tested polymer derivatives (PLGA, PEG-b-PLGA and PEG-b-PAGE-b-PLGA). It should
however be noted that NP could not be prepared from PEGylated PLGAs with molecular

weight ratios of PEG to PLGA < 1:5 using the double emulsion method.

All types of PLGA (Figure 2) were found to form particles with a negative surface charge of
-29.1 £ 2.2 mV. Protein incorporation led to a reduction in magnitude of surface charge, to
-20.1 £ 3.6 mV. No major difference in surface charge was observed for blank particles
prepared from PLGA (-30 mV), PEG-b-PLGA (-29 mV) to PEG-b-PAGE-b-PLGA (-27 mV); this
is due to the use of PVA, both as an emulsifier in the preparation method and most
importantly, as a stabilizer for our final lyophilized product. The stabilization of the freeze-
dried formulation with PVA was necessary to prevent particle aggregation. Therefore, the
remaining PVA in the preparation acts to shield the NP interface and thus maintain a
consistent zeta potential. The SEM images in Figure 2 show smooth, spherical NPs with
sizes approximately 20 nm smaller (determined by Image J) than those measured by DLS.
These differences are most likely due to conduction of SEM imaging in vacuum in contrast

to DLS measurement of the hydrodynamic radius in suspension.
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Nanoparticle Size [nm] PDI Zeta potential [mV]
PLGA - Blank NPs 199.7+6.2 0.06 + 0.02 -304+1.4
PLGA - OVA loaded NPs 218.4+9.7 0.11 £ 0.03 -23.8+3.38
PEG-b-PLGA - Blank NPs 173178 0.07 £ 0.02 -29.5+ 31
PEG-b-PLGA - OVA loaded NPs 1884 +129 0.11 £0.02 -187+22
PEG-b-PAGE-b-PLGA - Blank NPs 178.5+11.0 0.07 £ 0.04 -27.5+ 31

PEG-b-PAGE-b-PLGA - OVA loaded NPs 192.5+5.3 0.11+£0.03 -17.7+2.38

Figure 2 | Characteristics of blank and OVA-loaded NPs using PLGA, PEG-b-PLGA and PEG-b-PAGE-b-PLGA
polymer; Data in the table represent mean + SD (n=6); SEM images of OVA-loaded NPs made of (A) P 5, (B) PP 2 and
(C) PPP 3. Size of the scale bar = 500 nm.

3.3.2. Loading and of Encapsulation efficiency

As mentioned, all NPs were prepared using the same conditions, with an initial fixed OVA
concentration (20 mg/ml). Consequently, the encapsulation efficiency is a function of
loading and qualitatively behaves the same way. Encapsulation efficiency will therefore
not be mentioned additionally during the results and discussion, with a focus placed
instead on loading. It should be noted however that a maximum loading of 20% would

correspond to 100% encapsulation efficiency.

First the loadings of five commercially available PLGA types from Evonik (Table 2) were
determined. Three different Mn of PLGA (P1 - 10,800 Da, P2 - 23,200 Da and P5 -
38,800 Da) were used to investigate the effect of different Mn on the loading while
keeping the lactic:glycolic acid ratio of 50:50 constant. Furthermore, three PLGA types
were used to show the influence of the lactic:glycolic acid ratio (P 2 - 50:50, P 3 - 65:35,
P 4 - 75:25) on produced NPs, using the same Mn for PLGA of approximately 24,000 Da.
For all PLGA polymers an average load of 8.2 + 1.0%, independent of the Mnpga,

lactic:glycolic acid ratio and particle size was found.

For all three available PEG-b-PLGA polymers (PP 1-3) the total Mn of approximately
50,000 Da and the lactic:glycolic acid ratio of 50:50 were kept constant. The degree of
PEGylation of polymers however increased, from 2.8% (PP 1) to 4.4% (PP 2) to 6.8% (PP 3).
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For the available PEG-b-PLGAs an overall average loading of 8.7 £ 1.0% was determined.
Ultimately no significant increase of loading was encountered from lower to higher degree
of PEG-b-PLGA PEGylation. Comparing PEG-b-PLGA NPs with the unmodified PLGA NPs a
slight increase of the mean values for loading and encapsulation was observed, however
this was not significant - an observation which has already been described in

literature [41,42].

The major group of interest for investigation was the triblock polymer, PEG-b-PAGE-b-
PLGA, assuming PLGA as a monoblock. For this polymer different combinations of
PEGylation and Mn of PLGA were used, while maintaining a low variation of incorporated
PAGE groups and keeping the lactic:glycolic acid ratio constant (Table 1). Overall an
average loading for PEG-b-PAGE-b-PLGA NPs of 10.1 + 3.0% was observed. This is a first
hint that a combination of PEG and PAGE with PLGA acts to increase protein
encapsulation, compared to PLGA and PEG-b-PLGA. We will first focus on the polymers
PPP 1, PPP 2 and PPP 3 (Table 2) with a constant PEG and PAGE fraction, but increasing Mn
of PLGA from approximately 20,000 Da to 55,000 Da. The data show a significant increase
of loading from 7.7 £ 0.5% (PPP 1) up to 11.4 + 0.7% (PPP 3). From this group we can
conclude that the loading increases with increasing Mn of PLGA in PEG-b-PAGE-b-PLGA
NPs. With this knowledge the Mn of PLGA was fixed at a higher molecular weight
(Mn = 50,000 Da, Mn of PAGE was kept as before at approximately 1,000 Da) and the Mn
of the PEG-block was increased from 2,000 Da to 4,300 Da (PPP 3-6). The influence of the
varying PEG block length was the same as observed for the PEG-b-PLGA: no significant
increase in loading (10-11.4%) with increasing PEGylation was obtained. However, a signi-
ficantly higher load of PEG-b-PAGE-b-PLGA polymers was determined compared to both
PLGA alone and the PEG-polymers with the same degree of PEGylation. In contrast, the
PEG-b-PAGE-b-PLGA polymer (PPP 7, loading 12.5 £ 0.5%) with the largest PAGE (1,500 Da)
and PEG (5,550 Da) blocks provided a 35% and 30% higher loading compared to PLGA and
PEG-b-PLGA NPs respectively. Excluding PPP 1 and PPP 2 with their lower Mn of PLGA
(resulting in a significantly lower loading), an average loading for PEG-b-PAGE-b-PLGA NPs
of 11.0 + 1.8% was determined, which is overall 25% higher than the loading of the other
polymers. From these loading studies, we conclude that the PEG-block in the PEGylated
PLGAs has no significant influence on protein encapsulation, in contrast to the insertion of

the PAGE building block which is determined to have a significant impact [41,42].
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Table 2 | Loading and encapsulation efficiency for OVA-loaded PLGA, PEG-b-PLGA and PEG-b-PAGE-b-PLGA
particles with their specific polymer composition; Data in the table represent mean + SD (n=6).

Nanoparticle PEG PAGE PLGA Loading Encapsulation
[Da] [Da] [Da] efficiency [%] ? efficiency [%] ®
P1 - - 10 800 8.8+1.8 44.0+9.0
P2 - - 23 200 8.6+0.5 43.0+25
P3 - - 23 900 7.8+0.6 39.0+£3.0
P4 - - 24 400 8.7+0.3 435+15
P5 - - 38 800 79+04 395120 o
PP 1 1500 - 54 500 8.5+0.2 425+1.0
PP 2 2 000 - 45 000 8.5+0.9 425+45 — %
PP 3 3200 - 46 700 9.2+0.6 46.0+ 3.0
PPP 1 2 000 850 19 150 7.7+05 385+25
PPP 2 2 000 1000 29700 8.2+0.5 41.0+£25 ﬂ; "
PPP 3 2 000 1000 54 250 114+0.7 57.0+3.5
PPP 4 2 400 900 54 630 10.1+£0.3 50.5+1.5
PPP 5 2900 1000 49 050 10.0+0.6 50.0+£3.0
PPP 6 4 300 1000 51100 11.0+1.0 55.0+5.0
PPP7 5550 1500 44 750 12505 625125

@ p value > 0.05 not significant (n.s), p values < 0.05 significant

3.3.3. Adsorption and activity studies

To evaluate the loading of various NP formulations in more detail, an adsorption and
activity study with 3 representative polymers of PLGA, PEG-b-PLGA and PEG-b-PAGE-b-
PLGA was performed. The aim of this study was to understand the influence of protein
adsorption on the NP surface in contrast to protein encapsulation into the NPs, using
different polymers. Additionally, the structural stability of the protein during encap-

sulation and after release was under investigation.

We compared the PLGA NP formulation with the highest Mn of 38,800 Da (P 5) with the
PEGylated PLGA with having a PEG-block of 2,000 Da and the smallest PLGA block (PP 2).
Furthermore, a PEG-b-PAGE-b-PLGA with the same PEG block Mn and the closest Mnp.ga
was used (PPP 3). Three additional particle batches were prepared using these
polymers (Table 3). Blank and OVA-loaded NPs prepared from each polymer were found to
show comparable size, PDI, zeta potential and loading. As a control purely surface-loaded
NPs were also prepared in the case of each polymer, by incubation of blank NPs in OVA

solution.

For correlating the adsorption of the hydrophilic model protein OVA to the surface polarity

of the particles, the surface hydrophobicity of produced NPs with surface-adsorbed OVA
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was determined using the hydrophobic RB dye as a reference system [35,43]. Plotting the
PQ of RB against the surface area of the NPs should result in a straight line. The slope of
each plot is then taken as a measure for the surface hydrophobicity, with a steeper the
slope indicating a more hydrophobic surface [35]. The RB Assay allows for a comparison of
the surface properties of the different produced NPs. The larger slope for PLGA NP
PQ vs. surface area profiles (P 5) indicates a relatively more hydrophobic NP surface
compared to PEG-b-PLGA (PP 2) and PEG-b-PAGE-b-PLGA NPs (PPP 3), for which profiles

with more shallow gradients were determined (Figure 3).
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Figure 3 | Plot of partitioning coefficient (PQ) of RB at increasing nanoparticle surface of P 5, PP 3 and PPP 3.

The amount of OVA adsorbed to the same surface-loaded NPs from the RB assay was also
qguantified, in order to determine the surface loading of such formulations. In accordance
with the higher degree of surface hydrophobicity as determined in the RB assay, PLGA NPs
showed the lowest OVA surface loading of 0.16 + 0.01%. In contrast, surface loading of
PEGylated PLGA NPs and PEG-b-PAGE-b-PLGA NPs was found to be 0.47 + 0.04% and
0.5+ 0.03%, respectively. The difference between the PLGA and PEGylated PLGAs
polymers is of course the presence of the hydrophilic PEG-chains, which are located on the
surface of the NPs. The adsorption of hydrophilic substances to such a surface is therefore
reported to be better than to the more hydrophobic PLGA surface [44], in agreement with
the current observations. The PAGE group seems not to impact on surface loading; this is
also reflected in the RB assay, which revealed the same surface polarity for NPs prepared
from PEG-b-PLGA and PEG-b-PAGE-b-PLGA. Although the PEGylated PLGAs show an
increased protein adsorption this had no strong consequence on the comparative overall

loading efficiency. Therefore it can be concluded that the higher overall loading observed
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for the PEG-b-PAGE-b-PLGA polymers is the result of a matrix effect of the polymer
building block. The adsorption studies (Table 3) further revealed, as already described
previously with respect to NP characterization (Figure 2), a load dependent decrease of
the zeta potential of the NPs, regardless of whether OVA was loaded into or adsorbed
onto the NPs. The zeta potential of the surface-loaded NPs lies between the zeta potential
of the loaded and the unloaded NPs in the case of each polymer, which is particularly
interesting with respect to the difference in zeta potential of OVA-loaded particles as
compared to the surface coated NPs. From this experiment we can conclude that the
lower zeta potential of the OVA-loaded NPs is not only caused by the presence of
adsorbed protein. Surface loaded NPs were prepared by incubating blank NPs for only 1 h
with 20 mg of OVA, which led to a surface adsorption but no encapsulation of OVA into the
NPs. Compared to the surface loaded NPs, the zeta potential of the protein loaded NPs is
of a lower magnitude, due not only to the protein which is obviously adsorbed at the

surface, but also in some way to the encapsulated protein itself.

In addition to the adsorption measurements an ELISA was performed to check the activity
of OVA following its release from NPs of the different polymers. The NP encapsulation of
the protein offers a potential protection from environmental influences, preventing
aggregation or cleavage and allowing for retention of biological activity [45]. However, the
encapsulation procedure utilizes both organic and aqueous solvents, which, in addition to
the final freeze drying of the NPs, could decrease the amount of native OVA. For all NPs
the amount of OVA released within 24 h was determined, and the activity of released OVA
was quantified. For the surface loaded NPs an activity of approximately 40% was found,
which is not unexpected, as the protein was not completely protected from degrading
environmental influences. In the case of NPs where OVA was encapsulated, a higher
activity of OVA was found; activity was further seen to increase in the order of
PLGA (~60%) < PEG-b-PLGA (~ 65%) < PEG-b-PAGE-b-PLGA (~ 75%). This leads to the
conclusion that (1) the encapsulation of proteins confers protection from negative
environmental influences to a greater extent than surface adsorption and (2) the
PEGylated PLGA polymers and, to an even greater degree, the PEG-b-PAGE-b-PLGA

polymers are able to preserve the activity of encapsulated protein.
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Table 3 | Results for loading and adsorption studies of PLGA (P 5), PEG-b-PLGA (PP 2) and PEG-b-PAGE-b-PLGA
NPs (PPP 3); Data in the table represent mean + SD (n=3).

Zeta potential

Nanoparticle Size [nm] PDI [mv] Loading [%]  Activity [%]

P 5 - Blank NPs 192.3+23 0.03+0.02 -275%+1.1 0 0

P 5 - Surface loaded NPs 198.6+17.3 0.10+0.06 -259+1.9 0.16 £+ 0.01 38.86 + 4.66
P 5 - OVA loaded NPs 195.0+ 1.1 0.06+0.02 -209%1.6 7.73+0.38 59.14 +12.31
PP 2 - Blank NPs 178.4+1.9 0.05+0.02 -288+14 0 0

PP 2 - Surface loaded NPs 176.8+1.2 0.07+0.02 -23.1%11 0.47 £ 0.04 43.5+1.00
PP 2 - OVA loaded NPs 1903+ 1.4 0.06+0.02 -181+25 8.66 + 0.87 64.89 + 6.34
PPP 3 - Blank NPs 178.4+2.3 0.06£0.02 -309%0.7 0 0

PPP 3 - Surface loaded NPs 186.5+9.9 0.10+£0.05 -247%26 0.50 £ 0.03 36.59 +2.82
PPP 3 - OVA loaded NPs 189.1+1.8 0.08+0.02 -13.0%1.5 11.0+£0.85 74.32 £13.11

3.3.4. OVA release from the particles

The OVA release from three batches of NPs made of the different polymer types was
determined at definite time intervals up to 7 days (1, 2, 4, 8, 24, 48, 72, 144 and 168 h) in
PBS buffer pH 7.4 at 37 °C. Generally, NPs made of PLGA show a biphasic release profile,
with an initial burst release followed by a sustained release phase [46]. The fast initial
burst release is induced by the fast release of protein at or near to the surface of the NP,
whereas the sustained release is caused by additional and slower release of protein from
the NP polymer matrix through channels. The water inside the matrix hydrolyzes the
polymer into soluble polymer products, which forms a passage for protein to be released
by diffusion and erosion until complete polymer solubilization has occurred [46]. The aim
of determining relative protein release kinetics was to compare and evaluate the effects of
the various compositions of polymer subtypes, possessing different Mns for PEG, PAGE
and PLGA as well as different lactic:glycolic acid ratios. For every PLGA polymer type
respective release studies were performed, to determine the impact of both overall
polymer composition as well as individual polymer building block character. Considerable
differences in release behavior between the particles made from different polymers -

PLGA, PEG-b-PLGA and PEG-b-PAGE-b-PLGA - were observed.

Different Mn of PLGA, PEG, PAGE or lactic:glycolic acid ratios within a polymer type had no
major influence. However, when comparing between the polymer types, a total release of
8.8 £ 0.4% for PLGA, 11.1 + 0.2% for PEG-b-PLGA and 16.9 + 1.1% for PEG-b-PAGE-b-PLGA
over 168 h was found (Figure 4A). This correlates to a 25% higher release of OVA from

PEG-b-PLGA in comparison to PLGA, and a nearly 100% or 50% higher release of OVA from
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PEG-b-PAGE-b-PLGA compared to PLGA or PEG-b-PLGA. The lack of influence of the
different Mn of PLGA or the lactic:glycolic acid ratio on protein release within a particular
polymer group could be due to the degradation behavior of the polymers. Systematic
studies of the degradation of the well-known PLGA with different lactic:glycolic acid ratios
over 70 days or longer, show a faster degradation for a PLGA lactic:glycolic acid ratio of
50:50 and slower degradation for PLGA with a lactic:glycolic acid ratio of 75:25 [47,48].
However, the difference in release between these PLGAs is typically visible only after 10 to
20 days and is almost negligible for the first days. Besides the lactic:glycolic acid ratio, the
Mn of the PLGA backbone structure is important. From literature it can be concluded that
with higher molecular weight slower degradation of the polymer is expected, and
therefore a slower release of drugs can be hypothesized [46]. This lower degradation and

as a consequence slower release, is also however not visible in the first 10 to 20 days.

Looking at Figure 4A one might get the impression that the difference in release noted
between NPs of the three polymer groups is mainly due to the different extent of burst
release. That is not the case however, as can be clearly seen when the burst release
(Figure 4B) is depicted separately from the sustained release phase (Figure 4C). The burst
release is defined, as mentioned before, as the fast release of the cargo located either at
or near to the particle surface; this burst release is then followed by a slower, sustained
release phase. The decrease in release and transition from the burst to the sustained
release phase can be seen as a gradual transition in the release profile, determined to be
between 8 h to 24 h for our polymers. Therefore, the release within 24 h (burst release)
and the release from 24 h until 168 h (sustained release) were plotted separately. For
PLGA and PEG-b-PLGA a lower extent of burst release of 8 to 10% was found, while a
greater burst release of 14% for PEG-b-PAGE-b-PLGA was noted (Figure 4B). This corres-
ponds to an increase of 4-6% in protein release from PEG-b-PAGE-b-PLGA polymer NPs in
comparison to PLGA and PEG-b-PLGA within the first 24 h. Taking the adsorption studies
into consideration, where an additional 0.3 to 0.4% of protein adsorbed to the surface of
the PEGylated polymer NPs was found, the additional release of PEG-b-PLGA as compared
to PLGA may be explained; however, this does not account for the significantly higher
burst release of protein noted to occur from the PEG-b-PAGE-b-PLGA NPs. For a better
comparison of the sustained release curves, the differences in release were displayed from

the 24 h value onwards and the error bars excluded for clarity (Figure 4C). A slower
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sustained release level of 0.7% for PLGA NPs and 1.2% for PEG-b-PLGA NPs was observed,
compared to a higher sustained release of 2.7% for PEG-b-PAGE-b-PLGA NPs.
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Figure 4 | Results for release of PLGA, PEG-b-PLGA and PEG-b-PAGE-b-PLGA NPs; A) Release of all polymers in
percent over 168 h. B) Release of all polymers in percent over 24 h. C) A Release of all polymers in percent from
24 h to 168 h. Data in the figure represent mean + SD (n=3).

Considering the burst and sustained release phases together, it can be seen that the
PEGylation of PLGA led to an increase in the extent of protein release, which can be
explained by the properties of PEG in the polymer. It is known that PLGA polymers interact

with tensioactive proteins such as OVA [49]; this provided the possibility to form uniform
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NPs by a double emulsion method, but led also to the formation of compact NPs exhibiting
a slow and low release of protein. By addition of another surface active molecule such as
PEG, which is covalently linked to the parent polymer, the interaction between polymer
and protein is reduced — this was reflected in the higher release rates observed from PEG-

b-PLGA NPs [50].

However the presence of the PEG building block cannot account for the significantly higher
burst and prolonged protein release over 168 h seen for the PEG-b-PAGE-b-PLGA polymer.
This could however be explained empirically by the properties of the PAGE building block
in the polymer. The PAGE group adds a branched functionality to the typically linear
polymer that could reduce the occurrence of steric interactions between polymer side
chains. This could lead to the formation of voids or channels in the NP or a modified
degradation behavior of the polymer, and therefore higher burst and sustained release of
the protein. The differences in the release curves can therefore be clearly attributed to the

composition of the NPs.

3.4. Conclusion

In this work, the effect of different PLGA and PEGylated PLGA polymers on the preparation
of OVA-loaded NPs was studied, with the major objective being to achieve an improved
protein loading. Based on PLGA, PEGylated PLGA NPs with a PEG shell for passive targeting
and PEGylated PAGE-PLGA NPs with an active group for potential drug targeting - the
PAGE building block - were prepared. Morphological characterization demonstrated a
spherical shape of the NPs produced from all polymers with an average diameter of
approximately 200 nm, as determined by DLS and SEM. PEGylation of PLGA alone had no
major impact on OVA loading (PLGA NPs 8.2%; PEG-b-PLGA NPs 8.7%), but the addition of
the PAGE building block between PEG and PLGA resulted in an increase in OVA
loading (PEG-b-PAGE-b-PLGA 10.1-11%). In contrast to protein loading, the PEGylation of
PLGA alone had an effect on the release of protein from formed NPs. After 168 h PEG-b-
PLGA showed a slightly higher release of 11.1% of originally incorporated OVA, as
compared to PLGA NPs, which released 8.8% of incorporated protein. This difference can
be attributed to the PEG building block. For PEG-b-PAGE-b-PLGA NPs (16.9% total protein
released), a nearly 100% greater extent of release was found compared to PLGA NPs. The

different polymer building blocks were observed to influence not only the released
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fraction of protein, but also the release behavior. An increased sustained release over
168 h could be shown for PLGA, PEG-b-PLGA and PEG-b-PAGE-b-PLGA, with values of 0.7%,
1.2% and 2.7% respectively. This modified release behavior can also be attributed to the
different polymer compositions, rather than to different burst release profiles or
adsorption effect of protein on the NP surface. Ultimately, the improved loading and the
modified release of OVA from NPs prepared from modified PLGA was seen to be
accompanied by a higher stability of the OVA, demonstrated by a higher fraction of intact
and active protein. As the impact of the protein on the delivery system differs from protein
to protein, the data presented in the current work cannot be directly transferred to other
protein payloads. However, our evaluation of the different polymer NPs using OVA is a
valuable start and has already been successfully adapted for another protein [51]. Finally,
the PEGylation of PLGA and especially the insertion of the PAGE group led to higher
loading and release rates for OVA loaded PEG-b-PAGE-b-PLGA NPs, demonstrating the

potential of such a delivery system for many application routes.
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4. Antigen delivery via hydrophilic PEG-b-PAGE-b-PLGA

nanoparticles improves vaccination efficiency
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4.1. Introduction

Prophylactic vaccination, a method to activate the immune system with live attenuated or
dead pathogens or recombinant protein/peptides, in combination with an adjuvant, is one
of the landmark discoveries of the last century. It is based on the generation of a pool of
long-lived memory T and B cells that can quickly respond upon re-encounter with the
infectious microorganism to mount protective immunity [1]. Vaccination formulations
typically consist of an antigen together with an adjuvant to initiate an antigen-specific
immune response against the pathogen/protein that leads to generation of immune
effector cells but also long-lived memory cells [1]. Essential to the success of vaccination is
uptake and appropriate presentation of antigens by antigen-presenting-cells (APC), such as
dendritic cells or macrophages. The use of adjuvants, e.g. aluminum hydroxide or Toll-Like-
Receptor (TLR) agonists, is necessary to induce an innate immune response that leads to
functional maturation of APCs for delivery of co-stimulatory signals that are required for
the generation of a memory cell generation [1]. One of the major problems in delivering
vaccine formulations via the oral, intravenous, subcutaneous or other routes is the fast
degradation and elimination of the delivered antigens. Therefore the use of advanced drug
delivery systems (DDSs), like nanoparticles (NPs), liposomes, nano-emulsions and micelles
have been studied to protect the antigen from degradation and allow for protracted
release [2]. Zhu et al. showed that EUDRAGIT®-coated PLGA-NPs can be used as an oral
carrier for a protein-TLR formulation for oral application, that protects the protein from
degradation in the gastrointestinal tract and thereby facilitates prophylactic
vaccination [3]. For other vaccination routes, e.g. inhalative or nasal, chitosan-coated
PLGA-NPs or chitosan-NPs were used successfully as protective carriers for a vaccine
DDSs [4-6]. The most often used polymer for such nanoparticulate carriers is
poly(D,L-lactide-co-glycolide) (PLGA) due to its biodegradable and biocompatible
character, followed by or in combination with, chitosan, poly-e-caprolactone (PCL), gelatin,
alginate and many others [7-11]. PLGAs and their capability to encapsulate hydrophilic
proteins, by using the double emulsion solvent evaporation technique, is of high interest
despite its hydrophobicity [12—-15]. To improve vaccination success, however, the
encapsulation and kinetics of antigen release needs to be controlled. In consequence,
internalized NPs must release sufficient high antigen concentrations inside the APCs within

a short period of time, to allow for optimal antigen presentation [16,17]. Slow release of
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antigens in the absence of inflammation over a long period of time, however, leads to
failure to induce antigen-specific immunity and immune tolerance [18,19]. One interesting
concept to improve the antigen release and the limited antigen loading capability is the
linkage of the hydrophilic molecule polyethylene glycol (PEG) to the hydrophobic PLGA,
resulting in a PEG-b-PLGA copolymer (PP) [20]. The covalent linkage with PEG increases the
hydrophilic character of PLGA thus alleviating the capability to load and to release higher
amounts of the antigen. Additionally, PEGylation, if used for intravenous application, could
lead to further pharmacological and immunological advantages, like reduced renal
clearance [21,22] and a protection from innate immune responses [23]. NP uptake and
presentation of antigen by APCs is essential for activation of adaptive immunity. Specificity
can be increased by targeting using active groups. To introduce such active targeting, a
poly(allyl glycidyl ether) (PAGE) group between PEG and PLGA can be implemented
resulting in a functionalizable PEG-b-PAGE-b-PLGA (PPP) copolymer. The PAGE group
works as a possible donor for the covalent linkage of functional groups [24-26] for active

drug targeting.

Here, we report the synthesis and characterization of PLGA-, PP- and PPP-NPs for their use
in vaccination. We investigated the antigen release kinetics and the uptake of NPs in
myeloid APCs depending on size, polymer type and concentration. To address the immune
response in a mouse model, NPs were loaded with the model protein/antigen
ovalbumin (OVA), to assess the ability of such modified NPs to increase antigen
presentation and CD8 T cell activation. We analyzed CD69 expression and IL-2 release by
CD8 T cells and evaluated the cross-talk with APCs leading to their activation and CD80
expression. We found that PPP-OVA-NPs were superior to PLGA-OVA-NPs or free OVA with
respect to antigen-specific T cell activation by antigen-presenting cells. We further
evaluated these NPs in an in vivo approach for a prophylactic vaccination against OVA. In
the absence of an adjuvant, PPP-OVA-NPs were able to induce a significant specific
cytotoxic activity against OVA-loaded target cells. When we used TLR-agonists as adjuvant,
antigen-specific cytotoxicity induced by application of free OVA was increased to similar
levels as that observed after application of PPP-OVA-NPs without TLR-agonists. Our data
suggest that PPP-NPs are a suitable platform for future vaccination formulations as it

efficiently delivers antigen to APCs and already contains adjuvant-function.
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4.2. Materials and methods

4.2.1. Materials

PLGA - RESOMER® RG 504 H was supplied by Evonik Industries AG (Darmstadt, Germany)
and PEG-b-PLGA (PP) and PEG-b-PAGE-b-PLGA (PPP) were synthesized by the Laboratory of
Organic and Macromolecular Chemistry (IOMC) in Jena (Figure 1) following a published
procedure [27]. The number average molar mass (Mn) was determined by nuclear
magnetic resonance and size exclusion chromatography. Phosphate buffered saline (PBS)
was prepared by dissolving 10 mM disodium phosphate (Na,HPQO,4 Sigma Aldrich,
Taufkirchen, Germany), 1.8 mM monopotassium phosphate (KH,PO4, Sigma Aldrich,
Taufkirchen, Germany), 2.7 mM potassium chloride (KCI, Sigma Aldrich, Taufkirchen,
Germany) and 137 mM sodium chloride (NaCl, Sigma Aldrich, Taufkirchen, Germany) in
water. For all preparations and investigations water generated with Millipore Q-Gard 2
(Merck Millipore, Billerica, United States) was used and all other chemicals utilized were of

analytical grade.

Polymer Polymer Type Lactic-to-glycolic ~ PEG PAGE PLGA Total weight PEG : PLGA
v ymer IYPe  4cid ratio [Da] [Da [Da] [Da] ratio [%]
I. PLGA Monoblock 50:50 - - 38 800 38 800
I. PP Diblock 50:50 3200 - 46 700 49 900 1:145
. PPP Triblock 50:50 2900 1000 49 050 52 950 1:17

+ﬁ¢fﬁ ”ijdo{wvw R AL e e’
|

Figure 1 | lllustration and composition of PLGA, PP and PPP polymer; with x = lactic acid, y = glycolic acid,
m = polyethylene glycol, n = poly(allyl glycidyl ether), R = methyl- or biphenyl group; PLGA is a block-co-polymer
considered as one block for simplicity.

4.2.2. Fluorescineamine labeling of PLGA

Fluoresceineamine (FA) labeled PLGA polymer (FA-PLGA) was prepared according to the
literature [28,29]. Briefly, 0.35 mM PLGA, 0.7 mM FA, isomer | (Sigma Aldrich, Taufkirchen,
Germany) and 1.4 mM 4-Dimethylaminopyridine (Sigma Aldrich, Taufkirchen, Germany), as
nucleophilic catalyst, were dissolved in acetonitrile (Sigma Aldrich, Taufkirchen, Germany)

and stirred for 24 h overnight, at room temperature protected from light. The resulting
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polymer was precipitated with equal amounts of water compared to acetonitrile and
separated by centrifugation at 5,000 g (Rotina 420 R, Hettich Lab Technology, Tuttlingen,
Germany) for 40 min. The supernatant was discarded and the polymer was solved in
acetone (Sigma Aldrich) and precipitated again with pure ethanol (Sigma Aldrich,
Taufkirchen, Germany). This procedure was repeated three times to get rid of excessive

regents and finally lyophilized (Alpha 2-4 LSC, Christ GmbH, Osterrode, Germany).
4.2.3. Preparation of NPs

Plain and OVA-loaded (Grade V, purity = 98%, MW = 44 kDa) NPs were prepared, using a
double emulsion solvent evaporation technique. The polymer was dissolved in
dichloromethane (DCM, 2.5 mL, 20 mg/mL) and emulsified at room temperature (RT) with
PBS pH 7.4 solution or OVA in PBS pH 7.4 (0.5 mL, 20 mg/mL) by sonication with 35%
amplitude (energy introduced 280 J, Branson digital sonifier 250, Danbury, United States).
Afterwards an aqueous polyvinyl alcohol solution (PVA, 5 mL, 20 mg/mL, Mowiol® 4-88,
Mn ~31 000 Da, Kuraray Europe GmbH, Hattersheim, Germany) was added to the first
emulsion and sonicated at RT with 35% amplitude (energy introduced 595 J), to obtain the
double emulsion. The resulting emulsion was diluted by the addition of water, and stirred
for 3 h at 1,000 rpm at RT, to evaporate DCM. Finally, the NPs were washed twice with
water after centrifugation at 15,000 g for 11 min. After the second washing step trehalose
(ratio NP:trehalose 2:1 (w/w)(Sigma Aldrich, Taufkirchen, Germany) and 0.3% PVA were

added as cryoprotectants and stabilizer for the subsequent lyophilization process.

NPs with different sizes and fluorescent dyes were prepared as following (Tab. 1): For
6-coumarin loaded PPP-NPs using the double emulsion evaporation method, 50 ug of
6-coumarin was added to different amounts of polymer, dissolved in DCM (2.5 mL,
20-40 mg/mL) and emulsified at RT with a PVA solution (5 mL, 1-20 mg/mL) by sonication,
to obtain the final emulsion. Besides the polymer concentration, different times (20-60 s)

and amplitudes (15-40%) were used to generate NPs covering a relevant size range.
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Table 1 | Preparation of NPs with different sizes using PLGA and PPP polymer. (a) PPP-NPs loaded with 6-coumarin
using the double emulsion evaporation method. (b) FA-PLGA-NPs using double emulsion evaporation method.
(c) FA-PLGA-NPs using nanoprecipitation method. Data in the table represent mean * SD (n=1).

(a) Nanoparticle and

) . . . )
preparation method Time [s] Amplitude [%] Polymer [mg] PVA [%] Size [nm] PDI
30 30 50 2 1841407 0.07 +0.01
6-coumarin loaded PPP-NPs 30 15 100 2 2436+ 1.4 0.09 + 0.01
Double emulsion 60 40 50 2 277.4+47 0.21 +0.01
evaporation method 30 15 100 ] 315127 0.14 £ 0.05
20 20 100 0.5 3858+7.6 0.27 +0.01
(b) Nanoparticle and . . . o .
preparation methad Time [min] Rotation [rpm] Polymer [mg] PVA [%] Size [nm] PDI
15 15,000 100 4 200.2 £ 6.4 0.03 +0.01
FA-PLGA-NPs 15 10,000 100 0.4 250.1+3.9 0.13 £ 0.02
Double emulsion
evaporation method 10 8,000 100 2 3416 £ 5.4 0.17 £ 0.01
20 6,000 100 1 426.0+87 0.19 £ 0.02
(¢) Nanoparticle and Time [min] Stirring speed [rpm] Polymer [mg] PVA [%] Size [nm] PDI
preparation method 9 sp P V! 9 °
FA-PLGA-NPs 5 1,400 100 1.25 99.6+4.5 0.06 +0.01
Nanoprecipitation method 5 1,000 100 2 1304 £3.4 0.06 +0.01

For FA-PLGA-NPs and double emulsion evaporation method, a high shear homogenizer
was used to form the NPs. Briefly, the polymer was dissolved in ethyl acetate (2.5 mL,
20 mg/mL) and emulsified at RT with a PVA solution (5 mL, 5-20 mg/mL) by a high shear
homogenizer (POLYTRON® PT 2500 E with a PT-DA 20/2 EC-E170 attachment), to obtain
the final emulsion. Various homogenization times (10-20 min) and speeds (6-15k rpm)
were used to generate NPs with different sizes. To produce smaller FA-PLGA-NPs
nanoprecipitation was applied. The polymer was dissolved in acetone (2.5 mL, 40 mg/mL).
The polymeric solution was then slowly injected (5 min) via a syringe into a PVA solution
(10 mL, 10.25 and 20 mg/mL) (w/v) and the resulting dispersion was stirred at 1,000 or
1,400 rpm. The resulting NPs were washed and dialyzed (molecular weight cut-off
300,000 Da, Dialysis membrane Spectra/Por®, Roth, Karlsruhe, Germany) three times for
2 h in water, to remove residual amounts of acetone and PVA. The NP suspension was
concentrated with Vivaspin® 20 mL centrifugal concentrators (molecular weight cut-off
300,000 Da, Sartorius, City, Country) at 5,000 g for 5 min and resuspended in water. After
washing, trehalose was added as a cryoprotectant, for the subsequent lyophilization

process.
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4.2.4. Characterization of NPs

The average size (in nm), size distribution (polydispersity index - PDI) and Z-potential
(in mV) of the NPs was determined at 25 °C, using dynamic light scattering (DLS) and laser
Doppler anemometry (Zetasizer Nano ZSP, Malvern Instruments, Herrenberg, Germany).
The measurements were performed with an aqueous dispersion of NPs (~ 0.1 mg/mL)
after lyophilization. The morphology of the NPs was determined by scanning electron
microscopy (SEM - Zeiss EVO HD15, Jena, Germany). The NPs were first covered with a
~10 nm gold layer under vacuum and then scanned by SEM (accelerating voltage 5 kV,
focal distance 10 mm). To determine OVA-loading (% L = encapsulated OVA [mg]/ weight
prepared NPs [mg] x 100) and —encapsulation efficiency (% EE = encapsulated OVA [mg]/
initial drug in formulation [mg] x 100) inside the NPs we used a bicinchoninic acid
protein (BCA) assay kit (QuantiPro™ BCA Assay Kit for 0.5-30 pg/mL protein), according to
the manufacturer's instructions in 96 micro-well plates. In detail, the lyophilized NPs were
dissolved and incubated overnight at RT in 1 M NaOH solution (10 mL, 1 mg/mL). After the
incubation, the solution was neutralized with 1 M HCl and the antigen concentration, with
the BCA assay solution was determined using the Tecan Infinite M200 Pro (Méannedorf,
Switzerland) plate reader at A= 562 nm. As a control unloaded NPs were used and
analyzed in triplicate. To determine what percentage of NP-loaded OVA is still in native
form, OVA-loaded NPs were stirred at 150 rpm during incubation for 24 h in PBS
buffer (1 mg/mL, pH 7.4 at 37 °C). After centrifugation at 20,000 g for 15 min the total
amount of protein in the supernatant, containing native OVA and unfolded, degraded
parts of OVA, was determined using the BCA Assay Kit. The amount of native OVA that was
released from the NPs was quantified using an OVA-specific ELISA that does not detect
unfolded, degraded OVA (Serazym® Ovalbumin ELISA, Seramun Diagnostica GmbH,
Heidesee, Germany). The percentage of native OVA was then calculated (% native OVA =
(amount of native OVA [mg]/ total amount of protein in the supernatant [mg]) * 100).
Supernatant from unloaded NPs and freshly prepared OVA solution in PBS were used as

negative and positive control respectively.
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4.2.5. In vitro release of antigen

The lyophilized NPs were incubated with 100 mM PBS buffer (1 mg/mL, pH 7.4) in glass
vials, over 7 days stirred at 150 rpm. The samples were collected at appropriate time
intervals (1 h,2h,4h,8h,1d,3d,5d, 7 d, respectively) after centrifugation at 20,000 g
for 15 min. To analyze the amount of OVA released from the NPs the clear supernatant

was used for the BCA Assay and analyzed in triplicate.
4.2.6. Determination of endotoxin concentrations

The Pierce LAL Chromogenic Endotoxin Quantitation Kit (sensitivity range 0.1-50.0 EU/mL)
was used to determine endotoxin concentrations. Pure polymer, pure OVA, as well as plain
and OVA NPs (20 mg/mL) were dissolved or suspended in endotoxin free water, to release
the endotoxins in water. The sample pH was set to pH 7 and incubated at 37 °C for 4 h.
After incubation the solutions or suspensions were centrifuged at 15,000 g for 11 min and
the clear endotoxin containing supernatant was used for the further assay. Four endotoxin
standard concentrations (0.1-1 EU/mL) were prepared to create a corresponding
calibration curve. The test was performed according to the manufacturer’s instructions.
Briefly, 50 pL of standard or sample and 50 pL of limulus amebocyte lysate (LAL) was
added to each 96-well plate and incubated at 37 °C for 10 min. After 10 min 100 pL of
substrate was added to each well and incubated at 37 °C for 6 min. 10 s after adding 50 pL
of stop reagent (25% acetic acid) the absorbance at 405 nm was measured using the Tecan

Infinite M200 Pro.
4.2.7. Cytotoxicity assay for NPs

The cytotoxicity of plain and loaded NPs was evaluated using an MTT assay. Caco-2 cells
(stem C2Bbel, passage 66) were cultured in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and 1% non-essential amino acids (NEAA)
with 5% CO, at 37 °C. Caco-2 cells were seeded in a 96-well plate in 200 pL medium per
well at a density of 1 x 104 cells/well for 4 days. After removing the supernatant the cells
were washed twice in HBSS buffer and then cultivated with 200 pL of medium-containing
NPs of different concentrations (0.01, 0.1, 0.5 and 1.0 mg/mL) for 4 h in triplicate. Hank's

Balanced Salt Solution (HBSS) or HBSS + 1% Triton X was used as negative or positive
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control respectively. The 96-well plate was then incubated at 37 °C for 4 h. After removing
the NPs-containing media the cells were washed twice with HBSS buffer and cultivated in
100 pL HBSS buffer with 10 uL MTT solution (5 mg/mL) for additional 4 h at 37 °C. Finally
the cells were washed with HBSS and lysed with 100 uL DMSO for 15 min at 37 °C. MTT

absorbance was measured at 550 nm using the Tecan Infinite M200Pro.
4.2.8. Stability of NP formulations in different media

The resulting freeze-dried, antigen-loaded NPs were incubated in different media used for
in vitro and in vivo evaluation. Plain and loaded NPs were dispersed in water pH 7.4, PBS
pH 7.4, HBSS pH 7.4, DMEM - FCS, and incubated at 25 °C for 7 days. The size and zeta-
potential of the NPs were measured to evaluate the tendency of the NPs to aggregate in

the respective media.
4.2.9. Mice

C57BL/6J and OTI transgenic mice, bearing a T cell receptor recognizing the OVA-derived
peptide SIINFEKL in the context of the murine MHC | molecule H2Kb, were maintained
under specific pathogen-free conditions in the animal facility of the University of Bonn. All
animal experiments were done in accordance with German legislation governing animal
studies (reference number: 84-02.04.2013.A265) and the Principles of Laboratory Animal

Care guidelines (US National Institutes of Health publication 85-23, 1996 revision).

4.2.10. Isolation and Differentiation of myeloid antigen presenting

cells

Myeloid antigen presenting cells (mAPC) used in this study have all been generated from
bone marrow of C57BL/6J mice. The bone marrow isolation protocol was performed as
published previously [30]. Briefly, bone marrow cells were isolated from the hind legs of
the mice and cultured in Roswell Park Memorial Institute medium (RPMI) medium
supplemented with 10% FCS, 100 IU/mL penicillin, 100 pug/mL streptomycin, 50 uM
B-mercaptoethanol and either 100 nM macrophage colony-stimulating factor (M-CSF), for
differentiation, in a humidified incubator (5% CO, and 37 °C) at a cell concentration of
0.8 x 106 cells/mL in an untreated petri dish. For differentiation of bone-marrow derived

APCs we used supernatant of the M-CSF-producing cell line R1. After four days, the cells
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were split 1:2 on additional petri dishes and cultivated for additional three days with
freshly added culture medium and growth factors. At day 7 the adherent cells were used
for our in vitro experiments, fluorescence-activated cell sorting (FACS) analysis and

microscopic experiments.
4.2.11. Isolation of CD8" cells (CTLs)

Naive CD8a+ T cells were isolated from spleen of OTI mice and purified by autoMACS
(Miltenyi Biotec). After counting the cells they were directly used for in vitro co-culture

with myeloid antigen presenting cells.
4.2.12. Flow cytometry

Antibody staining was done in presence of Fc receptor blockade (monoclonal antibody
2.4G2 to mouse CD16/CD32 (10 pg/mL); prepared in-house) in flow cytometry buffer.
Hoechst 33258 (10 pug/mL; Sigma-Aldrich) was used for exclusion of dead cells. Antibodies
used for flow cytometry were as follows (all from eBioscience unless indicated otherwise):
phycoerythrin (PE)-conjugated anti-CD69 (H1.2F3), allophycocyanin (APC)-conjugated anti-
CD80 (16-10A1). A FACSCanto Il or Fortessa (BD Biosciences) and FlowJo software

(TreeStar) were used for acquisition and data analysis.
4.2.13. NP-uptake studies

For the NP-uptake studies we used 5 x 104 myeloid antigen presenting cells seeded in a
96-well cell-culture-treated plate in a volume of 100 puL (DMEM, 10% FCS, 100 IU/mL
penicillin, 100 pg/mL streptomycin). We then added 1 mg/mL labelled or non-labelled
PLGA- or PPP-NPs of different sizes for 24 h in 100 uL cell culture medium. After the
incubation phase the cells were scraped, washed twice with phosphate buffered

saline (PBS) and prepared for flow cytometry.
4.2.14. Evaluation of ovalbumin-NPs

For the in vitro evaluation of OVA-loaded NPs we used 5 x 104 myeloid APC in a cell-
culture-treated 96-well plate in a volume of 100 uL (DMEM, 10% FCS, 100 IU/mL penicillin,
100 pg/mL streptomycin). We then added 1 x 105 freshly isolated CD8a+ OTI T cells in
50 uL medium and OVA-loaded NPs (PLGA or PPP polymer) or free, unloaded OVA of the
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same concentration in 50 uL medium. After 24 h we isolated the supernatant, which was
stored at -20 °C for subsequent ELISA measurements, and used the remaining cells for flow

cytometry analysis.
4.2.15. Invivo experiments

C57BL/6J mice were immunized subcutaneously in the back with 150 uL PBS or 150 uL PBS
containing 75 pg OVA, 75 pug OVA with soluble 100 pg ODN CpG1826 or 100 pg Cholera
Toxin Subunit B (CTB), PLGA-OVA-NPs, PPP-OVA-NPs or PPP-OVA-NPs with soluble 100 pg
ODN CpG1826 or 100 ug CTB (all NPs formulations contained equal amounts of 75 ug OVA)
at day 0 and boosted at day 7. At day 13 we isolated splenocytes to prepare them as target
cells. The splenocytes either got incubated with PBS or 1 uM SIINFEKL peptide in PBS for
15 min at 37 °C to produce unspecific and specific target cells. To identify these two
populations after transfer into the mice we incubated them with 0.25 uM
carboxyfluorescein succinimidyl ester (CFSE) (low) or 2.5 uM CFSE (high) respectively for
15 min at 37 °C. After vigorous washing of the cells, unspecific and specific target cells
were mixed 1:1 and injected in 150 pL PBS intravenously (iv) in the tail vain of the
mice (1 x 107). After 4 h or 24 h the spleen of the mice were isolated and prepared for
FACS analysis. The ratio of recovered CFSE low and high iv injected splenocytes was
analyzed. Specific cytotoxicity was measured using the FACS data and the following

formula:
% specific kill = 100 — {(ratio(high/low) sample / ratio(high/low) control group) x 100}.
4.2.16. Statistical analysis

Statistical analysis of loading and encapsulation efficiencies were performed via one way
analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test using
GraphPad Prism 6 software (GraphPad Software, Inc, La Jolla, CA). The confidence interval
was set at 95%, a p-value of > 0.05 was accepted as not significant (n.s.) and a p-value of

< 0.05 was accepted as significant (*); p < 0.01 (**), p < 0.001 (***).
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4.3. Results and discussion

The aim of this study was to synthesize and to evaluate different PLGA-based NPs in vitro
as well as in vivo for their potential use as vaccine carriers. The same PLGA (Mn of
40-50 kDa) backbone structure was used for all synthesized copolymers. First, PEG (Mn of
~3 kDa) was covalently linked to yield PP, as already published elsewhere [20]. Secondly,
as a new functionality, an additional PAGE group (Mn of 1 kDa) was inserted between the
PEG and the PLGA group, yielding PPP as a polymer. We thus could use three different
polymers for NP formation, i.e. PLGA, PP, and PPP. To evaluate the proof of principle of
using those NP formulations for vaccination we used the model antigen ovalbumin, as
several in vitro and in vivo systems are established to investigate NP-uptake, antigen-
processing, -presentation and T cell activation, which are the most important aspects that

we wanted to address.
4.3.1. Characterization of antigen-loaded NPs

Independent of the polymer, the manufactured NPs prepared by the double emulsion
evaporation technique, had a narrow size distribution (PDI < 0.15) and the mean sizes of
blank particles were in the range of 170 nm to 200 nm (Figure 2). OVA-loaded particles
were approximately 10-20 nm larger, due to the influence of the encapsulated protein
(hydrodynamic diameter of OVA = 2-3 nm). All types of PLGA form particles with a
negative surface charge. The incorporation of OVA in the NPs leads to a higher surface
charge of -20.4 + 3.5 mV compared to blank NPs with -28.7 + 2.9 mV. The higher surface
charge of the OVA loaded NPs is related to the absorbed and released OVA during zeta-
potential measurement. An significant increase of surface charge by addition of the
PEGylation as described in literature [31,32] was not observed for PEGylated PLGA-NPs.
This might be due to the use of PVA, which was used in the primary emulsion, and final
formulation, as a stabilizer, to prevent particle aggregation. PVA is coating the surface of
the NPs and consequently unifying the surface charge. Ultrastructural analysis revealed
that all three PLGA-based NPs formulations generated smooth and spherical particles
(Figure 2). The antigen loading capacity of PLGA-OVA-NPs was maximal at 7.8 + 0.6%. The
covalent linkage of PEG increased this capacity to 9.2 + 0.6% and the insertion of a PAGE
group between the aforementioned PEG and PLGA groups further increased the antigen

loading capacity by 0.8% to a total of 10.0 £ 0.6% compared with PLGA-OVA-NPs (+2.2%).
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0, 0
Name Size [nm] PDI Zeta potential [mV] Loading [%] efficiency [%] Activity [%]
Blank PLGA NPs 201.3+£17 0.05+0.01 -29.2+0.5
OVA-loaded PLGA NPs 218.3+3.9 0.10+0.02 24714 7.8+0.6 39.0+3.0 58.0+9.2
Blank PP NPs 168.1 £ 1.1 0.10£0.01 -32.5+0.8 - -
OVA-loaded PP NPs 187.7+15 0.11+0.02 -20.7+1.6 9.2+0.6 46.0+3.0 66.0 + 3.0
Blank PPP NPs 187.7+£1.6 0.05+0.03 -247+03 - - -
OVA-loaded PPP NPs 196.5 £ 3.8 0.10+0.01 -16.0+ 1.2 10.0+0.6 50.0+3.0 741114

Figure 2 | Characteristics of blank and OVA-loaded NPs using PLGA, PP and PPP polymer. Data in the table
represent mean * SD (n=6); SEM images of OVA-loaded a) PLGA-NPs, b) PP-NPs and c) PPP-NPs from 3 independent
replicates. Size of the scale bar = 1000 nm.

As indicated in the introduction the amount of antigen that reaches the cytosol is
important for the triggered immune response. Although the mechanism by which PLGA-
based NP do reach the cytosol to release its payload is not 100% elucidated, several
experiments with fluorescently labeled PLGA-NP were performed already, showing that
the NP do reach the cytosol. Labhasetwar et al. [33] postulated a mechanism that is based
on surface charge as PLGA-NP, usually with a negative zeta-potential, become positively
charged in the acidic environment of the endolysosomes (pH ~4) which in turn might
trigger the escape mechanism that is known for cationic polymers. Altschuler et al. [34]
show similar endosomal escape properties for PEGylated PLGA NPs, indicating that the
delivery of antigen to the cytosol is very likely taking place in our case, although we did not
investigate this topic. Assuming that the target cells do not differentiate between PLGA- or
PPP-NPs of the same size and take up the same amount of NPs per min, the increase of the
antigen load by 28% (PLGA- vs. PPP-NPs) already indicates that this may enhance antigen-
specific immunity. For a successful vaccination the stability of the secondary/tertiary/
quaternary protein structure is not essential as only a short peptide sequence is generated
via proteasomal processing for loading on MHC class | within the endoplasmatic
reticulum (e.g. the OVA-derived peptide SIINFEKL and the MHC class | molecule H2Kb).
Nevertheless, as the process of the NP formation could also be transferred for loading of

more sensitive antigens or cancer drugs that need to be in a native, folded form, we
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investigated the percentage of native OVA released from NPs in PBS (activity of OVA). In
principle the antigen should be protected from cleavage or aggregation, when
encapsulated and protected from external influences. The OVA-activity was determined to
be 58% for PLGA-OVA-NPs, 66% for PP-OVA-NPs and 74% for PPP-OVA-NPs, in comparison
to 98% for the pure, solved OVA in PBS. For all types of NPs, the embedding of the antigen
and therefore the protection from external environmental influences is similar. It is
known, that PLGA itself interacts with surface tension-active antigens like OVA, an
interaction that could lead to more compact particles and may induce unwanted folding of
the antigen [35]. An explanation for the slightly higher activity of PP-OVA-NPs could be the
properties of the PEG group, as the addition of PEG as an additional surface active
molecule in PEGylated PLGA polymer is reducing the interaction of PLGA polymer with
OVA. The addition of the PAGE group shows another slight increase of activity. This can be
explained by the additional hydrophilic properties of the PAGE group and the subsequently
higher hydrophilic character of the polymer, making it more suitable for encapsulating

hydrophilic drugs.
4.3.2. OVA release from antigen-loaded NPs

One of the most important factors for vaccination and drug delivery applications, besides
the loading and activity, is the release of antigen. The kinetics of the release of the
encapsulated antigen, as well as the time until a certain amount of antigen is released, is a
very important aspect that needs to be addressed before using these NPs in biological in
vitro assays. Thus we investigated the total amount of OVA that is released over time for
the three different polymer NPs. In vitro release studies were performed in PBS with
pH 7.4, to visualize a differentiation between the different polymers. When the pH of the
solvent reaches the isoelectric point of OVA, which is 4.5 in water [36], the solubility
decreases significantly and an unfavorable and uncontrolled release behavior occurs.
Therefore release studies at lower pH, mimicking the lower pH values (pH 4.5-5.5) of
endosomal/lysosomal conditions [37] were not conclusive, due to the low isoelectric point
of OVA. Release kinetics are depicted as absolute amount of the ultimately released
antigen (Figure 3a) and as a relative release (Figure 3b), normalized to the loading
efficiencies described before. Antigen release from biodegradable PLGA polymers

occurred in two phases: first, the initial burst release of antigen, which is located at or near
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to the surface of the NPs (< 8 h), and secondly the sustained and slow release of antigen
from the NPs polymer matrix. For the subsequent vaccination studies the antigen release
of the first hour is rather unimportant because it occurs already during reconstitution,
dilution and application of the NPs in vitro and in vivo. In consequence, the release curves
are corrected by subtracting the antigen amount released within the first hour. A
corrected total release of 392 ug (4.6%), 610 pug (6.6%) and 1032 ug (10.3%) was observed
for PLGA-, PP- and PPP-OVA-NPs over 167 h respectively (Figure 3). Assuming that APCs
like macrophages and dendritic cells take up NPs at the site of injection and then migrate
to secondary lymphoid tissue for presentation of the antigen to CD8 T cells, it is unlikely
that remaining unreleased antigen will be a problem. APCs migrating to secondary
lymphoid tissues after uptake of NPs in the periphery typically have a short half-life [38].
Our data reveal an increased release of 150% for PP-OVA-NPs and 250% for PPP-OVA-NPs,
compared to PLGA-OVA-NPs. This behavior can also be observed during the burst release
time (-8 h). The PEGylated PLGA-NPs did not only release more of the antigen but did so it
much faster. This might be attributed to the PEGylation reducing the attractive interaction
between OVA and PLGA polymer. Both, the higher burst release and the accelerated
sustained release of PEG-modified PLGA-NPs may be explained by such a reduced
interaction [39]. Focusing on the PPP polymer, the properties of PEG alone cannot explain
the significant increased sustained/burst release, which indicates that the insertion of the
PAGE group is essential for this result. How the PAGE group is influencing the more
pronounced encapsulation efficiency and significant higher release of the antigen,
however, is still unclear and needs further investigation. In conclusion the PPP-OVA-NP
formulation shows the highest loading capacity in combination with the fastest cargo-
antigen release, compared to PLGA- and PP-OVA-NPs. Regarding biological experiments
we focused only on PPP-OVA-NPs due to the superiority of the NP formulation from this
polymer in loading, encapsulation efficiency, and release of OVA compared with the

PP-OVA-NPs. PLGA-OVA-NPs were considered as reference.
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Figure 3 | OVA release from OVA-loaded PLGA-, PP- and PPP-NPs. PLGA-, PP- and PPP-NPs were incubated in PBS
pH 7.4 for 0-168 h and the released protein content was determined with a BCA assay; the amount of
release (% or ug) within the first hour were subtracted from the other time points (308 mg/3.6% for PLGA-OVA-NPs,
476 mg/5.2% for PP-OVA-NPs and 770 mg/7.7% for PPP-OVA-NPs). (a) Release of OVA in microgram, normalized to
100 mg polymer. (b) Release of OVA in percent, independent from loading; mean + SD is shown for 3 independent
replicates.

4.3.3. Endotoxin levels, cytotoxicity and stability of the formulations

An important factor for the use of NPs in immunological settings is the evaluation of the
polymer and NP formulations regarding endotoxin levels, direct cellular toxicity and its
stability in different media. The maximal endotoxin dose of pharmaceutical products
should not exceed 5 EU/kg of body weight for intravenous applications [40], to avoid
undefined immune responses and erroneously positive results. For the ex vivo/in vivo
studies the polymers PLGA and PPP, OVA, PVA and the loaded and unloaded NPs were

shown to be free of endotoxin within the aforementioned limits (Figure 4a).

To test any direct toxicity of the NP-formulations we incubated Caco-2 cells with different
NP concentrations and assessed the cell viability with a MTT assay. In a concentration
range from 0.001 to 1 mg/mL plain or antigen loaded PLGA-/PPP-NPs showed no
detectable toxicity (Figure 4b). Additionally the NP formulations were incubated for 7 days
in different dispersion media or buffers to study the stability of the final NP formulation.
Within 7 days in medium (water pH 7.4, PBS pH 7.4, HBSS pH 7.4, DMEM) no or only a
slight increase of size was observed (Figure 4c). The size of the NPs did not increase
significantly for all tested experimental settings. Neither the medium used for redispersing
the NPs nor the time NPs remained in medium significantly influenced the size of the NPs.
For buffers without FCS the size of NPs increased to 400 nm, which was still acceptable for

further experiments.
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Figure 4 | NP evaluation for blank and OVA-loaded PLGA- and PPP-NPs. (a) Endotoxin content of raw/starting
material and final formulations, data represent mean values of 3 replicates. (b) Caco-2 cells incubated with different
NP-formulations. Cell viability was determined with MTT assay and represent mean + SD (n=3). (c) NP formulations
incubated in different media for 0-7 days; the bars represent mean + SD (n=3).

4.3.4. Determination of a size-uptake relationship in APCs for NPs

After showing that NPs can be loaded with protein, release protein in significant amounts
and absence of toxicity, we next addressed, if NPs were taken up in vitro by myeloid APCs.
Using NPs to deliver antigens, the efficiency of uptake into DCs can be significantly
increased up to 30-fold increase in uptake compared with soluble antigen alone [41,42].
This uptake is essential for APCs to process OVA and present SIINFEKL, the peptide cleaved
from the protein OVA, to CD8 T cells in vitro and in vivo [1,43]. The amount of antigen
presented in the context of MHC | molecules, as well as the amount of co-stimulatory
molecules expressed on the APC determine the level of activation of CD8 T cells. To
investigate which NP size is taken up most efficiently, as this is supposed to directly
correlate with increased antigen presentation and subsequent T cell activation, we co-
incubated APCs with fluorescent PPP-NPs of different sizes for 2 h and 24 h and analyzed

the mean fluorescence intensity (MFI) of the population as an indicator for the amount of
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NPs taken up. We chose NP sizes between 100 nm and 426 nm, because synthesis of NPs
below 100 nm is not feasible and above 500 nm the mean diameter of the NPs varies too
much with £200 nm. Figure 5a/b shows the data for the 24 h incubation experiments for
PLGA- and PPP-NPs and two different concentrations. The uptake pattern for the 2 h
incubation looked similar but with lower mean uptake levels and was therefore not
included in the figure. None of the NPs tested influenced cell viability of the myeloid APCs
(based on Hoechst 33258 viability staining in flow cytometry, data not shown). To exclude
a polymer-specific effect on the uptake process we compared the PPP-NP uptake pattern
with fluorescently labeled PLGA-NPs. FA was covalently linked to PLGA, whereas
6-coumarin was encapsulated into PPP-NP. The 6-coumarin loading in PPP-NPs was
necessary, because a linkage of FA to the PPP polymer was not possible. For 0.1 mg/mL
With NPs with sizes between 100-180 nm we observed a slightly increased uptake
reaching maximal uptake with NPs ranging between 250-390 nm for PLGA- as well as PPP-
NPs. NPs of this size showed 7-11-fold more uptake compared to smaller (<240 nm) or
bigger (426 nm) NPC sizes (Figure 5c). Notably uptake further decreased with PLGA-NPs of
426 nm in size, indicating that the NP uptake efficiency was reduced when the size is
increased above 400 nm. When the concentration of NPs applied to APCs was increased
10-fold the uptake increased significantly but the preferential uptake of 250-390 nm sized
NP remained (Figure 5c). Our results indicate that the efficiency of uptake of NPs in APCs is
size-dependent and polymer/concentration independent with an optimal range between
250-400 nm, which is in agreement with recent publications [44]. For all following

experiments we therefore used NPs of 250 + 30 nm in diameter.
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Figure 5 | NP uptake is size and concentration dependent. APCs were incubated for 24 h with 0.1 mg/mL or
1 mg/mL FA-labeled or 6-coumarin-loaded NPs of the indicated sizes and polymer types and prepared for FACS
analyses. (a-b) Size dependent uptake of FA-labeled PLGA-NPs, 6-coumarin-loaded PPP-NPs or control NPs without
fluorophore-loading by APCs. NPs used for this experiment were made of different compounds and different
sizes (as indicated). Representative FACS blots for specific NP-sizes are shown. (c) Size and concentration dependent
uptake of FA-labeled PLGA-NPs (upper panel), 6-coumarin-loaded PPP-NPs (lower panel) and corresponding control
NPs without fluorophore-loading by myeloid APCs (n=4 as triplicates) from (a) and (b). The mean + SD of all tested
NP-sizes is shown for PLGA and PPP for 0.1 mg/mL and 1 mg/mL.

4.3.5. In vitro effect of OVA-loaded NPs on T cells and NPs
NPs are commonly used to increase drug solubility, stability and specificity. To investigate

if the loading of NPs with OVA-antigen is beneficial for the antigen-specific activation of

CD8 T cells we incubated APCs together with naive CD8 T cells bearing a transgenic T cell
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receptor recognizing OVA-derived SIINFEKL-peptide in the context of MHC | molecules
(OT-1T cells) and free OVA at different concentrations and compared this with PLGA-/PPP-
NPs loaded with the same amount of OVA. 24 hours later we analyzed the expression of
activation markers on the surface of T cells (CD69) and APCs (CD80) and measured T cell-
released IL-2 as a further indicator for T cell activation following antigen presentation by
APCs (Figure 6a). With increasing OVA concentrations the CD69-expression on T cells was
increased, reaching maximal expression levels at 125 ug/mL free, unbound OVA. The half
maximal CD69-expression on T cells was reached at 26.5 pg/mL, 4.35 pg/mL or 1.62 pg/mL
for soluble OVA, PLGA-OVA-NPs and PPP-OVA-NPs respectively (marked by dotted lines).
Incubation with untreated NPs did not affect APC-induced T cell activation and the use of
NPs together with unbound OVA did not alter the pattern of the curve compared with free
OVA alone. These results indicate that loading of OVA into PLGA- or PPP-NPs increases the
efficiency with which APCs can activate CD8 T cells in antigen-specific fashion. Coupling of
OVA to NPs leads to a significant decrease of the amount of antigen required for T cell
activation, which might be important to increase the efficacy of vaccination. T cell
activation is determined by the amount of presented antigen as processed peptides on
MHC | molecules by the APCs (signal 1), co-stimulatory signals from the APCs via CD80/86
(signal 2) and co-stimulatory cytokines [1]. We investigated if uptake of NPs affected the
expression of the co-stimulatory molecule CD80 on APCs in co-culture with OVA-specific
T cells. Incubation with blank NPs did not alter CD80 expression while incubation with
unbound OVA increased the percentage of CD80-expressing APCs to more than 80%. The
amount of OVA and consequent T cell activation that was needed to reach the half
maximal CD80 expression (marked by the dotted lines) was significantly higher for free
OVA (399 pg/mL) compared with PLGA-OVA-NPs (6.2 pg/mL) and PPP-OVA-
NPs (1.15 pg/mL).

Our results demonstrate that NPs alone do not cause functional maturation of APCs, but
that the antigen-specific interaction of APCs with T cells led to up regulation of co-
stimulatory molecules. The significant difference in T cell and APC activation between
OVA-loaded PLGA- and PPP-NPs may be explained by their different properties for antigen-
loading and antigen-release over time (pH 7.4) as PPP-NPs have a 2% higher loading
efficiency, in combination with an almost doubled antigen release over time. As the

antigen-release studies with pH 4.5-5.5, mimicking the phagolysosome conditions, were
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not conclusive we cannot prove or disprove that the acidification in the lysosome does
have an impact on this antigen release from the different NPs. On the other hand it is
reported that PEGylation leads to ~50% reduced phagocytosis of macrophages in vitro
compared to non-PEGylated NPs [45,46]. An aspect that alters NPs uptake is the zeta-
potential, which was published to negatively correlate with the ability of macrophages to
phagocytose NP [47]. As PPP-OVA-NPs do have an 8.7 mV higher zeta potential (-16 mV)
than PLGA-OVA-NPs (-24.7 mV) one could assume that the uptake of PLGA-NPs is
increased even further compared with PPP-OVA-NPs. Assuming that the PEGylation and
the surface charge in our PPP-NPs decreases in vitro uptake, the 16- and 35-fold increase
in CD69 and CD80 expression respectively, gets even more distinct, although the same
amount of OVA was used. Based on the previous findings of stronger CD69/CD80
expression it is no surprise that these differences are even more pronounced for the
production of IL-2. IL-2 is produced by the activated T cells and induces proliferation via an
autocrine feedback loop. The amount of free OVA necessary to induce T cell release of
5ng/mL IL-2 was 38 pg/mL. A 6-fold reduced amount was needed with PLGA-OVA-
NP (6.1 ug/mL) and a 30-fold reduced amount with PPP-OVA-NP (1.26 pg/mL) (Figure 5a).
Taken together, the NPs from PLGA derivatives incorporating OVA were superior with
respect to antigen-presentation and antigen-specific activation of T cells although the

uptake speed of PPP-Ova-NPs might be affected by PEGylation and surface charge.
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Figure 6: OVA-loaded PPP-NPs significantly increase T cell/macrophage activation and in vivo kill efficiency. The
NP size for PLGA and PPP is 250 + 30 nm. (a) OTI T cells and APCs were co-incubated with the indicated OVA
concentrations either as unbound control (OVA), loaded within NPs of the indicated polymer type or as a co-
incubation with unloaded PPP-NPs for 24 h. CD69 and CD80 expression was detected by FACS, IL-2 by ELISA.
Mean + SD is shown for the antigen dependent CD69 expression on OTI T cells, CD80 expression on APCs and IL-2
production in the supernatant for all measured concentrations (n=4). (b) Immunization scheme for the in vivo Kkill
assay in which C57BL/6 mice were immunized sc with PBS, OVA, PLGA-OVA or PPP-OVA-NPs * TLR agonist. (c) 4 h
and 24 h in vivo kill for OVA, PLGA-OVA-NPs and PPP-OVA-NPs. The mean + SD is shown (n=3-5). (d) 4 h in vivo kill
for OVA and PPP-OVA + ODN CpG1826 (CpG) or Cholera toxin subunit B (CTB). The mean + SD is shown (n=5).

4.3.6. PLGA-OVA-NPs improve generation of cytotoxic CD8 T cells in

vivo

PLGA-OVA-NPs and PPP-OVA-NPs were superior to soluble OVA to elicit antigen-specific
T cell activation in vitro by myeloid APCs. In vivo this may be different as the NPs might
encounter additional hurdles, such as attachment to endothelial cells. We immunized wild-
type BL6 mice twice sc with OVA, PLGA-OVA-NPs or PPP-OVA-NPs in PBS at day O and
day 7 to induce the activation and proliferation of endogenous SIINFEKL-specific T cells.
After additional 6 days we analyzed antigen-specific cytotoxicity in vivo by injecting
differentially labeled target cells (Figure 6b). In OVA-immunized mice we did not detect

any OVA-specific T cell-mediated cytotoxicity, neither 4 h nor 24 h after injection of target
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cells (Figure 6c¢). This was expected as it is known that antigen alone in the absence of
adjuvants, does not elicit T cell activation and formation of cytotoxic effector T cells [1].
PLGA-OVA-NPs did not significantly increase the specific cytotoxicity after 4 h but did so
after 24 h (15.4%). PPP-OVA-NPs on the other hand not only increased the specific kill
significantly after 4 h (15.6%) compared with soluble OVA, but also elicited an increased
cytotoxicity compared with PLGA-OVA-NPs injected mice (39.5%). These results confirm
our in vitro data and demonstrate that PLGA-based NPs can be used as carrier for
prophylactic vaccination strategies. As the state-of-the-art vaccine requires adjuvants to
elicit functional maturation of APCs and PLGA-based NPs could also be used as carrier for
additional adjuvants, we repeated the above mentioned immunization scheme for OVA
and PPP-OVA-NPs in a mix with the TLR9-ligand ODN-CpG and cholera toxin subunit B
(CTB) which both are commonly used adjuvants for in vivo experiments. The addition of
CpG or CTB increased the specific kill for PPP-OVA-NPs only slightly while the
OVA/adjuvant mix did increase more than 50% reaching the same level as PPP-OVA-NPs
with adjuvant. Thus, loading of OVA into PPP-NPs increased the T cell response to such an
extent that there was only some benefit from additional adjuvant (Figure 6c). Our findings
are of interest for the formulation process of vaccines since it may reduce the number of
components required and could reduce adjuvant-induced side effects. It is possible that
the further addition of an adjuvant to the NP/antigen formulation may strengthen the
T cell response even further. Although the difference between OVA+adjuvant versus PPP-
OVA-NPs+adjuvant is not significant it is possible that the combinatorial use of PPP-OVA-
adjuvant-NPs may provide a further beneficial effect on vaccination efficiency. Similar to
the increase in antigen-presentation if antigen is complexed with NP, encapsulated
adjuvant within the NP may increase vaccination efficiency. It was shown that inclusion of
the adjuvant together with the antigen inside the same NPs leads to an increased
stimulation of APCs, because it elicits functional maturation in the same cell that processes

the antigen for T cell activation [48,49].

4.4. Conclusion

We observed a significantly increased release of antigen from NPs, which was expected for
PEG-b-PLGA NPs, Our study shows that the NP uptake in myeloid derived antigen

presenting cells is independent from different PLGA polymers, while NP concentration and
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size determine the uptake by APCs, with NP sizes ranging between 250-400 nm showing
the best cellular uptake. Using in vitro and in vivo experimental models for antigen-specific
T cell activation, we show that OVA-loaded PLGA-based NPs increase antigen presentation
by APCs and thus cause CD8 T cell activation determined by measuring CD69 and IL-2
production. Furthermore we observed the generation of CD8 T cells in vivo through OVA
formulated to PEG-b-PAGE-b-PLGA that led to potent antigen-specific cytotoxicity. Thus,
PPP-NPs appear as a suitable platform for future vaccination formulations as they already
contain adjuvant-effects and may serve as carrier for cancer-derived antigens in order to
improve tumor-specific immunity. The use of TLR ligands, loaded inside the NPs, may
further strengthen the outcome of vaccination. Further experiments need to address
whether those additional modifications may improve the success of vaccination also in a

therapeutic setting, where conventional vaccination protocols have failed.
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5.1. Introduction

Nano drug carrier systems increasingly gain influence in the field of galenic drug
formulations. By the use of drug carrier systems in general, problems associated with the
free drug or therapeutic ineffectiveness can be solved. Problems that can be addressed,
are for example an unfavorable pharmacokinetic, a faster in vivo degradation, poor
biodistribution or even a lack of selectivity for the target tissue [1]. In short, these carrier
systems can improve the bioavailability and significantly reduce the toxicity of the free
drug [2]. Especially great potential promises nanoscale carrier systems, so-called
nanocarriers. The term nanoscale defines a size range of approximately 1-100 nm.
However, even though nanocarriers are systems which can be in this size range the term
also describes systems in the sub-micrometer from 1-1000 nm [3]. Major disadvantages of
most nanocarriers are the poor scale-up possibility and bad reproducibility of particle
production precluding a commercial or clinical use of nanoparticles [4]. Depending on the
encapsulated drug, especially colloidal systems based on lipids or polymers are most likely
suitable. Consequently, such systems are well studied in recent years [5—7]. The enormous
potential of nanocarriers is due to their small size and large surface-to-volume ratio
enabling a good tissue penetration and a high cellular uptake. Both are important aspects
in order to allow a carrier system to effectively deliver a drug to the site of action. For the
preparation of such nanoscaled carrier systems the nanoprecipitation method is one of the
most prevalent and commonly used method [5]. The nanoprecipitation method,
investigated by Fessi in the end of the 1980s [8], is a simple, rapid, inexpensive and due to
the low energy input an especially gentle manufacturing process for polymer-based
nanoparticles. Specific for the nanoprecipitation method is the precipitation of a dissolved
polymer forming particles, after mixing the solvent with a non-solvent for the polymer
containing stabilizing agents. The solvent is thereby totally miscible with the non-solvent.
The nanoparticles are formed immediately by fast diffusion of the solvent into the non-
solvent forming small nano-droplets, which are directly coated by stabilizer [9-11]. This
method is not limited to a specific polymer but can be transferred to many synthetic or
natural polymers which are relevant as drug carrier materials [12]. In literature already a
multitude of parameters influencing the nanoparticle sizes are extensively discussed.
Besides the polymer, solvent and non-solvent, also process parameters, like injection

speed of the solvent, FR of the non-solvent and the hydrodynamic forces and their
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distribution in the non-solvent with respect to IP influence the particle formation. Most of
the parameters are considerably depending on the operator and are difficult to
control [12]. To overcome this operator dependency can be avoided using an automated
system for nanoparticle preparation, which would also allow for scale-up. Therefore, a
fluidic nanoprecipitation system was established by Xie and Smith in 2010 [13] without
evaluation and identification of production-influencing process parameters. The present
work, focus on a broader understanding of the SAN-System and the impact of the process
parameters on the formation of a model drug carrier system. Hence the preparation of
blank PLGA particles was investigated analyzing size, size distribution and morphology of
the particles. This system can be a viable step on the road to commercialized nanoparticle

production for nanomedicines of sufficient pharmaceutical quality.

5.2. Materials and method

5.2.1. Materials

PLGA - Resomer RG 503 H was supplied by Evonik Industries AG (Darmstadt, Germany).
DMSO (HPLC grade) and Spectra/Por® 7 - dialysis membrane was purchased from Sigma-
Aldrich Chemie GmbH (Steinheim, Germany). PVA (Mowiol 4-88) was purchased from
Kuraray Europe GmbH (Hattersheim, Germany). Water used for all preparations and
investigations was Millipore Q-Gard 2 (Merck Millipore, Billercia, United States). All other

chemicals used were of analytical grade.
5.2.2. Experimental setup — SAN-System

The developed SAN-System is composed of several modules (Figure 1). The relevant parts
of the system are the syringe pump (Harvard Apparatus PHD ULTRA, Harvard Apparatus
Inc., Holliston, USA), the syringe (Hamilton 1005 TLL, CS-Chromatographie Service GmbH,
Langerwehe, Germany), and the gear pump (Ismatec SA MC-Z, IDEX Health & Science
GmbH, Wertheim, Germany) with the respective tubing (@imer = 4.8 mm, Norprene
Chemical, VWR, Darmstadt, Germany). The syringe pump is controlling the IR of the
polymer solvent, by a needle with a straight needle head (Metal (N) Hub Needle 0.72x0.41,
ps 3, CS-Chromatographie Service GmbH, Langerwehe, Germany), into the tubing. The

gear pump is controlling the FR of the polymer non-solvent within the tubing (0.1 to
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100 ml/min). The beginning and end of the tubing’s are placed into a beaker with stir bar,
for sampling. To avoid bending influenced turbulences [14] at the injection point and to
keep the injection point and angle always constant a tube straightener module is used. The

needle penetration depth is thereby controlled by a spacer bar (Figure 1A).
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Figure 1 | A) Schematic presentation of the Semi-Automated Nanoprecipitation-System consisting of a syringe
pump with a syringe (1), polymer solution to inject (2), a spacer at a needle with a straight head (3), a tube
straightener module (4) a gear pump (5), a beaker with stir bar (6), and the tubing (7) B) Schematic presentation of
the nanoparticle formation.

5.2.3. Preparation and washing of nanoparticles

Nanoparticles were prepared with by the SAN-System. Different concentrations of PLGA
polymer (16.6-100 mg/ml) were dissolved in 3 ml DMSO, drawn up into a 5 ml syringe with
a straight needle head and plugged in a syringe pump. 40 ml of a 2% PVA solution was
used to fill the tubing beaker and gear pump. The resulting nanoparticle solution was
purified by dialysis (Molecular weight cut off 15,000 Da) in water (in 2 liters for 2 hours) to
reduce the amount of DMSO for improved lyophilization. Finally, the nanoparticles were
purified by centrifugation at 15,000 g for 10 min (Rotina 420 R, Hettich Lab Technology,
Tuttlingen, Germany) and washed twice with water to remove excess PVA. After puri-
fication Trehalose (w/w) was added as a cryoprotectant for lyophilization. Three indepen-

dent batches for each formulation were prepared and stored at 6 °C after lyophilization.
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5.2.4. Characterization of nanoparticles

The average size (in nm) and size distribution (polydispersity index - PDI) of the polymeric
nanoparticles were measured using DLS (Zetasizer Nano ZSP, Malvern Instruments,
Herrenberg, Germany) at 25°C. The measurements were performed with aqueous
dispersions of nanoparticles (~ 0.1 mg/ml) before lyophilization. The surface morphology
was determined by SEM (Zeiss EVO HD15, Jena, Germany) after sample coating with a
10 nm gold layer (Q150R Rotary-Pumped Sputter Coater, Quorum Technologies, UK) at a

focal distance of 10 mm and an acceleration voltage of 5 kV.
5.3. Results and Discussion

The primary objective of our study is the evaluation of the relevant parameters of the SAN-
System to control particle size. Several parameters were investigated to show the
influence on particle formation. These are the needle position inside of the tube moving
the drop formation to different flow conditions of the non-solvent, the IR of the solvent
from the syringe, the FR of the non-solvent in the tubes and the polymer concentration. As
standard parameters an aqueous 2% PVA solution as non-solvent with a FR of 20 ml/min
50 mg PLGA in 3 ml DMSO as solvent for injection into the non-solvent with an IR of
0.05 ml/min at a fixed needle position in the center of the tubing was used. The size and
PDI of the resulting nanoparticles were evaluated as key parameters for comparing the

particles supported by scanning electron microscope micrographs.

Based on the laminar flow profile inside the tubes which was estimated by calculating the
Reynolds number (< critical Reynolds number of ~2,300 for all flow rates investigated [15])
it was assumed that the drop formation and as a consequence particle formation is
influenced by the IP. The reason for this assumption is the different flow speed in the
center or near the edge of the tube. The head of the needle was placed in the center or
near the tube wall at the injection point of the tube or the opposite side of the IP. The
penetration depth of the needle was controlled by a spacer and all other parameters, IR,
FR and PLGA concentration were kept constant. Smaller and more uniform droplets/
particles are estimated for the centered position because of the higher flow speed in the
center of the tube. The difference between the centered and the edge position was

1.5 millimeter. Independently from the needle position no significant smaller particles for
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the centered position (size 208.1 + 4.7 nm, PDI 0.09 + 0.03) compared to the edge
positions (size 213.4 + 14.7 nm, PDI 0.07 = 0.03) were found. This is supported by
calculations of flow speeds in the center and near the edge of the tubes that show only a
difference of 5%. Due to the better handling and no significance of the IP, for all other

experiments the center position was used.

To clarify the influence of different IR of the syringe pump, 0.01, 0.05 and 0.25 ml/min
were used, with a constant FR of 20 ml/min and PLGA concentration of 50 mg/ml. The
needle diameter was also kept constant, because bigger or smaller diameter would only
lead to higher or lower speed using the same IR. In detail, the bypassing circulation of non-
solvent in the tubes tears off a solvent droplet from the needle exit (Figure 1B). With
higher IR bigger droplets will be formed and as a consequence bigger particles as the FR
was kept constant and hence the force to tear off a drop. As expected an increased size
from 145 nm at 0.01 ml/min IR, 154 nm for 0.05 ml/min IR up to 179 nm for 0.25 ml/min
IR, with a PDI for all results always below 0.1 was found. Consequently, by using different
IR the experimental time increases. With the same amount of 50 mg PLGA polymer in 1 ml
DMSO, with a decreasing IR from 0.25 ml/min to 0.01 ml/min, the experimental time
increases from 4 min up to 100 min. As a perspective also a run with an IR of 0.1 ml/min,
PLGA concentration of 50 mg/ml and FR of 20 ml/min with an extended time over 8 h was
performed. Compared to our short runs, we found no major difference in

size (148.1 + 2.5 nm), by scaling up the amount of polymer and injection time.

For the control of the FR a gear pump was used. The use of a peristaltic pump was
excluded due to the non-constant and pulsatile flow, which would have complicated or
even dismantled the analysis of this parameter. The use of different tube diameters was
also not necessary, because thinner or thicker tubes would only result in a changed overall
flow speed. Representatively the adjusted flow rates of 1, 4, 8 and 20 ml/min lead to flow
speeds of 5.76, 23.06, 46.11 and 115.28 cm/min. The FR used - 1, 4, 8 and 20 ml/min for
50 mg/ml PLGA resulted in a steady increase of particles size from 155.6 nm for 1 ml/min
up to 228.3 nm for 20 ml/min. This trend is also observed for other PLGA concentrations
(Figure 2). Furthermore it is evident, that with a decrease in FR the particle distribution is
increasing. Starting from a PDI with 0.03, which represents a uniform distribution the PDI

raises up to 0.15 indicating a more polydisperse size distribution [16]. Due to the higher
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polydispersity of particles prepared with the FR of 1 ml/min this FR was not used for later

experiments.
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Figure 2 | Bar chart with particle size and PDI as a function of FR and polymer concentration. SEM images A-H to the
corresponding DLS measurements. Size of the scale bar = 500 nm.

Regarding the influence of the polymer concentration six different PLGA concentrations
from 16.6 mg/ml to 100 mg/ml dissolved in DMSO were tested, while keeping the other
parameters constant. The effect of different PLGA concentrations in combination with
different FRs for the non-solvent can be seen in Figure 2. For lower PLGA concentrations
16.6 and 33 mg/ml no change in the size was observed. By increasing the PLGA
concentration further from 50 to 100 mg/ml the size of the particles increased up to
580 nm. For higher PLGA concentrations 1 ml/min FR were excluded due to the too high
polydispersity. The effect of the concentration on particle size is most likely due to an
increase of the viscosity of the solvent, with a higher amount of dissolved polymer. The
injected polymer stream from the syringe is still the same, but with a higher viscosity of

the solvent more force is needed to tear off a drop from the stream.
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Additionally to DLS the size measurements were evaluated with SEM images (Figure 2).
The particles are spherical and image analyses by Image J revealed 10-20 nm smaller
particles. This difference is due to hydrodynamic diameter obtained in DLS, compared to
diameters measured under dried conditions with SEM. To summarize, it was possible to
generate particles from 150 to 600 nm. The strong influence of the polymer concentration
by bench-top (manual) performance of nanoprecipitation was already claimed in

literature [17,18].

5.4. Conclusion

In summary, it can be concluded that the particle size and distribution of the PLGA
nanoparticles can be controlled by varying the FR, IR and polymer concentration using the
SAN-System in a large range from 150 to 600 nm. The influence can be ranked from IP with
no influence under the experimental conditions chosen and to an increasing influence for
IR, to FR to polymer concentration. With increasing FR, the resulting particles are smaller.
By increasing the IR, the resulting particle size of the prepared PLGA nanoparticles
increases (increase of nanoparticles particle size: 0 ~ | < IR < FR-1 < Cpolymer)- In the present
work the polymer concentration was identified as the most relevant process parameter
regarding size and size distribution of the particles. The results demonstrate that the
developed and validated SAN-system is able to produce particles in a reproducible and
controllable manner by the principle of nanoprecipitation without any influence of the
operator. Additionally a larger scale-up for the production of nanoparticles with no
restrictions is possible, because the quantities of solvent and non-solvent are not limited
to a certain extend. Sizes between 100 to 600 nm can be specifically produced for the

respective application requirement.
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6. Overall Conclusion and Outlook

The major aim of the thesis was to show the potential of oral vaccine delivery using
nanoparticulate delivery systems for vaccination. Therefore the model protein OVA was
used, which can be either used for method development, but also for in vivo murine
studies. NPs are an ideal protective vehicle for oral vaccine delivery as they protect the
vaccine from harsh gastrointestinal environment and can be taken up efficiently by APCs
to induce immunological responses. In literature oral vaccination plays an important role
in current research, due to the huge advantages. Nevertheless, disadvantages like
potential degradation of the vaccine based protein, with probably inefficient uptake
through the intestinal wall and APCs or low immune response need to be considered. With
regard on theses specific issues, we investigated different approaches, like usage of
different adjuvants and polymers with passive and active drug targeting properties. We
focused with our work on the in vitro and in vivo evaluation of a nanoparticulate vaccine

delivery system as a platform for oral vaccination.

For our research the well-known and FDA approved polymer PLGA was used, to create
modified PLGA derivatives for passive and active drug targeting, to further improve NP
uptake and achieve higher immune response. Specific modifications of PLGA should lead
to lower regulatory obstacles for registration, of a new vaccine delivery system, and
clinical trials, rather than using an unknown and maybe unsafe polymer. Besides the basic
PLGA polymer, the following modified PLGA derivatives were used for our research:
PEG-b-PLGA, unmodified PEG-b-PAGE-b-PLGA, Mannose-PEG-b-PAGE-b-PLGA and Amine-
PEG-b-PAGE-b-PLGA polymer. On the one hand the PEGylation was added in order to
increase the hydrophilic character of the polymer (PEG-b-PLGA polymer) and consequently
enhance the encapsulation and release properties for proteins. On the other hand the
PEGylation forms a shell on the NP surface and can mask the NPs from host’s immune
system, prolonging the presence of the PEGylated NPs in the human body (passive drug
targeting). For our in vitro and in vivo studies different PLGA, PEG-b-PLGA and unmodified
PEG-b-PAGE-b-PLGA polymers were available in sufficient large quantities. As the
Mannose-PEG-b-PAGE-b-PLGA and Amine-PEG-b-PAGE-b-PLGA polymers were only
accessible during later stages of the experiments and also only in small quantities, the

prepared NPs with the model proteins OVA and Her-2/neu were directly send to partners,
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for further characterization and in vitro and in vivo studies.

For active drug targeting a PAGE group was added between the PEG and PLGA building
block (PEG-b-PAGE-b-PLGA polymer) to link covalently functional groups to the polymer.
Functional groups or ligands can reduce associated side effects and furthermore the total
dose of NPs needed for vaccination. Tested side-chain functionalizations are the Mannose
functionalized Mannose-PEG-b-PAGE-b-PLGA and the Amine functionalized Amine-PEG-b-
PAGE-b-PLGA polymer. As mentioned before in the main introduction part the Mannose
functionalization can target the Mannose receptor of APCs, facilitating the NP uptake in
APCs, whereas the Amine functionalization was introduced to mimic the properties of
starch or chitosan NPs, which are able to open the tight junctions, due to their cationic
surface charge and increase the uptake through the intestinal wall. The results of the
thesis demonstrate the potential of modified PLGA polymers, PEG-b-PLGA and PEG-b-
PAGE-b-PLGA, for the protection of the protein from degradation and for the induction of
higher immune responses, in contrast to the basic PLGA polymer. Furthermore adjuvant-
effects of the nanoparticulate vaccine delivery systems made of the unmodified PEG-b-
PAGE-b-PLGA polymer were demonstrated. Unfortunately, the Amine-PEG-b-PAGE-b-PLGA
could not show any benefit in the performed studies. A possible explanation is the
pH dependency of the amine functionality and the absence of the permanent, cationic
charge of the amine, to mimic the cationic Chitosan. For Mannose-PEG-b-PAGE-b-PLGA
NPs a different routing of NP uptake was observed. Walden et al. recently found the
uptake of these NPs in early endosomes rather than acidified endosomes, in comparison
to already published studies (paper still under review). However, a significant higher
efficiency of T cell stimulation of Mannose-PEG-b-PAGE-b-PLGA NPs was determined, than
with PLGA NPs.

As shown in the third chapter of the thesis even the unmodified PEG-b-PAGE-b-PLGA
polymer shows in first in vitro studies, with the model protein OVA, superior properties
over the basic PLGA and PEG-b-PLGA polymer. A significantly increased loading for the
PEG-b-PAGE-b-PLGA polymer was observed, with lower tendency to degrade the
encapsulated protein. The PEGylation alone had no major impact on OVA loading,
however the addition of the PAGE building block between PEG and PLGA, increased the

OVA loading significantly. For the release of protein a minor impact of the PEG group was
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observed by increasing the OVA release slightly. However the burst and sustained release
from PEG-b-PAGE-b-PLGA NPs was roughly 50 to 100% higher compared to PEG-b-PLGA
and PLGA NPs. Initially the PAGE group was inserted to add functionalities to the polymer.
Surprisingly the non-functionalized PAGE group added already major benefits in loading
and release of the model protein, what can be only attributed to the combined PEG-b-

PAGE functionality.

As the unmodified PEG-b-PAGE-b-PLGA polymer shows in in vitro systems potential
benefits, the polymer has been also evaluated within an in vivo mouse vaccination study.
Therefore, in the fourth chapter of this thesis, PLGA and PEG-b-PAGE-b-PLGA NPs were
used in in vitro and in vivo mouse vaccination studies. First the safety of the NPs was
proven, regarding cytotoxicity, endotoxin content and stability. As almost the same
polymers were used, from the chapter before, the same favorable loading and release
characteristics were found for PEG-b-PAGE-b-PLGA, compared to PLGA. With different
PLGA and PEG-b-PAGE-b-PLGA NP sizes a polymer independent and size dependent uptake
optimum between 250-400 nm in macrophages (APC) in vitro was found. The following
cross presentation of antigen on MHC | molecules and subsequent CD8" T cell activation
was highly dependent on the polymer type. PEG-b-PAGE-b-PLGA NP showed in vitro a
significant increased T cell activation, determined by CD69 up-regulation on T cells, CD80
expression on macrophages and a higher IL-2 production of T cells. In in vivo mouse
studies, sc application of PEG-b-PAGE-b-PLGA NPs, resulted in the generation of CD8"
T cell-mediated OVA-specific cytotoxicity, that was more pronounced than after
application of OVA alone or PLGA-OVA-NPs. Additionally an intrinsic adjuvant-function of
PEG-b-PAGE-b-PLGA NPs was found, because the NPs were as good as OVA alone with

additional adjuvant.

For the vaccination study the synthesis of PLGA NPs with increasing sizes for size
dependent uptake studies in APCs were necessary. The standard methods for the
preparation of NPs are the double emulsion or nanoprecipitation method, which are
commonly used to produce NPs in a size range of 150-250 nm. However these methods
lack in the preparation of NPs with different sizes in a controlled manner, especially in
terms of reproducibility and scale-up possibility. Therefore, in the fifth chapter of this

thesis, a semi-automated system for an operator independent, scalable and size-
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adjustable nanoparticle synthesis, on the bases of the nanoprecipitation method, was
investigated. With the “Semi-Automated Nanoprecipitation System”, by varying process
parameters, NPs in a size range of 150 to 600 nm with a narrow size distribution
(PDI < 0.15) were achievable. Furthermore, a production of NPs in a larger scale was
possible with this SAN-System. As the principles of the nanoprecipitation were used for the

SAN-System, encapsulation of hydrophilic substances, like proteins was not achieved.

Suggestions for future work

Based on our studies and literature survey, vaccination via the oral route shows great
potential to develop effective immune responses, with all mentioned benefits. However,
the major challenge is the delivery of the vaccine via the oral route to APCs to generate an
efficient immune response. From our studies, we have shown the great potential of our
nanoparticulate vaccine carriers, nevertheless the proof of concept for a successful oral

vaccination is still an unresolved issue. The focus of future work should be:

I.  Mechanistic studies of the PAGE building block for the in vitro characterization of
the new PLGA derivatives. The influence and mechanistic action of the PAGE group
is still unclear. Therefore polymers with different molecular weight of PLGA, PEG
and also PAGE should be synthesized, in comparison to a PAGE-b-PLGA polymer,
without PEGylation.

Il.  Expansion of the mouse vaccination studies to a broad setup with oral and rectal
immunization, in comparison to sc vaccination, with PLGA, unmodified PEG-b-
PAGE-b-PLGA and Mannose-PEG-b-PAGE-b-PLGA and Amine-PEG-b-PAGE-b-PLGA
polymers.

lll.  Expansion of the SAN-System, to drug loaded nanoparticle, with a relevant

indication
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3D
AFM
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ANOVA
APC
AP
BCA
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CFSE
CpG ODN
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FCS
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analysis of variance
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dendritic cell
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enzyme-linked immunosorbent assay
fetal calf serum
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fluorescence-activated cell sorting
Food and Drug Administration

flow rate
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GALT gut associated lymphoid tissue

GIT gastrointestinal tract

GM1 monosialotetrahexosylganglioside 1
HBSS Hank's Balanced Salt Solution

Her2 human epidermal growth factor receptor 2
IL-2 interleukin 2

i.e. id est

im intramuscular

IP injection position

IR injection rate

iv intravenous

LAL limulus amebocyte lysate

LLOD lower limit of detection

M-CSF macrophage colony-stimulating factor
MFI mean fluorescence intensity

MHC major histocompatibility complex

Mn molecular weight

MP microparticle

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NEAA non-essential amino acids

nm nano meter

NP nanoparticle

OVA ovalbumin

o/w oil-in-water

PAGE poly(allyl glycidyl ether)

PAMP pathogen-associated molecular pattern
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PE
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PP
PPP
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PRR
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RNA
RT
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SEM
SEC
TEM
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w/o

w/o/w

polyethylene glycol

phosphate buffered

phosphate buffered saline
poly-g-lactone

polydispersity index
phycoerythrin
poly(D,L-lactide-co-glycolide)
PEG-b-PLGA

PEG-b-PAGE-b-PLGA

partitioning coefficient

pattern recognition receptor
polyvinyl alcohol

Rose Bengal

Roswell Park Memorial Institute medium
ribonucleic acid

room temperature
Semi-Automated Nanoprecipitation
subcutaneous

scanning electron microscopy
size exclusion chromatography
transmission electron microscopy
T cell receptor

Toll-like receptor

water-in-oil

water-in-oil-in-water
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