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Summary

Polymeric nanoparticles are promising drug delivery systems and antigen-carriers for vaccination. They
may enhance the severity or the type of the antigen-specific immune response and may facilitate
needle-free vaccination via the oral or respiratory route. However, the translation of nanoparticulate
systems from bench to bedside remains a major challenge. Among the reasons are the limited
knowledge and control of critical process parameters during early research, and the poor scalability to
and reproducibility in clinical research and the commercial stage. This thesis presents a novel, easily
scalable and potentially continuous method for manufacturing antigen-loaded polymeric
nanoparticles. The method allows for effective tuning of the nanoparticle size with economically
interesting yield, relevant antigen-loading capacity and retained antigen integrity across a batch size
range of four orders of magnitude, but with limited loading efficiency. Nanoparticle properties were
comparable between scales, but the process parameters were not found to be independent of or
proportional to scale. Two continuous methods were developed to simultaneously prepare and dry
such nanoparticles for improved process efficiency, and to manufacture enteric-matrix
multiparticulates for oral dosing. Further optimization is required to achieve full scalability, improve

the cost-effectiveness of the processes, and to demonstrate the functionality for an oral vaccine.
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Zusammenfassung

Polymerbasierte Nanopartikel sind vielversprechende Tragersysteme flr therapeutische
Anwendungen und Impfungen. Solche Systeme kdnnen Umfang und Art der antigen-spezifischen
Immunreaktion maRgeblich beeinflussen sowie die orale oder inhalative Gabe erméglichen. Allerdings
stellt die Translation von Forschungsergebnissen in die Klinik eine groRe Herausforderung dar, die von
der eingeschrankten Kenntnis und Kontrolle kritischer Prozessparameter sowie der ungenligenden
Skalierbarkeit zu klinischer Entwicklung und kommerzieller Herstellung erschwert wird. Hier wurde
eine neue, skalierbare und potentiell kontinuierliche Herstellungsmethode fiir antigen-beladene
polymerbasierte Nanopartikel entwickelt. Sie ermoglicht das Anpassen der PartikelgrofRe bei
wirtschaftlich interessanter Ausbeute, relevanter Antigenbeladung und erhaltener Antigenintegritat
iber vier GréBenordnungen von LosgréRen, allerdings bei limitierter Antigenausbeute. Ahnliche
Partikeleigenschaften wurden (ber verschiedene LosgrofRen erzielt, jedoch waren die
Prozessparameter nicht unabhangig von oder proportional zum Prozessvolumen. Eine kontinuierliche
Methode zur effizienten weil simultanen Generierung und Trocknung von Nanopartikeln wurde
entwickelt, sowie eine weitere zur Herstellung magensaftresistenter multipartikuldrer Pulver zur
oralen Anwendung. Weitere Prozessoptimierung ist notwendig fiir vollstandige Skalierbarkeit und

verbesserte Wirtschaftlichkeit, sowie der Beweis der Anwendbarkeit fiir die orale Impfung.
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1] Index of abbreviations

API active pharmaceutical ingredient
CoV corona virus

COVID-19 coronavirus disease 2019

EC European Commission

EMA European Medicines Agency

Eul Eudragit® L

FDA United States Food and Drug Administration
FNP flash nanoprecipitation

GIT gastrointestinal tract

GM-CSF granulocyte-macrophage colony-stimulating factor
iFNP inversed flash nanoprecipitation

ISO International Organisation of Standardization
IUPAC International Union of Pure and Applied Chemistry
LNP lipid nanoparticles

mRNA messenger ribonucleic acid

P-407 poloxamer 407

PCL polycaprolactone

PEG polyethylene glycol

PLA poly(lactic acid)

PLGA poly(lactic-co-glycolic acid)

PVA polyvinyl alcohol

RNA ribonucleic acid

SARS severe acute respiratory syndrome

SiRNA small interfering ribonucleic acid

Tg glass transition temperature

T-VEC talimogene laherparepvec
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Introduction

1. Introduction

1.1. A brief history of nanotechnology

Nanoparticles have been present in the life of humans long before scientists sought to understand the
special nature of nanomaterials. More than 100,000 years ago, archaic humans were using fire as a
source of heat and light, to cook, to craft tools, to hunt; and unwittingly created nanoparticles of
carbon and ash in the process. Modern humans were consuming casein micelles when they started to
consume dairy products several thousand years ago in the Neolithic period, and they were using clay
colloids for pottery. The anti-microbial effect of colloidal silver was exploited by using silver vessels to
preserve water and food, and by using silver plates or silver preparations for wound treatment since
the bronze age (1). Colloidal gold was used as red pigment in glassware and colloidal ferric tannate as

pigment in inks since the late antiquity, and the Renaissance saw colloidal gold used as medicine.

However, it was not until the 19" century that humankind made its first conscious efforts to interact
with matter on the nanoscale by what became known as colloidal chemistry or colloidal sciences. The
International Union of Pure and Applied Chemistry (IUPAC) defines a colloidal system as a dispersion
of molecules or particles with a dimension between 1 nm and 1 um in at least one direction (2). This
size range can be traced back to at least 1919, when le Chatelier proposed that the “diameter of the
true colloids approaches a millionth of a millimetre, and is always much less than a thousandth of 1
mm" (3). The term colloid (from Ancient Greek k6A\a, “glue”) was introduced by Thomas Graham and
first published in 1861. Graham observed in his fundamental experiments on dialysis that solutions of
inorganic salts, sugar etc. were membrane-permeable and vyielded crystallized particles upon
evaporation, while colloidal dispersions were not permeable through a membrane and yielded
amorphous gelatinous materials upon evaporation. (3) Graham considered that colloids are made of
molecules of very high mass and, thus, did not draw upon the works of Francesco Selmi and Michael
Faraday on colloidal silver and gold. The definition of colloids was broadened by Herbert Freundlich,

Wolfgang Ostwald, and Peter von Weimarn to include very fine crystalline dispersions (4).

A major breakthrough for the visualization of colloidal systems was the development of the electron
microscope in the 1930s by Ernst Ruska (Nobel Prize in 1986), Max Knoll, Bodo von Borries and Helmut
Ruska (5, 6). The following years saw many developments of nanoparticles made of metals and oxides
of metals and metalloids. The synthesis of gold nanoparticles from tetrachloroauric acid by reduction
in aqueous solution was first published by Hauser and Lynn in 1940 (7), further refined by Turkevich et
al. (8) and Frens (9), and is still the most commonly used method today (10). The Stober synthesis, of
comparable importance for the synthesis of homogeneous spherical silica nanoparticles, was

developed by Stober, Fink and Bohn in 1968 (11).
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The manipulation of matter at the nanoscale is not limited to colloidal systems. In his visionary lecture
“There’s plenty of room at the bottom” (12) in December 1959, Richard P. Feynman laid out several
ideas in the fields of miniaturization of manufacturing devices (“infinitesimal machines”), electronics
and data storage; electron microscopy; manipulation of single atoms, and atom-by-atom chemical (or
rather physical) synthesis of molecules. While he did not provide probable solutions himself, he
wanted to raise awareness for what is possible in principle, for what is in agreement with the laws of
physics, as a challenge to scientists to overcome the hurdles. Many of his ideas would later be realized

(and some would not):

In 1981, the scanning tunneling microscope was invented at IBM by Gerd K. Binnig and Heinrich Rohrer
(who shared a Nobel Prize with Ernst Ruska in 1986) and its successor, the atomic force microscope,
was described by Binnig, Quate and Gerber in 1986 (13). These microscopes not only enabled the
visualization of single atoms, but for the first time also their manipulation. This ability was impressively
demonstrated when IBM scientists spelled out their company’s logo with 35 xenon atoms on a nickel
substrate in letters measuring only 5 nm in height (14). In 1985, the first page of a novel by Charles
Dickens was etched with an electron beam on a 36 um? surface (15), and the goal of a storage density

of one bit per 125 atoms was demonstrated in 2002 (16).

Despite its undoubtedly visionary nature and many correct predictions, Feynman’s talk was only cited
7 times in the 20 years following its publication (17) in the Caltech magazine Engineering and Science.
The number of citations began to rise in the 1990s, and by 2009, references to Feynman’s talk were so
common that it became an “unwritten rule on Nature Nanotechnology that [it] should not be referred
to at the start of articles unless absolutely necessary” (18). The actual relevance of Feynman’s talk to
the early pioneers of nanotechnologies has been put into question, and it may have served rather as a
kind of “founding myth” that linked a then young field of science to the genius of a Nobel laureate (17,

19, 20).

Later important discoveries in the field of nanomaterials included the Buckminsterfullerene (21),
carbon nanotubes (22) and stable 2D monolayers of carbon (graphene) (23), semiconductor
nanocrystals (quantum dots) (24-26), and mechanically interlocked molecules (catenanes) (27) that

enabled molecular machines such as “molecular shuttles” (rotaxanes) (28) and molecular motors (29).

Along with the scientific progress of colloidal systems came many commercial applications of
nanoparticles, although the nanoscopic aspect of the constituents was rarely advertised. Notable
applications of colloidal systems include cements, ceramics, rubber, catalysts, pigments, latex paints,
surface coatings (e.g., non-wetting and “self-cleaning” surfaces), photographic films, sunscreen

(titanium dioxide or zinc oxide nanoparticles), microelectronics (this thesis is written on a computer
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with a processor built with a technology node of 14 nm), volume expanders, synthetic lung surfactant,
and eventually also drug delivery systems. By 2019, the Project on Emerging Nanotechnologies lists
more than 1800 products that are publicly advertised as employing nanomaterials or nanotechnology

(30).

However, not all of these applications would be considered nanotechnology in a narrower sense, one
reason being that there exist different understandings and definitions of what constitutes a

nanomaterial and what makes them special.

1.2. Definitions of nanoscience, nanotechnology, nanomaterials, and nanoparticles

The Royal Society and the Royal Academy of Engineering define nanoscience as “the study of
phenomena and manipulation of materials at atomic, molecular and macromolecular scales, where
properties differ significantly from those at a larger scale” (31 p. vii), and attribute the differences
mainly to a much higher surface-to-mass ratio and increasingly dominant quantum effects in
nanomaterials. They further define nanotechnology as “the design, characterisation, production and
application of structures, devices and systems by controlling shape and size at the nanometre scale”
(31 p. vii), where nanoscale is understood from 0.2 to 100 nm. This definition is broader than how
Norio Taniguchi originally introduced the term “nanotechnology” in 1974 (31 p. 5): “Nanotechnology
mainly consists of the processing of separation, consolidation, and deformation of materials by one

atom or one molecule” (32).

Many different organizations, scientific and regulatory, have published and adopted more or less
differing definitions of what constitutes a nanoparticle or a nanomaterial (Table 1) with size being the

most specific feature of all definitions.

The International Organization of Standardization (ISO) adopted the definition of the nanoscale as
“length range approximately from 1 nm to 100 nm”, a nanomaterial as “material with any external
dimension in the nanoscale or having internal structure or surface structure in the nanoscale” (33),
and a nanoparticle as a discrete piece of material “with all external dimensions in the nanoscale where
the lengths of the longest and the shortest axes of the nano-object do not differ significantly” (34). The
aspect ratio is used to differentiate the nanoparticle from a nanofiber or a nanoplate. The I1SO
definitions do not consider whether the objects in question exhibit special properties due to their size.
However, the ISO further specifies engineered nanomaterials (“designed for specific purpose or
function) and manufactured nanomaterials (“intentionally produced to have selected properties or

composition”) to differentiate from incidental nanomaterials.
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Table 1. A selection of scientific, advisory, and regulatory definitions of “nanomaterial”.

Body Definition of “nanomaterial” Type Ref.

1SO Any dimension or internal or surface structure in the range of 1- scientific (33, 34)
100 nm

IUPAC Nanoparticle: at least 2 dimensions in the range of 1-100 nm. Up scientific (35, 36)

to 500 nm with reference to other phenomenon (e.g., turbidity,
stable dispersion)

FDA Any dimension or surface structure in the range of 1-100 nm. Up advisory (37)
to 1000 nm if engineered to exhibit properties attributable to
dimensions.
European Commission > 50 % of the particles (number size distribution) with at least one advisory (38)
recommendation of dimension in the range of 1-100 nm; including fullerenes,
nanomaterial graphene flakes and single wall carbon nanotubes <1 nm.
European Commission intentionally produced; any dimension or internal or surface regulatory (39)
regulation of food structure in the range of 100 nm or less, including larger structures
information that retain “properties that are characteristic of the nanoscale”
European Commission insoluble or biopersistant, intentionally produced; any dimension regulatory (40)
regulation of cosmetics or internal structure in the range of 1-100 nm

Note: The European Commission has issued several more regulations and approval procedures for nanomaterials, including
the REACH framework (Regulation (EC) No 1907/2006), Novel food Regulation (EC) No 2015/2283, and the Medical devices
regulation proposal COM(2012)542; summarized by Rauscher et al. (41). Bremer-Hoffmann et al. (42) summarized the
regulatory landscape of nanomedicines in further countries. Other national and international institutes for standardization
have issued definitions not listed here, including ICH, CEN, ASTM, DIN and more.

The IUPAC does not yet define a nanomaterial, but defines a nanocomposite as a “composite in which
at least one of the phase domains has at least one dimension of the order of nanometres” (35). The
given size range seems to be similar to the IUPAC definition of a colloid as dispersed particles with “at
least in one direction a dimension roughly between 1 nm and 1 um” (2). However, a nanoparticle is
more narrowly defined as a “particle of any shape with dimensionsinthe 1x 10 and 1 x 10~ m range”
(36), i.e. the same range as the ISO definition, although the aspect ratio is not considered. By note,
tubes and fibers with only two dimensions below 100 nm are included in the definition, but plates with

only one dimension below 100 nm are not mentioned.

Interestingly, it is specifically mentioned that “because other phenomena (transparency or turbidity,
ultrafiltration, stable dispersion, etc.) are occasionally considered that extend the upper limit, the use
of the prefix “nano” is accepted for dimensions smaller than 500 nm” (36). This is of special significance
for the determination whether a drug delivery system is considered nanoparticulate, because many
systems in the range of 100-1000 nm are described in the literature (including systems presented in
this thesis) that still interact quite differently with biological membranes and biological processes than
larger particles. For instance, such systems may have the ability to cross membranes and to enrich in
certain tissues against the classical concept that only dissolved drugs may be absorbed and distributed.
They may be taken up by cells in different endocytotic pathways. Crystalline material in that size range
does hardly benefit from increased saturation solubility but may still have a considerably increased

dissolution rate (43). Such systems may still have an increased surface adhesiveness (e.g. to the skin
4
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or gut wall) that may be exploited for topical formulations, to increase the retention time in the

gastrointestinal tract, or for local drug delivery to the gut mucosa (44).

While at first this poses mainly a challenge in interdisciplinary scientific communication, also
manufacturers and regulators in healthcare and beyond need to deal with the specific benefits and
hazards of nanomaterials and nanotechnology. For example, when nanomaterials pose specific
environmental or occupational hazards that require specific risk mitigation strategies, a manufacturer
or employer needs to know in which case such risk mitigation strategies are legally binding. Also, when
specific properties of nanomaterials or their nature as such may influence the decision of a consumer
to buy a product, a clear definition is needed when a nanomaterial needs to be declared. But with an
ever-increasing number of vastly different nanomaterials and their applications, it is very challenging
for regulators to define a legally binding framework that may keep up to date with the concurrent

developments.

The guidelines of health authorities are of special interest to the pharmaceutical scientist. Currently,
no dedicated frameworks for nanomedicinal products have been issued in the major markets. Such
products are still regulated within the existing frameworks of medical devices and medicinal products.,

and may occasionally border on regulations for cosmetics or novel foods (45 p. 55).

The European Medicines Agency (EMA) issued a reflection paper on medicinal products employing
nanotechnology in 2006 (46). The paper used the definitions of the Royal Society and the Royal
Academy of Engineering for nanotechnology, nanomedicine, and the nanometer scale. Further
publications by the EMA focused on special considerations that emerged from the review of specific

products and are summarized in Table 2.

The United States Food and Drug Administration (FDA) finalized a guidance for industry in 2014,
containing non-binding recommendations whether an FDA-regulated product involves the application
of nanotechnology (37). This means that manufacturers may prepare for the approval process, but the
FDA keeps product assessments a case-by-case decision also with regards to the products potential
“nano-aspect”. The definition of the FDA largely reflects the definition of the IUPAC, with a difference
in that the FDA assumes an upper limit of 1000 nm if the material is “engineered to exhibit properties
or phenomena, including physical or chemical properties or biological effects, that are attributable to
its dimension(s)”. Further guidance documents issued by the FDA include liposome drug products, a
draft guidance on drug products in general that contain nanomaterials, and guidance on the use of

nanomaterials in cosmetic products or food for animals (Table 2).
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Table 2. Guidance Documents issued by EMA and FDA for medicinal products containing nanomaterials

Body Title Issued Status Ref.

Nanotechnology-based medicinal products for human use 2006 adopted  (46)

Data requirements for intravenous liposomal products developed with

. ) 2013 adopted  (47)
reference to an innovator liposomal product

EMA Surface coatings: general issues for consideration regarding parenteral

2013 adopted 48
administration of coated nanomedicine products P (48)

Development of block copolymer micelle medicinal products 2014 adopted  (49)

Data requirements for intravenous iron-based nano-colloidal products

2015 adopted 50
developed with reference to an innovator medicinal product P (50)

Considering Whether an FDA-Regulated Product Involves the Application of

2014 final (37)
Nanotechnology

Safety of Nanomaterials in Cosmetic Products 2014 final (51)
FDA Use of Nanomaterials in Food for Animals 2015 final (52)
Drug Products, Including Biological Products that Contain Nanomaterials 2017 draft (53)

Liposome Drug Products: Chemistry, Manufacturing, and Controls; Human

2018 final 54
Pharmacokinetics and Bioavailability; and Labeling Documentation (54)

1.3. Nanomedicine

4000 —

Number of documents mentioning
"nanomedicine" per year
N
o
o
o
1
T

1999
2001
2003
2005 1
2007
2009
2011
2013
2015
2017
2019
2021

Figure 1. Number of documents per year using the term “nanomedicine” in the title, abstract, or as keyword, beginning with
the first mention in 1999. Search performed on Scopus and SciFinder” on 06. December 2021. The number of documents for
2021 is expected to rise considerably as more documents published in that year will get properly indexed.

Nanomedicine is the application of nanotechnology to diagnose, treat or prevent diseases, and may
make use of medicinal products or devices. Based on searches on Scopus and SciFinder", the term

“nanomedicine” first appeared in the title, abstract or keywords of an article in an indexed journal in
6
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1999 (55), and over 3000 documents were published in 2021 (Figure 1). Of course, nanoparticles for
biomedical applications were in the focus well before the turn of the millennium. Maybe similar to
how nanotechnology is traced back to Feynman’s Plenty of Room, the concept of nanomedicine is
often traced back to Paul Ehrlich’s concept of the “magic bullet” as laid out in his talk before the 17"
International Congress of Medicine (56). Ehrlich, the father of modern chemotherapy, observed that
dyes injected in living organisms accumulate in different tissues — some in adipose tissue, others in
muscle tissue, the peripheral or the central nervous system. He postulated a specific binding between
the dye and a structure of the cell, a phenomenon he would investigate in greater detail in his studies
of immunology. Drawing upon this experience and on the lock and key principle proposed by Emil
Fischer, he would later embark on the search for novel small-molecule anti-infectives that could
selectively interact with the pathogen without hurting the host organism (,Wir wollen also den
Parasiten an erster Stelle moglichst isoliert treffen, dal hei}t, wir missen zielen lernen, chemisch

Ill

zielen lernen!” (57)). In his development of Salvarsan and Neosalvarsan, Ehrlich foreshadowed several
key principles of modern drug discovery, such as lead generation and lead optimization in a series of
systematic variations of the structure of an active molecule to establish a structure-activity

relationship, and ultimately to increase the therapeutic window.

Although Ehrlich most probably did not have nanoparticular carrier systems in mind, his analogy of the
magic bullet was often used to describe the mechanism by which nanomedicine sought to increase the
therapeutic window of therapies: Drug carriers that are small enough for safe and efficient distribution
through the body were designed to find and to enrich in the target tissue, and to release the drug
specifically at the site of action. The first such carrier system goes back to the visualization and
description of the self-assembly of phospholipids in sheets, leaflets, cylinders or vesicles by Bangham
and Horne in the 1960s (58-61). The phospholipid structures were originally used as model membrane
systems to study the properties and different behaviors of blood cells, or particulate matter that is
brought in contact with blood: The composition of the hydrodynamic shear plane, the surface charge,
opsonization, and clotting behavior. The term “liposome” was first coined by Weissmann (61, 62), and
the first liposomal drug carrier as therapeutic agent was described by Gregoriadis et al. in 1971 (63).
The authors describe the preparation of liposomes by the film-hydration and probe sonication method,
followed by purification by size-exclusion chromatography; lab scale methods that are still in use today.
The authors demonstrated a relatively low but successful loading and the retainment of enzymatic
activity of amyloglycosidase intended for enzyme replacement therapy, though the liposomes were

still relatively large and multilamellar.

Such systems were still commonly referred to as colloidal systems. The prefix nano to refer to drug

delivery systems started in the mid-1970s, when “Nanokapseln” (nano-capsules) were first mentioned
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in the doctoral thesis of Gerd Birrenbach (64) in 1973, and the first paper (65) on such “nanoparts” was
published by Birrenbach and Speiser (66) in 1976. Their work constitutes the first artificially
synthesized nanoparticulate drug delivery system and the beginning of research on polymerized
micelles for drug delivery. It is also noteworthy because it described for the first time a very promising
application of nanoparticles, the modulation of the immune response by altering the presentation and

the release profile of an antigen.

Liposomes saw their first commercial use in the cosmetic product Capture by Dior in 1986 and became
the first approved nanoparticulate drug delivery system in products like the synthetic lung surfactant
Alveofact® (Boehringer Ingelheim), the topical liposomal econazole formulation Epi-Pevaryl® C1
Lipogel (Cilag), the intravenous formulations AmBisome® (Gilead Sciences, amphotericin B) and Doxil®

(Alza, doxorubicin).

Vaccination has been another early application of nanotechnology. Virus-derived proteins have been
used for the manufacturing of nanoparticles, either as virosomes in combination with lipids, or in self-
assembled virus-like particles. Several associated vaccines have been marketed since the 1980’s, e.g.,

Epaxal®, Inflexal®, Recombivax HB®, Cervarix®, Gardasil® and Gardasil® 9.

Nanomedicine has been successfully employed to increase the oral bioavailability of New Chemical
Entities coming from high throughput screening with increasingly poor pharmacokinetic properties. In
1996, the FDA approved Taxotere® (then Rhone-Poulenc Rorer), a concentrate for infusion of
docetaxel. The original presentation consisted of a solution of the drug at 40 mg/ml and citric acid in
polysorbate 80 that yields a clear dispersion of polysorbate micelles upon dilution before infusion,
although the nanoparticulate nature of the dosage form was not highlighted at that time. Another
successfully translated technology was the so called “carrier-free” nanocrystalline suspensions. The
first commercialized technology was the “NanoCrystal” platform by NanoSystems (acquired by Elan in
1998, and by Alkermes in 2011): A concentrated slurry containing particles of an active pharmaceutical
ingredient (API), stabilizers, and milling beads is wet milled to a particle size of about 100-400 nm.
Nanocrystalline material typically exhibits an increased dissolution rate and, in that size range to a
lesser extent, an increased saturation solubility (43). The first approved drug to employ the
NanoCrystal platform technology was Rapamune® (2000; Wyeth; sirolimus), followed by Emend®
(2003; Merck Sharpe & Dohme; aprepitant) and Tricor® (2004; Abbot; fenofibrate). The technology has
been further developed to sustained release parenteral formulations, with Invega Sustenna® (Janssen;

paliperidone palmitate) achieving the first FDA-approval in 2009.

Also in 2009, the first (and so far, only) inorganic nanoparticulate drug product was approved with

Feraheme™ (AMAG Pharmaceuticals; ferumoxytol) designed for better tolerability of high doses and
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rapid infusion rates in the treatment of iron deficiency. The formulation consists of superparamagnetic
iron(lll) oxide nanoparticles (SPION) that are coated with a stabilizing shell of polyglucose sorbitol

carboxymethyl ether.

Many further nanoparticulate systems have been developed, for example polymeric micelles (67-69),
polymer-drug conjugates (70), solid or mesoporous silicon oxide nanoparticles (71, 72), polymersomes
(73), dendrimers (74), and quantum dot bioconjugates (75, 76). Recently, assemblies of nucleic acids

and charged lipids have gained great attention for vaccination.

1.3.1. Nanomedicine for vaccination

Nanomedicines that are intended to alter the biodistribution of a drug often suffer from elimination
by phagocytic cells and accumulation in certain organs and tissues. For instance, cytotoxic payloads
may not only reach a solid tumor, but may also specifically enrich in the liver, the spleen, the lungs,
the kidneys, in draining lymph nodes; or may be cleared before reaching any site of interest (77). The
circulation time of nanomedicines can be considerably increased by introducing hydrophilic and steric
barriers on the surface of nanoparticles to prevent opsonization and phagocytosis (78), most
prominently by using derivatives of polyethylene glycol (79). The success of a specific delivery of drugs
to solid tumors in vivo has been critically discussed recently (80-82). In contrast, nanomedicines have
been very successfully applied when their inherent “weaknesses” were exploited, for example the
silencing of genes mainly transcribed in hepatocytes (83), the treatment of intra-cellular parasites (84,
85), or the modulation of the immune system by targeting antigen-presenting or immune-modulating

cells in circulation, in lymph nodes, and in the tumor microenvironment (86, 87).

Especially nanomedicines for prophylactic and therapeutic vaccination have gained considerable
attention. A nanoparticle can act in one or more roles in a vaccine formulation: as adjuvant, as a carrier

encapsulating the antigen, or as a platform presenting the antigen on its surface (88).

Adjuvants are important components of many vaccines to induce an effective and long-lasting immune
response in absence of a real infection; they can enable effective responses in immunocompromised
populations; they can enable the use of lower antigen doses to support large-scale vaccination in case
of a pandemic; they may allow for immunization with fewer doses or increase the speed of the initial

response; and they may guide the type of immune response (89).

Aluminum-based adjuvants have been used for more than ninety years and are widely accepted by
health authorities as safe and very effective. They are potent to enhance the humoral immune
response to an extracellular antigen by an increased activation of Tn2 and Tr, CD4* T cells via the MHC
class Il pathway (90). A humoral immune response is effective to prevent or fight extracellular bacterial

infections, or to inactivate extracellular viral particles to prevent or limit viral infections preferably at
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the site of entry. A humoral response alone, however, is not effective at fighting intracellular bacterial
or viral infections, or at killing cancer cells. The necessary cellular immune response is mainly driven
by CD8" T cells, but aluminum-based adjuvants are poor to induce such a response (90). Together with
ongoing public debates over the safety of aluminum in vaccines (91, 92), this has led to the search for
novel adjuvant systems: MF59 and ASO3 are adjuvants used in influenza vaccines and are both based
on nanoemulsions of squalene in aqueous media; ASO1 is a liposomal adjuvant currently used in a
vaccine for prevention of herpes zoster and contains monophosphoryl lipid A and the quillaja saponin

extract QS-21; several others are in clinical development.

The possibility to induce a potent cellular immune response to one or multiple neoantigens of choice
opened a new therapeutic option for cancer treatment. Autologous cell-therapies were among the
first to be investigated (93): the patient’s own immune cells are primed ex vivo either with neoantigens
derived from biopsies or with recombinant proteins that are characteristic for certain types of cancer.
Sipuleucel-T (Provenge, Dendreon), a therapy of autologous dendritic cells against castration-resistant
metastatic prostate cancer, was approved by the FDA in 2010, but commercial success was hampered
by the prohibitive cost of the treatment (93). Oncolytic viruses are another therapeutic modality that
are designed to infect and kill cancer cells while sparing healthy cells. Talimogene laherparepvec
(T-VEC; Imlygic, Amgen) was approved by the FDA and EMA in 2015 for the treatment of melanoma.
T-VEC is an engineered herpes simplex virus that replicates in melanoma cells and causes them to
burst. It also causes the expression and release of granulocyte-macrophage colony-stimulating factor
(GM-SCF) that may promote an immune response against antigens shed from the destroyed cancer

cells, leading also to the reduction of lesions that were not injected with the virus (94).

In addition to nanoparticulate adjuvants, nanoparticulate antigen carriers have been shown to be
especially effective at cross-presenting endocytosed antigens via the MHC class | pathway (95-97) and
to induce an effective cytotoxic CD8* T cell response against model antigens (98) and relevant tumor

antigens like HER2/neu (96, 97) that may be useful in principle for cancer treatment.

Nanoparticles were also used to enable needle-free vaccinations to improve patient acceptance, to
increase ease of application, and to reduce costs and the requirements for healthcare infrastructure
and cold-chain. Lademann et al. (99) showed that nanoparticles can bypass the stratum corneum by
penetrating into hair follicles, and subsequent research demonstrated that topical application of
nanoparticles can increase the antigen delivery across the skin and elicit an immune response (100-
103). This presents an interesting alternative to disrupting the stratum corneum barrier by measures
such as abrasion, electroporation, jet injectors and chemical permeation enhancers. Recently,

nanoparticles have been combined also with 3D-printed microneedles for self-administration (104).
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The stratum corneum barrier can be altogether avoided by mucosal administration. In addition to
needle-free administration, mucosal vaccination has the potential to elicit strong humoral and cellular
immune responses both systemically and across the so-called “common mucosal immune system”
(105). This makes the mucosal route very interesting for prophylactic vaccination, as the mucosal
tissues are the main entry point for pathogens, and an effective mucosal immune response can disable
pathogens before entry into the body. Nasal administration of nanoparticulate antigen formulations
demonstrated an increased immune response over subcutaneous administration in (106), and an in
vivo proof of concept has been shown for pulmonary vaccination with chitosan nanoparticles that
resulted in an effective antigen-specific cytotoxic response (107). Moreover, Chitosan- and poly(lactic-
co-glycolic acid)-based nanoparticles delivered in vitro to human-derived dendritic cells could increase
humoral and cellular immune responses over soluble antigen, and were shown to pass over an

intestinal epithelium model (96).

1.3.2.  Fighting the COVID-19 pandemic with nanomedicine

Lipid nanoparticles (LNP) are structures where, in contrast to liposomes, also the core consists of a
lipid matrix. Solid lipid nanoparticles are a type of LNP that mainly consist of lipids that are solid at
room temperature and were proposed as a more economic and/or safer alternative to liposomes and
polymeric nanoparticles (108). Several potentially high throughput manufacturing methods have been
published in the early 1990’s (109-111). Later developments of LNP included nanostructured lipid
carriers, lipid drug conjugates, and polymer-lipid hybrid nanoparticles (112). LNP were further
developed as non-viral vector for nucleic acid delivery and became one of the most important assets

of nanomedicine by 2021.

In the beginning of the year 2020, more and more case reports of severe acute respiratory syndrome
(SARS) caused by a novel corona virus (CoV) were reported. Different to the outbreak of SARS-CoV-1
in 2002, SARS-CoV-2 proved highly infectious even in asymptomatic or presymptomatic individuals
(113). Research efforts were focused on finding a vaccine as virologists worldwide began to warn of a
potential pandemic. The strategies that helped to curb the outbreak of SARS-CoV-1 (about 8100
confirmed cases and 774 deaths (114)) were largely unsuccessful: by July 2021, the cumulative number
of confirmed cases of coronavirus disease 2019 (COVID-19) surpassed 188 million (115, 116), with over
4 million associated deaths (116, 117). With so many cases, it was often no longer possible to trace the
chain of infection; the identification and isolation of often asymptomatically infected individuals was
only partly successful in the beginning, and repeated lockdowns of the social and economic life of

billions of people presented an urgent need for a safe and efficient vaccine.

Several biotech companies saw an opportunity to take the lead in the race for a vaccine with their

novel mRNA vaccination platforms. Such platforms have the potential to overcome a major hurdle in
11



Introduction

the development of vaccines against rapidly mutating viruses — the speed of vaccine development and
high-volume production (118). Delivering on the promise of development speed, the first two
COVID-19 vaccines approved by the EMA and FDA were the mRNA vaccines developed by
BioNTech/Pfizer and Moderna.

The unprecedented speed at which COVID-19 vaccines were developed represents a breakthrough in
vaccine development (119). The genetic sequence of the virus that became known as SARS-CoV-2 was
published on 11 January. Already in March, the first human was dosed with the mRNA LNP COVID-19
vaccine candidate of Moderna (120), and the first participants in the Ph I/Il study for BioNTech’s
vaccine candidate were dosed on 23 April (121). At this time, safety data for mRNA vaccines was limited
with a total of about 1,400 participants of clinical studies sponsored by Moderna that received mRNA
vaccines against different diseases (120). The first approval of a fully tested vaccine followed less than
eight months later, or eleven months after the identification of the virus. Previously, the fastest
developed vaccine was the 1960’s mumps vaccine with 4 years between the isolation of the virus and
the approval of the vaccine (122). By the end of April 2021, one year after the first dosing of a COVID-
19 vaccine candidate and eleven years after the first direct injection of in vitro transcribed mRNA in a
human subject (123), more than 300 million doses (124) of Comirnaty® and COVID-19 Vaccine

Moderna were administered around the globe.

What makes this feat even more striking is that both mRNA vaccines rely on a novel, nanoparticulate
formulation. The lipid nanoparticle carrier systems were carefully designed to stabilize and protect the
mRNA cargo, to improve cellular uptake, and to efficiently release the cargo into the cytosol where the
mRNA can be translated into the antigens of interest. At the start of the pandemic, the only
commercially available LNP product was Onpattro® (Alnylam Pharmaceuticals, patisiran), a small
interfering RNA (siRNA) drug with orphan disease designation and with about 950 patients on
commercial treatment (125). Nanomedicines were generally developed and approved for the
treatment of life-threatening diseases without an available curative treatment so that the potential
benefit would outweigh the risks and uncertainties associated with the use of novel nanomaterials.
The patient populations were typically small, and the encapsulated active pharmaceutical ingredients
(API) were often already approved in conventional formulations. In a stark contrast, the global
vaccination programs marked an unprecedented mass administration of nanomedicines relying on a
novel modality with a novel type of formulation including several novel excipients that were to be
administered to healthy subjects. This is particularly noteworthy in an otherwise very conservative
industry that has seen similar (and sometimes even longer) timelines for the adoption of novel

excipients as for novel APIs (126, 127). This paradigm shift, together with the expected safety data
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from treating hundreds of millions of subjects with a specific type of nanomedicine, may pave the way

for other types of nanomedicines as well.

1.4. Production of polymeric drug delivery systems

Numerous methods have been described for the synthesis of polymeric nanoparticles. The preferable
method depends on the type of polymer and payload, the intended type of incorporation
(encapsulation vs. decoration), the particle size and charge, the route of administration, and the scale
of the synthesis. This section will focus on the first methods for polymeric nanoparticle preparation for
historic context, and on methods to produce drug carriers from preformed hydrophobic or amphiphilic

polymers for protein delivery.

1.4.1. Micelle polymerization

The first polymeric nanoparticles for pharmaceutical applications were described by Birrenbach and
Speiser (64, 66) as adjuvant systems. The particles were synthesized by dissolving micelles-forming
surfactants (bis-(2-ethyl-hexyl)-sodium succinate and polyoxyethylene(4)-laurylether) in n-hexane,
adding water dropwise under stirring to form micelles, dissolving monomers and crosslinking agent
(acrylamide and N,N’-methylene-bis-acrylamide) in the dispersion, followed by the antigen (tetanus
toxoid or human IgG), inducing polymerization by gamma irradiation, and precipitating the polymeric
construct by the addition of an antisolvent (66). The so “congealed” micelles had a diameter of less
than 80 nm. The antigen was passively entrapped in the polymeric scaffold, thus forming a stable

antigen depot: In vitro release studies showed that less than 25% of the antigen was released. (64)

Although the proteins likely retain their enzymatic or immunologic activity (64), attempts to
encapsulate “classical” cytotoxic APIs for cancer therapy failed due to degradation of the APl by gamma
irradiation (128). It could still be demonstrated that the nanocapsules were able to selectively

transport fluorescein to lysosomes of rat fibroblasts (129).

The micelle polymerization process was modified by Couvreur et al. by employing biodegradable
polymers (polyalkylcyanoacrylates) and radiation-free anionic polymerization in the presence of
polysorbate 20 in water (130). This method now allowed the encapsulation of various APIs such as
doxorubicin, vincristine, methotrexate, penicillin, ciprofloxacin or acyclovir, as well as several peptides,
antisense oligonucleotides or siRNA (128). Vauthier et al. further optimized the method to yield
poly(ethylene glycol)-poly(isobutyl 2-cyanoacrylate) nanoparticles (131) intended to avoid rapid

clearance by the reticuloendothelial system.

The main drawback of methods involving polymerization during particle formation is the presence of

usually toxic monomers and polymerization initiators which are difficult to remove quantitatively and
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make such methods less suitable for the preparation of a drug delivery system for human use.
Therefore, the remaining chapter will focus on the formation of nanoparticles from pre-formed

polymers.

1.4.2. Nanoprecipitation or solvent displacement
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Figure 2. Preparation of nanoparticles by the nanoprecipitation method. Adapted from (132) under the Creative Commons
Attribution (CC BY 4.0) license (http://creativecommons.org/licenses/by/4.0/).

Nanoprecipitation of polymers was used well before the name was coined or even the concept of
nanotechnology was defined (133). It is not surprising that it was also among the first described
methods to synthesize a nanoscalic drug delivery system from preformed hydrophobic polymers. Fessi
et al. (134, 135) described the manufacturing of nanocapsules by dissolving indomethacin, poly(lactic
acid) (PLA), benzyl benzoate and fractionated soy lecithin in heated acetone, and adding the organic
solution to an aqueous solution of poloxamer 188 under magnetic stirring (Figure 2). According to the
authors, the interfacial turbulence due to the rapid diffusion of acetone into the aqueous phase causes
the emergence of nanoscale regions with the polymer enriched at the interface between the “oily
core” (indomethacin in benzyl benzoate) and the continuous phase. The PLA subsequently precipitates
in a thin shell, encapsulating the indomethacin. The method was thus also called “interfacial polymer
deposition following solvent displacement”. Later works used very similar methods to manufacture

solid core nanoparticles by using a single solvent instead of a solvent mix.

The working mechanism highlights the main prerequisite for using this method: drug and polymer need
a common, miscible pair of solvent and anti-solvent. This is commonly met for hydrophobic small
molecular drugs and amphiphilic or hydrophobic polymers. Examples of polymers used for

nanoprecipitation are PLA (134), PLGA (136), polycaprolactone (PCL) (137), polymethylmethacrylate
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(138), poly(ethyl acrylate-co-methyl methacrylate-co-trimethyl ammonioethyl methacrylate chloride)
(Eudragit® RL and RS) (139), polyethylene glycol (PEG) modified poly(alkylcyanoacrylate) (140),
hydrophobized polysaccharides like pullulan acetate (141), dextran propionate (142), dextran
propionate pyroglutamate (143), various hydrophobic cellulose esters (144), and starch acetate (145).
Examples of amphiphilic polymers are PEG-PLA (146), PEG-PLGA (147) and PEG-poly(aspartic acid)
(148).

Water-soluble drugs are difficult to incorporate into hydrophobic polymers with acceptable efficiency
due to poor interactions between drug and polymer in aqueous solvents (149, 150). This is especially
true for proteins. It is possible to inverse the nanoprecipitation method by dissolving a hydrophilic drug
and a hydrophilic polymer in a common aqueous solvent, and to precipitate them in an organic non-
solvent. Inverse nanoprecipitation has been successfully applied to biopolymers like gelatin (151-153),
dextran (154), and maltodextrin (155). Challenges of the method include the interfacial stress that may
cause protein payloads to unfold. Furthermore, such particles typically need to be further stabilized to
withstand reconstitution in agueous media and injection into the blood stream, and ultimately,
achieve sufficient circulation times. Stabilization strategies may include chemical cross-linking (e.g.
using paraformaldehyde, glutaraldehyde, or carbodiimide) and enzymatic cross-linking (156). Baseer
et al. (157) developed a surface cross-linking strategy to prevent cross-linking and inactivation of the
encapsulated protein using a hydrophobic zero-length cross-linker that does not diffuse into the
particle core. Gelatin nanoparticles can also be stabilized by enclosing them in a shell of a hydrophobic

polymer instead of cross-linking (158).

Nanoprecipitation is very easy to implement in lab scale using a magnetic stirrer, a beaker, and a
pipette or syringe. Because the mixing dynamics, solvent interdiffusion and mass transfer are hard to
control in this setup, the resulting particle size distribution may be broader and inconsistent from batch
to batch (159). This makes the simple setup hardly suitable for scale up and manufacture, where a
reliable control of critical process parameters is crucial. The process has been optimized by controlling
the feed (e.g. using syringe or peristaltic pumps) and by controlling the mixing in continuous fluidic
systems (160, 161). However, the particle formation is still mainly governed by interfacial turbulence
and, thus, the interaction of solvent and non-solvent. Microfluidic systems and flash nanoprecipitation

were developed to further increase the control of the mixing step.

1.4.2.1. Microfluidics

Karnik et al. (162) were the first to report a nanoprecipitation method based on hydrodynamic flow
focusing in a microfluidic chip, allowing to tune the nanoparticle size, size distribution, and drug release
of polymeric drug delivery systems. In hydrodynamic flow focusing, the solvent stream is squeezed

into a narrow stream by two sheathing non-solvent streams (Figure 3). The resulting width of the
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solvent stream may be as small as 0.1 um (163). This setup achieves a very rapid mixing process with
estimated mixing times in the two- to three-digit microseconds range (162), and, ultimately, the
control of the interdiffusion of solvent and non-solvent by process parameters, rather than by the
chemical composition and miscibility of solvent and non-solvent alone (164). Several other microfluidic
setups have been described besides hydrodynamic flow focusing. Ding et al. (164) provide an excellent
overview of microfluidic devices to produce polymeric drug delivery systems, including interdigital
multilamination micromixers, Y-type micromixers, K-M impact jet mixers, multi-inlet vortex mixers and
confined impinging jet mixers (165). Similar to nanoprecipitation, microfluidics were employed for

hydrophobic polymers like PLGA (165-168) and for hydrophilic biopolymers like gelatin (169).

The continuous operation in microfluidic reactors is in principle beneficial for scale up, but the intrinsic
low flow rates in individual channels limit the overall productivity. The usual approach for increasing
productivity is numbering up, that is parallelization of many microfluidic devices (170). This approach
is technically very challenging, as the flow dynamics need to be maintained tightly across all parallel
devices (171). The channel geometry is also prone to clogging by particulates (164, 172) or if the
product stream is too viscous (173), thorough cleaning of the microchannels is very challenging (173),
and the necessary effort of an in-process control of the flow in several hundreds or thousands of

individual streams is still prohibitive.

Water
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Figure 3. Schematic of the production of nanoparticles using a microfluidic device on the principle of hydrodynamic flow
focusing. The solvent is focused to a stream of the width wr between to water streams in a channel of the width w. Adapted
from (162) with permission from the American Chemical Society, Copyright 2008.

1.4.2.2. Flash Nanoprecipitation

Turbulent flow micromixers were introduced by Johnson and Prud’homme (174) design of confined
impinging jet micromixers, and applied as “Flash Nanoprecipitation” (FNP) (175) to increase the
throughput over the laminar flow designs. Further examples include the multi-inlet vortex mixer (176),
and combinations of turbulence with hydrodynamic flow focusing such as a microvortex mixer (177)
and a coaxial turbulent jet mixer (178). The production rate of nanoparticles was reported up to 3.15

kg/day (164).

Similar to conventional nanoprecipitation, FNP suffers from poor encapsulation efficiency of

hydrophilic drugs. A technique called inversed FNP (iFNP) was developed to load hydrophilic drugs into
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hydrophilic or amphiphilic polymers (179) by precipitating the hydrophilic components from a polar
solvent (e.g. DMSO) by mixing with a non-polar anti-solvent (e.g. acetone or chloroform). However,
the formed nanoparticles need to be stabilized for application in aqueous environments as needed in
biomedical applications. This may be achieved by cross-linking the polyacid constituting the

nanoparticle’s core with a multivalent cation in a process called ionic gelation.

In another variation of FNP, nanoparticle formation and cross-linking are achieved in a single step by
mixing of two aqueous streams, containing the polyelectrolyte and the crosslinking agent. The method
has been applied as “lonic Flash NanoPrecipitation” (sometimes also abbreviated as iFNP in the
literature) for inorganic-organic hybrid nanomaterials (180) and as Flash Nanocomplexation (FNC) for
nucleic acid payloads (181). The method was recently adapted for diffusely charged globular proteins

(182).

1.4.2.3. Self-assembly

The preparation of polymeric micelles can be seen as a special case of the nanoprecipitation method
using amphiphilic polymers. The polymer and API are dissolved in a common solvent, and the solution
is mixed with a common “anti-solvent” (i.e., one in that the polymer does not disperse molecularly).
The mixing can be done e.g. by pouring or injection, sometimes followed by co-solvent evaporation
(183); or by dialysis (184). Examples of employed polymers include PEG-PLA, PEG-PLGA, PEG-PCL,
PEGylated poly-4-(vinylpyridine) (184), chitosan derivatives (185), PEG-distearylphosphoethanolamine
(186), PEG-poly(phenylalanine) PEG-poly(2-(4-vinylbenzyloxy)-N,N-diethylnicotinamide) (187), folate-
conjugated mPEG-PCL (188), and PEGylated squalenyl derivatives (189).

Some amphiphilic polymers can self-assemble to spherical bilayer vesicles that are called
polymersomes for their likeness to liposomes. The methods for the manufacturing of polymersomes
are very similar to that of liposomes, including for example film hydration followed by sizing, solvent

injection, and microfluidics (190).

The self-assembly method has also been applied with non-polymeric molecules. Couvreur et al.
reported that squalenoylation of nucleoside analogues leads to an amphiphilic prodrug that can self-
assemble into nanoparticles (191). Cationic squalenyl diethanolamine and anionic squalenyl hydrogen

sulfate have been reported to self-assemble with efficient non-covalent API loading (189).

1.4.3. Emulsion methods

1.4.3.1. Emulsification and solvent evaporation

The emulsification solvent evaporation method was the first method to produce polymeric

nanoparticles from preformed polymers (192). The method was originally developed to produce

artificial latexes (193, 194) and later adapted for pharmaceutical applications by Gurny et al. (195-197).
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Typically, the polymer and the payload are dissolved in a common solvent (typically methylene
chloride, chloroform, or ethyl acetate) and added to an immiscible non-solvent (typically water)
containing a stabilizer (Figure 4). The mixture is emulsified e.g. by high-shear or high-pressure
homogenization, sonication, spontaneous emulsion (198, 199) or phase inversion (200, 201).
Afterwards, the solvent is evaporated by open stirring, elevated temperature, reduced pressure,
nitrogen evaporation or similar method. The process of solvent removal and particle formation
typically takes several hours, whereas the rate-limiting step of solvent removal may be the mass
transport in the liquid phase or in the gas phase (202). The polymer and payload precipitate as
nanoparticles at the interface of the emulsion upon solvent removal. The nanoparticles may be washed

to remove free drug, excess stabilizer, potential low-molecular-weight polymer, or aggregates.

The method is primarily suitable to encapsulate hydrophobic drugs into hydrophobic polymers like
PLGA, PLA and PCL (203-205) or their PEGylated variants as amphiphilic polymers (203, 206, 207). The
use of additional stabilizers may be omitted when using amphiphilic polymers (206). The method has
also been inversed to incorporate hydrophobic APIs in hydrophilic by using oil-in-water
microemulsions (208, 209). To encapsulate hydrophilic drugs into PLGA, Ruiz et al. (210) suspended a
lyophilized powder of triptorelin in a solution of PLGA in methylene chloride, caused phase separation
by the addition of silicon oil and precipitated the PLGA by solvent evaporation. However, the resulting
particle size of the drug delivery system is ultimately limited by the size of the primary API particles.
Niwa et al. (211) modified the method by dissolving nafarelin acetate in an aqueous phase that is
emulsified in the organic solution of PLGA. Following coacervation and PLGA precipitation,

nanospheres were yielded with a mean diameter of 400-800 nm.

Nevertheless, the method works best for hydrophobic drugs and polymers. Other drawbacks include
the use of toxic solvents (192) and the relatively slow process of solvent evaporation and particle

formation that can lead to droplet coalescence, particle aggregation and payload degradation (212).
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Figure 4. Preparation of nanoparticles by the emulsification and solvent evaporation method. Adapted from (132) under the
Creative Commons Attribution (CC BY 4.0) license (http://creativecommons.org/licenses/by/4.0/).

1.4.3.2. Salting-out

The salting-out method (213, 214) was the third method to produce polymeric nanoparticles from
preformed polymers after the emulsification and solvent evaporation method and the
nanoprecipitation method (192). Like the first method, it relies on an emulsion of a solvent in a non-
solvent (water). The used solvent, however, is fully miscible with water, and the initial phase-
separation is enabled by a high concentration of a salting-out agent that prevents the diffusion of the
solvent into the aqueous phase. Examples of used agents are magnesium chloride (215), sodium
chloride (216), magnesium acetate (217) or sucrose (192). Stabilizers are preferred that reduce the
surface tension and increase the viscosity, e.g. poly(vinyl alcohol), polysorbate 80, poloxamer 188, and
poloxamer 407 have been reported in the literature (192). The mixture is emulsified and subsequently
diluted with water below the critical concentration of the salting-out agent. The rapid diffusion of the
solvent into the aqueous phase creates an interfacial turbulence (similar to the nanoprecipitation

method) and leads to the formation of nanoparticles.

The advantages of the salting-out method over the emulsification and solvent evaporation method are
the possibility to use less hazardous or toxic solvents like ethanol, methanol, acetone, or acetonitrile
(192). It also allows for a better size control and higher polymer concentrations compared to the
nanoprecipitation method (192). The major drawback of the method is the high salt concentration that
requires extensive washing after particle formation and bears the risk of forming coacervates of the

stabilizer or drug, or to form insoluble salts.

1.4.3.3. Emulsification-diffusion

The emulsification-diffusion method was proposed by Leroux et al. (218) and patented by Quintanar
et al. (219) as an alternative to the salting-out method with reduced purification effort (220). The

method relies on the use of a partially water-miscible solvent like ethyl acetate, benzyl alcohol or
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methyl ethyl ketone to dissolve the polymer and payload, and an aqueous solution of a stabilizer that
has been saturated with the solvent. Both phases are emulsified, and the emulsion is subsequently
diluted with water until the polymer precipitates at the interface of the emulsion droplets (Figure 5).
Interestingly, the resulting size of the nanoparticles may be much smaller than the size of the emulsion
droplets, as multiple particles can form from a single droplet in a phenomenon explained with the

“diffusion and stranding” mechanism (221).

The emulsification-diffusion method is more flexible than the salting-out method and can be used with
a wide variety of hydrophobic and amphiphilic polymers (205, 220). The process of particle formation
is much faster compared to solvent evaporation methods and poses less of a challenge on emulsion or
API stability. Still, the use of solvents may negatively affect the structural or chemical integrity of
peptides, proteins, or nucleic acids (220). The dilution step also requires bigger reactors and increased
efforts for purification, concentration or drying, and wastewater treatment which is especially relevant

for scaling up and production.
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Figure 5. Preparation of nanoparticles by the emulsification-diffusion method. Different from the solvent evaporation method,
the nanoparticles are formed before the removal of the solvent. Adapted from (132) under the Creative Commons Attribution
(CC BY 4.0) license (http.//creativecommons.org/licenses/by/4.0/).

1.4.3.4. Double emulsion methods

Most precipitation-based methods require a common solvent and a common anti-solvent for the
payload and the carrier material to form “co-precipitates” with high encapsulation efficiencies.
Additionally, solvent and anti-solvent need to be sufficiently miscible. As such, the encapsulation of
hydrophilic payloads like proteins into hydrophobic polymers with high efficiency is generally not

feasible by precipitation alone. The double emulsion method was developed for this purpose.
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Multiple emulsions of the (water-in-oil)-in water type (Figure 6) were discovered in the first half of the
20 century. They were first described in the pharmaceutical field as delivery system to improve the
oral absorption of insulin (222) and for the preparation of microcapsules with a wall of polystyrene
encapsulating an aqueous solution of gelatin and thiourea (223), and later for the production of
microparticulate drug delivery systems (224-226). Blanco & Alonso (227) adapted the method for the
preparation of nanoparticles and reported a loading efficiency of bovine serum albumin in PLGA of up
to 90% without observed fragmentation or aggregation. The method became widely adopted with
many different hydrophilic drugs like small molecules, peptides, proteins and nucleic acids (212, 228),
and hydrophobic and amphiphilic polymers, although the method has been reported not to work with

desmopressin and PLGA (229). The emulsion step is typically done by high energy homogenization

The double emulsion method has been combined with the different particle formation steps like
solvent diffusion (230) or spray-drying (231, 232). The method typically relies on high energy
homogenization methods like tip sonication, although more sophisticated methods have been

proposed like membrane emulsification (233), microfluidics (233, 234), or coaxial electrospray (233).

w
¥ J,.\\_%h/)t)
i *:ﬁg“f 7
» )1'\%- N /e
RS
s "-Efg e
¥ F v
(= %%‘ dbg
b
5§gu“

Figure 6. Schematic representation of a double emulsion consisting of a continuous outer aqueous phase and a dispersed inner
aqueous phase (both in blue), an organic dispersed phase (orange), a stabilizer at the interface, and a protein (red). Reprinted
from (235) with permission from Elsevier, Copyright 2017.

1.4.4. Other

Direct spray-drying of water-in-oil emulsions has been reported to produce microparticles (236-238).
Here, the particle size is governed mainly by the droplet size of the spray instead of the droplet size in
the emulsion because the polymer is dissolved in the outer phase. Specialized equipment for the
generation of nano-sized droplets and the separation of dried nanoparticles from the drying gas exist
(239) to produce milligrams to grams of substance in the lab scale, but the throughput is severely
limited compared to conventional equipment that has been scaled to the range of kilograms to tons

per day. Similarly, rapid expansion of supercritical solutions has been proposed as an alternative to
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reduce or replace the use of organic solvents by using supercritical CO, or other fluids, but the
necessary equipment is comparably complex, while polymers commonly used for drug delivery are
poorly soluble and often require still the use of organic co-solvents (212). Among the many more
methods that have been described in the literature are ionic gelation (240), membrane reactors (241),

aerosol flow reactors, electrohydrodynamic atomization, premix membrane emulsification (242).
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Aims of the thesis

2. Aims of the thesis

1. To develop a method to produce antigen-loaded polymeric nanoparticles suitable for small
scale screening and supply, to characterize and systematically optimize

h D Q0 T o

Tunability of nanoparticle size distribution

Nanoparticle yield

Antigen loading efficiency

Antigen integrity

Washing protocol

Batch size (scale up to support downstream development)

2. Toidentify and develop a manufacturing process for dosage forms suitable for animal or
human use. Such a process and product should achieve:

® oo oo

Solid dosage form for superior shelf life

Preservation of primary nanoparticles during processing
Protection of nanoparticles from gastric pH

Release of primary nanoparticles at intestinal pH

Ease of dosing for animal use
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3. Main Findings

This section presents the main findings from two peer-reviewed publications and an international
patent application (granted by the European Patent Office and the patent offices of the United States,
Japan, China, Australia, and Israel, at the time of writing), while the full manuscripts are printed in
chapter 4.

3.1. Focused ultrasound as a scalable and contact-free method to manufacture protein-loaded

PLGA nanoparticles

Scalability of manufacturing processes is a major concern for the translation of nanomedicines from
bench to bed (243-246). The first research article describes the development of production and
purification methods of protein-loaded PLGA nanoparticles that are sufficiently scalable to be suitable

for small scale screening and larger scale production.

The method and equipment were suitable to produce nanoparticles in batch sizes of 1 mg to 2500 mg
in the size range of 100-200 nm with a yield of up to 74% and a protein loading of up to 3.6%. The
nanoparticle size in screening runs in glass vials using 1 mg PLGA in a reaction volume of 0.3 mL was
predictive for experiments performed in glass vials with 30 mg PLGA in 8 mL by normalizing the total
incident energy on the reaction volume. Particle size reduction was more efficient when using a flow
cell with a polyimide sheet for larger batch sizes (tested up to 2500 mg PLGA). A similar particle size
range was achievable with much less incident energy per unit volume. The particle yield was lower,
however, especially when working on the lower end of the flow cell working volume. Overall, the
particle size reduction and resulting yield could be described with simple mathematical equations that
differed only in the parameters used for glass vial or flow cell processing. Larger batch sizes than 2500
mg PLGA may be possible with the described method but were not investigated due to material
constraints. A more efficient flow cell design and a more efficient cooling may enable a unidirectional

process flow to push the scalability even beyond three orders of magnitude.

The washing protocol was also adapted from batchwise centrifugation to flow processing by using
hollow fiber crossflow filtration modules. The developed diafiltration protocol proved to be more
efficient, especially in retaining smaller nanoparticles, and helped to further improve the processing
yield.

3.2 Towards a continuous manufacturing process of protein-loaded polymeric nanoparticle

dry powder formulations

The second research article describes a further streamlined method where the double emulsion is
directly fed into a spray dryer without prior precipitation of the nanoparticles. The drying of the double

emulsion droplets causes the simultaneous precipitation of the nanoparticles and embedding in a
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matrix that allows for better stabilization, size retention and redispersibility upon contact with water.
The method is especially interesting because it has the potential for continuous manufacturing of solid
formulations containing nanoparticles. A disadvantage of the method is that excess stabilizer used for
emulsification and unencapsulated drug will remain in the formulation, although a workup of the
emulsion before drying might be possible by column chromatography based on affinity or ion exchange

principles.

This method was previously mentioned in the literature in conjunction with batch mode high shear
emulsification (231, 232), but no process characterization and only very limited product
characterization was described. Chapter 4.2 details the process investigation of the double emulsion
spray drying method using a flow-through reaction chamber for focused ultrasound emulsification.
Different combinations of emulsion stabilizers and matrix excipients were screened in lab scale spray
drying experiments for the resulting nanoparticle size distribution and nanoparticle yield. The
investigation showed that this method is suitable to produce PLGA/polyvinyl alcohol nanoparticles
with a size distribution comparable to conventional methods. An economically interesting nanoparticle
yield of 79% could be achieved when using trehalose and leucine as matrix excipients. This is
considerably higher than found previously when using focused ultrasound followed by solvent
displacement (chapter 4.1). In contrast to solvent displacement, PLGA/poloxamer 407 nanoparticles
could not be manufactured with acceptable yield using the double emulsion spray drying method

regardless of the matrix excipient used, even when adding polyvinyl alcohol to the emulsion.

3.3. Preparation of nanoparticles-releasing enteric microparticles

The patent describes continuous and scalable processes to dry and embed PLGA nanoparticles in
gastro-resistant microparticles. The microparticles easily disperse in gastric acid or slightly acidic media
while still protecting the embedded nanoparticles. If administered orally as a solid dosage form, e.g.,
in the form of capsules or tablets, the microparticles are expected to disperse in the stomach without
agglomeration or gelling. The microparticles-containing powder can also be dispersed for oral dosing

as a suspension.

Orally delivered peptide and protein compounds require adequate delivery systems to protect from
the harsh environment in the gastrointestinal tract and to foster intestinal absorption (247). PLGA
nanoparticles have been investigated as a promising tool for oral peptide and protein delivery and
gastro-resistant capsules filled with nanoparticles have been proposed to prevent drug leakage,
diffusion and degradation in the gastric environment (248). Gastrointestinal transit times of monolithic
controlled delivery dosage forms may vary greatly between doses and between individuals. The
variations may lead to differences in bioavailability, and therefore safety and efficacy, of the dosage
form. Enteric microparticulate formulations may pass the pylorus independent from fasted or fed state
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and the activity of the gastrointestinal tract of the dosed individual. Such formulations may also be
designed more easily to release their cargo at a specific region of the intestine, e.g., for colonic delivery

of antigens.

The major formulation challenge is to achieve a homogeneous and functional coating while retaining
the size and shape of the individual nanoparticles. Enteric coatings based on Eudragit® are usually
prepared from organic solutions or aqueous dispersions. The Initial approach of using Eudragit” L (Eul)
dissolved in organic solvents proved unsuccessful, as organic solvents either dissolved or softened both

EuL and PLGA, or led to visible flocculation. Further approaches relied on aqueous dispersions.

Agueous spray dispersions of EulL are usually stabilized by adding a certain amount of base. This causes
a deprotonation or neutralization of a part of the carboxylic acid groups and results in a negative
surface charge of the polymeric particles and electrostatic stabilization. Continuous polymer films can
be formed from such latices by the coalescence of individual particles upon the evaporation of the
continuous phase. This principle is commonly used to coat tablet cores with Eudragit® films in fluid bed
processes. A plasticizer needs to be added to the spray feed to assure a homogeneous distribution and
functionality of the films. However, the very nature of plasticizers allows them to move in between
polymer chains and, eventually, to leech out of the film. If polymeric nanoparticles were incorporated
in such a matrix, it would be reasonable to assume that plasticizer molecules can relocate from the
Eudragit” film into the incorporated nanoparticles. This process would be exacerbated by the high
surface-to-volume ratio of nanomaterials and the large interface to the matrix. The association of
plasticizer at the nanoparticles’ surface or diffusion into the particle would soften the particles and
likely increase their tendency to deform and agglomerate. This effect would be especially pronounced
for polymers with low glass transition temperatures like PLGA: The incorporation of triethyl citrate, a
plasticizer commonly used for Eudragit film coating, into PLGA films decreases the glass transition
temperature (Tg) of the films to almost room temperature (249). This has major implications not only
for the stability during manufacture and storage, but also in vivo performance, where a T below body
temperature may lead to surface softening and particle agglomeration after administration. Indeed,
the resulting sensitivity to temperature and hydration has been used to create stimuli-responsive

PLGA/plasticizer systems for both particulates (250-252) and films (249, 253-255).

The present invention describes the facilitation of film formation by using increasing amounts of base
instead of a plasticizer. The complete dissolution of EuL in water by adding NaOH leads to a very viscous
fluid with good film forming properties. PLGA nanoparticles embedded in such a matrix by spray drying
retained their size upon dissolution in phosphate buffered saline pH 6.8. The viscosity of the Eul
solution makes it problematic to atomize and dry in a spray dryer. Moreover, neutralized Eul is freely
soluble in water, and in gastric buffer, such particles immediately begin to swell and to form sticky gel-
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like lumps before the re-protonation of the methacrylate stops the solvation. On the other hand,
preparing a standard spray suspension of EuL but without plasticizer did not lead to the formation of
an enteric coating and did not protect the PLGA nanoparticles from agglomeration. The patent
discloses that it is possible to find a balance between the two effects. Formulations prepared from
PLGA nanoparticles and EuL with a degree of neutralization between 15-30% released the
nanoparticles at intestinal pH with excellent preservation of particle size while retaining good
dispersibility in acidic media. The yielded dosage form is a powder for reconstitution with enteric
properties that allows easy and reproducible oral dosing in pre-clinical studies even with small animals
like mice. The dosage form is suitable for veterinary medications that need to be dose-adjustable over
a wide range of body weights. A powder for reconstitution is less common for human medications

except for extemporaneous preparations or in pediatrics.
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ABSTRACT

Purpose Although nanomaterials are under investigation for a
very broad range of medical applications, only a small fraction of
these are already commerdialized or in clinical development. A
major challenge for the translation of nanomedicines into the clinic
is the missing scalability of the available lab scale preparation
methods and, ultimately, non-identical samples during early and
late research.

Methods Protein-loaded PLGA nanoparticles using focused ul-
trasound in an emulsion solvent diffusion method were prepared
in different batch sizes to evaluate achievable mean size, protein
loading, and yield.

Results Using the same equipment, nanoparticles could be pre-
pared in batch sizes from | mgto 2.5 g. Size and yield were
directly controllable by the amount of incident energy with good
reproducibility. The nanoparticles displayed similar mean size,
protein loading, and nanoparticle yield in batch sizes over three
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orders of magnitude. A scalable purification method based on
diafiltration was established.

Conclusions The proposed method enables for feasibility
studies during early research using just a small amount of
polymer and protein, while at the same time it allows for
larger scale production at later stages. As the proposed
method further relies on contact-free energy transmission,
it is especially suited for the preparation of clinical research
samples.

KEY WORDS drug delivery - focused ultrasound -

nanoparticles - nanotechnology - protein

ABBREVIATIONS

AlP Average incident power
CR Concentration reduction
DLS Dynamic light scattering
DV Digfiltration volumes

E Total incident energy

EE Encapsulation efficiency
EtOAc Ethyl acetate

P-407 /P-188  Poloxamer 407 / 188

PIP Peak incident power
PLGA Poly(lactic-co-glycolic acid)
POE Poly(oxyethylene)

POP Poly(oxypropylene)

Y Yield

T Membrane transmission coefficient
INTRODUCTION

Nanomaterials are used in medicine in a variety of applica-
tions such as drug delivery, medical imaging, i vitro and in vivo
diagnostics as well as tissue engineering (1). By encapsulating
one or more drugs in nanoscale carrier systems with
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specifically designed physicochemical properties and surface
modifications, the pharmacokinetics and pharmacodynamics
can be distinctly improved (2). Typical applications of nano-
particles include drug solubilization, crossing of biological bar-
riers, controlled release, passive and active targeting, vaccina-
tion or immune modulation, and gene therapy (3). Such
nanocarriers are often made of synthetic biodegradable poly-
mers with a favorable toxicological profile. One of the best
established polymers for biomedical applications is poly(lactic-
co-glycolic acid) (PLGA) (3,4). Due to the biodegradability
and biocompatibility of PLGA and its hydrolysis products,
several PLGA-containing drug products are approved by the
FDA.

While the encapsulation of hydrophobic molecules into
polymeric nanoparticles usually can be achieved with good
efficiency by nanoprecipitation—a method initially developed
by Fessi et al. (5—more complex methods are needed to for-
mulate hydrophilic entities like proteins. One of the most
widely used approaches is the double emulsion method (6):
an aqueous solution of the hydrophilic drug is emulsified into
a non- or partially miscible solvent containing the polymer.
To this emulsion, a second aqueous phase containing a stabi-
lizer is added and the mixture further homogenized. After
solvent removal the polymer precipitates, entrapping the drug
within the newly formed particles. Currently employed de-
vices for the critical homogenization step include high shear
mixers, probe sonicators, high pressure homogenizers and
microfluidic systems, although numerous issues can render
them unsuitable for a range of applications. Direct sample
contact may lead to cross-contamination or a reduced sample
throughput at best, due to the necessity of thorough equip-
ment cleaning. A serious temperature gradient throughout the
sample may affect protein stability, while product contamina-
tion due to open setups and metal abrasion interferes with
parenteral dosing and immunological readouts. Maybe the
most important issue of established homogenization tech-
niques is the missing scalability to adapt the produced amount
from the bench to the clinic. While there was already some
work done on the scale up ot lab scale processes (7-10), these
mostly include the use of bigger reactors, different geometries,
or even different equipment. Furthermore, information on the
scale up of actual pharmaceutical nanoparticle production
processes for clinical products is very scarce (11). A single piece
of equipment that covers early stage formulation screening
all the way to proof-of-concept might considerably ad-
vance the somewhat obstructed translation of
nanomedicines to patients (12).

For this reason, we investigated focused ultrasound as a
scalable and contact-free homogenization technique to pro-
duce polymeric nanoparticles by the double emulsion method.
In contrast to classical probe sonicators which are directly
submerged in the sample, focused ultrasound uses a concave
transducer which bundles the acoustic waves in a focal point
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within a closed vessel. The induced cavitation leads, similar to
probe sonication, to an energy input and thus to a size reduc-
tion of emulsion droplets and subsequently nanoparticles.
However, acoustic focusing avoids the formation of complex
interference patterns and associated pressure hot spots
throughout the sample and cooling bath, as is common with
unfocused probe or bath sonication. A slight but constant
variation of the emitted acoustic wavelength shifts the focal
point for better sample mixing.

This leads to a better energy distribution and process re-
producibility. Furthermore, the heat generated by the vibra-
tion of the transducer is not absorbed by the sample but rather
by a surrounding water bath. In consequence, all these factors
help to avoid thermal input into the system and degradation of
the drugs. Due to disposable vials and flow cells, the same
cquipment may be used to process sample volumes from
100 puL to 20 mL in batch mode and from 50 mL up to several
liters in continuous mode.

In the present study we show the feasibility to use focused
ultrasound to encapsulate the widely used model antigen ov-
albumin in PLGA nanoparticles in a production scale from
1 mg to 2.5 g polymer mass. The influence of process param-
eters on nanoparticle size and yield, drug load, and process
scalability was investigated, and a nanoparticle purification
protocol suitable for large suspension volumes was successfully
established.

MATERIALS AND METHODS

Materials

Poly(lactic-co-glycolic acid) (PLGA, Resomer® RG 503 H;
LA:GA=50:50, 24-38 kD, free carboxylic end group) was
purchased from Evonik Industries (Essen, Germany). Ovalbu-
min grade V was obtained from Sigma Aldrich (St. Louis,
USA). Poloxamer 407 (P-407) was kindly provided by BASF
(Ludwigshafen, Germany; Lutrol® F127). All other chemicals
were obtained from Merck KGaA (Darmstadt, Germany) in
analytical or HPLC grade.

Nanoparticle Preparation

All solutions were freshly prepared and filtered through
0.2 pm PTFE (polytetrafluorocthylene; for organic solvents)
or PES (polyethersulfone; for aqueous solutions) membrane
filters before use. A modified double emulsion solvent evapo-
ration method was used to prepare Ovalbumin-loaded PLGA
nanoparticles (13). In brief, 12 mg/mL PLGA was dissolved in
cthyl acetate (EtOAc), added to an aqueous solution of
3.75 mg/ml ovalbumin, and the mixture was homogenized
using focused ultrasound (Covaris $220x, LGC-KBioscience,
Teddington, UK) as described in the section below. To this
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primary W/O emulsion, an aqueous solution of 5 mg/mL P-
407 was added and the mixture emulsified again by focused
ultrasound. EtOAc was removed from this secondary emul-
sion overnight under magnetic stirring in a fume hood
resulting in formation of PLGA nanoparticles. Water lost dur-
ing evaporation was replaced, yielding an aqueous suspension
with nominal concentrations of 0.3 mg/mL ovalbumin, 6 mg/
mL PLGA, and 5 mg/mL P-407. The resulting suspension
was centrifuged for 15 min at 1,000Xg to remove larger ag-
gregates. 1 mL aliquots of the supernatant were centrituged
for 10 min at 21,000xg, and the nanoparticle pellet was
washed and redispersed in particle-free, deionized water
Milli-Q, Merck Millipore, Billerica, USA).

Table I shows the volumes of PLGA, ovalbumin, and P-
407 solutions used to prepare PLGA nanoparticles in different
batch sizes.

Focused Ultrasound Treatment

The Covaris instrument consists of a concave transducer sub-
merged in a water bath. Acoustic waves are conveyed through
the water (degassed and conditioned at 7°Ci+2°C) to the focal
point in the submerged sample vessel. Either closed glass tubes
or a sonication flow cell were used. The flow cell is a 22 mL
steel cylinder with two tubing connectors and a thin sheet of
polyimide (Kapton®) facing the transducer. In our setup, the
sample was continuously circulated from a bulk vessel to the
flow cell and back by a peristaltic pump (Fig. 1). Samples were
taken from the bulk vessel at predetermined time points dur-
ing the second emulsification step. Device settings and derived
parameters are summarized in Table II.

Nanoparticle Characterization

Particle sizes and size distributions were determined by dynamic
light scattering (DLS) using a Zetasizer Nano ZS (Malvern In-
struments, Worcestershire, UK) equipped with a helium neon
laser (A\=633 nm). Samples were diluted 1:100 with Milli-Q
water, measured three times at 25.0£0.1°C using backscatter
mode (173°), and data was analyzed using cumulants fit.

The presence of multiple particle populations and the par-
ticle size distribution before any washing steps were deter-
mined by static light scattering using a Horiba LA-950 V2
(Retsch Technology, Haan, Germany). Particle suspensions

Pump

Flow Cell
Focal Zone

Water
Bath

Fig. | Schematic of focused ultrasound with flow cell. In the case of batch
processing the flow cell would be simply substituted with a closed glass vial.

were added to a MiniFlow circulating system to achieve a
transmission between 80% and 90% at A=405 nm. Analysis
was performed according to Mie scattering theory with a re-
fractive index of PLGA of 1.44 — 0.01i (14).

To determine the process yield and ovalbumin loading, 1 mL
particle suspension was dried in a rotational vacuum concentra-
tor (RVC 2-33 IR, Martin Christ, Osterode, Germany). The dry
nanoparticles were weighed, dissolved in 1 M NaOH, neutral-
ized with 1 M HCI and the protein content measured with a
BCA protein assay kit according to the manufacturer’s instruc-
tions (Merck Millipore, Billerica, USA). The total protein recov-
ery of this method was previously validated by CHN elemental
analysis (data not shown). Process yield and ovalbumin loading
were calculated using the following equations:

Nanoparticle mass

Process Yield = 100%
ess Vield = s of PLGA and Ovaliwrmin ™ 1007

(1)

Ovalbumin loading = _Ovalbumin mass_ x 100% (2)

Nanoparticle mass

Influence of Focused Ultrasound on Ovalbumin Stability

An ovalbumin solution similar in concentration and volume to
a typical experiment (0.38 mg/mL in 100 mL) was circulated

Table I Composition of Emulsions

Used to Prepare PLGA Nanoparti- Identifier Vial03 mL L)  Vial8 mL(mL)  Flow Cell 95 mL(mL)  Flow Cell 665 mL (mL)
cles in Different Batch Volumes. The
Used Sonication Vessels were Ovalbumin in water 152 04 4.8 33.6
300uLand |6 mL Glass Vials, and a PLGA in EtOAc 95 2.5 30 210
22 mlL Stainless Steel Flow Cell P407 in water 190 50 60 40
Total filling volume 300.2 79 94.8 663.6
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Table Il Settings and Derived

Description

Parameters for the Covaris Focused Abb. Parameter

Ultrasound Device
DF Duty Factor
CpB Cycles per Burst
PIP Peak Incident Power
AlP Average Incident Power
E Total Incident Energy
EN Incident energy per unit

volume

The percentage of time the transducer emits acoustic energy.

The number of acoustic oscillations (cycles) during an “on” period of the
transducer (burst).

Sonic power (in W) applied to the sample during an “on” period.

Can be approximated as AIP=DF x PIP The calculated AIP may differ from
measured AP due to constructive or destructive interference of generated
and reflected sonic waves.

The product of AIP and treatment time t.
The quotient of £ and batch volume V.

through a sonication flow cell and treated with maximum
intensity (250 W average incident power) up to 40 min. Sam-
ples were taken at predetermined time points and ovalbumin
integrity determined by size exclusion high performance lig-
uid chromatography. A TSKgel® SuperSW2000 column
(Tosoh Bioscience, Stuttgart, Germany) was used at 25°C
with an eluent containing 0.05 M sodium phosphate buffer
pH 7.0 and 0.15 M sodium perchlorate. The flow rate was set
to 0.45 mL/min and the UV absorption was measured at
214 nm. To calculate the ratio of ovalbumin monomer to
aggregates and fragments, all relevant peaks were integrated
and divided by the total integrated area before treatment.

Crossflow Filtration Method Development

A purification protocol was developed for MicroKros® hol-
low fiber crossflow filtration modules (modified polyethersul-
fone (MPES) membrane, 500 kD MWCO, 20 cm” surface
area; Spectrum Laboratories, Rancho Dominguez, USA). A
diafiltration setup was used for purification, z.e., the volume of
the retentate was kept constant by continuously replacing the
filtrated volume with fresh medium. The replaced medium is
measured in diafiltration volumes (DV), where one DV is
defined as the volume of the process solution at the start of
the diafiltration. If the membrane transmission of a compound
is known, the concentration reduction of the compound in the
retentate CR can be predicted as follows:

CR=1-¢ DV xt

(3)

where 7 is the transmission coefficient of the solute—with =1
meaning free transmission, and T=0 meaning no transmission
(15). Equation (3) is only valid if 7 is independent from solute
concentration and the transmembrane pressure is kept con-
stant. Clonsequently, the transmission coeflicient can be calcu-
lated by measuring CR and solving Eq. (3) for t:

In(1-CR)
Dy

T=—

(4)
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To determine the transmission coeflicient of P-407, 50 mL
of a 5 mg/mL P-407 solution were circulated from a bulk
vessel to the diafiltration module and back. The filtrated vol-
ume was continuously replaced by Milli-Q) water. Samples
were taken from the permeate and the concentration of P-
407 was determined by gel permeation chromatography
(GPC) using a Tosoh TSKgel® G3000HpzR column at
60°C, dimethylformamide as eluent at 1.2 mL/min, and a
refractive index detector. The concentration reduction of P-
407 in the retentate CR was calculated using the equation:

cp X Vp

CR = x 100% (5)

my

where mg is the total mass of P-407 at the start of the
diafiltration, ¢pis the concentration of P-407 in the permeate
and Vpis the volume of the permeate. The transmission coef-
ficient subsequently can be calculated for the respective num-
ber of diafiltration volumes by Eq. (4). At the end of each
experiment, the residual concentration of P-407 was directly
determined from the retentate.

Nanoparticle Suspension Purification

Ten milliliters of a freshly prepared PLGA nanoparticle sus-
pension was diluted to 20 mL with Milli-Q water and circu-
lated at 40 mL/min through a pre-washed MicroKros® mod-
ule. The permeate was replaced with Milli-Q water at the
same rate to perform a diafiltration. At the end of the
diafiltration the suspension was concentrated to 7 mL, the
filtration module completely emptied, rinsed with 2 mL of
Milli-Q) water and the combined retentate diluted to 10 mL.

RESULTS AND DISCUSSION

To our knowledge, this is the first study on the preparation of
polymeric nanoparticles using focused ultrasound and the
double emulsion method. Therefore, optimal treatment



Results: Original publications

Manufacture of Nanoparticles by Focused Ultrasound

parameters were established experimentally by investigating
the influence of the sonication intensity and time on particle
size, ovalbumin loading capacity and nanoparticle yield. The
study was started with a batch size of 8 mL in disposable glass
vials to obtain sufficient material for analysis while keeping the
material need at minimum. We could quickly discard settings
with low duty factor (DF) or peak incident power (PIP) as a
certain minimum sonication intensity is necessary to induce cav-
itation and therefore to reduce droplet size. There was no pro-
nounced difference in particle size when lowering D} and raising
PIP accordingly to keep the average incident power (AIP; equals
roughly the product of DF and PIP) constant. Because of the
good reproducibility the DI was kept constant at DF 50% for
the following experiments. A preliminary stabilizer screening was
conducted, including polyvinyl alcohol, poloxamer 188,
poloxamer 407, dimethyldidodecylammonium bromide, sodium
deoxycholate, and Tween 80 at concentrations between 0.1 and
2% (supplementary material). Poloxamer 407 was chosen due to
its ability to form nanoparticles with small size and narrow size
distribution. Furthermore, P-407 could adequately stabilize both
the emulsion as well as the subsequently formed nanoparticles at
a relatively low concentration (Figures S1 and S2).

Nanoparticle Size

Figure 2 shows the correlation between ultrasound treatment
time and the resulting mean particle size after collection of the
nanoparticle population. At all investigated time points, the
nanoparticle size distribution was narrow (polydispersity index
<0.2). A mean particle size of 200 nm can be achieved with very
short processing times. The size decrease is faster at the beginning
of the ultrasound treatment, and the mean nanoparticle size
eventually approaches a minimum between 105 and 110 nm.
A similar trend was observed previously (16,17), although Feczkéd
et al. reported a minimum size of 140 nm using a similar PLGA
concentration, but different solvent and stabilizer. As would be
expected, particle size is generally decreased with ongoing treat-
ment, and the size reduction is faster when increasing the average
incident power (AIP) from 50 W to 100 W (Fig. 2a). As the
particle size is mainly determined by the size of the emulsion
droplets, which in turn depends on the energy used for homog-
enization, it is not surprising that the particle size curves of both
treatments become nearly identical when normalizing on total
incident energy as the product of AIP and treatment time
(Fig. 2b). This interdependence between ultrasound intensity
and treatment time makes the process very predictable and
therefore provides an advantage during method development.

In this setup, the particle diameter D can be calculated
from the incident energy £ as follows:
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Fig. 2 Mean particle size of formulations manufactured with different Aver-
age Incident Power as a function of (@) sonication time (starting from several
seconds) and (b) total incident energy. The size of three independent batches
per time point was determined by DLS and the standard deviation depicted as
error bars.

where a defines the initial steepness of the curve and as such
probably includes factors like temperature, PLGA concentra-
tion, emulsion viscosity, sample volume, and the ratio water/
organic phase.

The parameter b defines the pole of the function at E=—h.
The fact that b>0 means that a very low amount of nanopar-
ticles may be found even with no second emulsion at all. Due
to the removal of microparticles and larger aggregates during
the first centrifugation step at 1.000Xg, this very low amount
of nanoparticles is detectable by dynamic light scattering, and
a mean diameter for this nanoparticle population can be mea-
sured. This phenomenon has its origin most probably in the
physical forces upon contact of the first emulsion with the P-
407 solution, as EtOAc is partially miscible with water and
both phases will saturate each other.

The parameter ¢ defines the asymptote of the function and
corresponds to the minimum emulsion droplet size after drop-
let breakup and recoalescence during ultrasound-induced cav-
itation. Factors influencing ¢ most probably include surface
tension, type and concentration of stabilizer, PLGA concen-
tration, and viscosity.
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Nanoparticle Yield

While the nanoparticle size is continuously decreased with
progressing treatment time, the nanoparticle yield rises for
both the 50 W and 100 W treatments to optimal values of
47-63% at 10-30 k] total incident energy, but declines when
further prolonging treatment (Fig. 3). As expected, a higher
intensity leads to a faster increase in yield, and when normal-
izing again on total incident energy the nanoparticle yield
from both treatments follow the same trend, again indicating
a predictable process. Interestingly, this biphasic relationship
of nanoparticle yield ¥ and total incident energy % can be
described by a simple function (Fig. 3, solid line):

Y(E) = aE"' + BE + ¢ (a,b< 0) (7)

As a centrifuge step during the manufacturing process sepa-
rates the nanoparticles from larger particles, it is safe to assume
that the major reason for increasing yield in the beginning of the
process is the size reduction of bigger emulsion droplets to sub-
micron size. To elucidate this, static light scattering measure-
ments of the particle suspensions were performed before any
centrifuge separation during the positive slope of the curve (E<
27 KJ). After 20 s at 100 W AIP (or 2 kJ), two distinct particle
populations exist in the submicron and micron size range, respec-
tively (Fig. 4, dotted line). When increasing treatment time, the
microparticle population diminishes in favor of the submicron
population, and eventually after 20 kJ (Fig. 4, solid line) only the
submicron population remains. The transition from one popula-
tion to the other is not continuous, as the mode of the particle size
of the microparticle population does not change and both nano-
particle and microparticle size peaks remain clearly separated.
This is in accordance with the mechanism of emulsion droplet
size reduction by cavitation which is deformation and sudden
break-up of droplets (18).

Consequently, the total conversion of micron to submicron
droplets (and therefore the maximum yield gain due to this

O Vial 8mL50 W
#Vial 8mL100W

80% 1

-}
(=}
X

Nanoparticle yield

Y(E) =-0.8415kl / E- 0.0011 kI E + 0.6565

100 200 300 400

Total incident energy (kJ)

Fig. 3 Nanoparticle production yield as a function of total incident energy.
Three independent batches per time point were washed, dried, weighed, and
the yield calculated by Eq. (). Error bars represent the standard deviation.
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Fig. 4 Particle size distribution of formulations prepared with increasing treat-
ment times and 100 W AIP Measurements were made by static light scattering
before any washing steps.

process) coincides with the observed peak values for the nano-
particle yield between 10 and 30 kJ (Fig. 3). We therefore
conclude that due to the steep rise and eventual asymptotic
behavior, the term afZ’ (¢<0) from Eq. (7) is reasonable for a
mathematical description of the yield gain resulting from
droplet size reduction.

Yield diminishing influences are accounted for by the sec-
ond term from Eq. (7) 6E (b<0). Especially at incident energies
below 100-200 k] the yield reduction coincides with a particle
size reduction (Fig. 5). There are several explanations for this
correlation. First, if the stabilizer concentration is just enough
to stabilize an emulsion, the increased total surface arca as a
result of emulsion droplet size reduction may lead to a de-
crease of local stabilizer concentration at the interface and
consequently to droplet re-coalescence and emulsion instabil-
ity after treatment. Second, if the surface of subsequently
formed particles is not saturated with stabilizer, aggregation
might occur during centrifuge purification. Third, smaller
particles are more likely lost during centrifugation as the
RCF was kept constant. Consequently, when substituting

- 80%
—+—§ 60%
+ 2
S
K]
=]
++ 40% B
©
(-3
<]
+ c
+ ©
20% 2
: . ‘ 0%
250 200 150 100 50 0

Mean particle diameter (nm)

Fig. 5 Correlation between mean nanoparticle size and nanoparticle yield.
Eight milliliters emulsion was treated in a glass vessel at 100 W AIR The
horizontal axis was mirrored to clarify the chronological progression from
larger to smaller particles during the course of the process. Centrifuge purifi-
cation is most likely the reason for reduced yield when producing smaller
nanoparticles.
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centrifuge purification for crosstlow filtration, thus eliminating
two of the possible reasons, we could significantly increase the
yield (see section “Cirossflow Filtration™).

While the particle size decreases only slightly further at
incident energies above 100 k], there is still a noticeable drop
in nanoparticle yield (Figs. 2b and 3). Considering the small
batch volume of 8 mL and the very long treatment time—
which is well beyond reasonable process times for produc-
tion—degradation might occur due to mechanical stress and
the generation of free hydroxyl radicals in the process of cav-
itation. A cleavage of PLGA to water-soluble oligomers and
monomers would reduce the mass of precipitable polymer,
while a loss of stabilizer could lead to coalescence and aggre-
gation as described above, both decreasing nanoparticle yield.
"The solvodynamic shear generated by the formation, oscilla-
tion and collapse of cavitation bubbles leads to a tension along
the elongated polymer backbone and subsequent chain scis-
sion (19). Considering the y-irradiation-induced radical de-
composition of PLGA and polyethers like P-407 (20,21), cav-
itation induced free radicals might lead to a similar
autoxidative decomposition pathway: C-H bond cleavage
and peroxide formation in the presence of hydroxyl radicals
and oxygen, random polymer chain cleavage, and eventually
short chain acid formation (21,22).

Indeed, PLGA in dichloromethane was found to experience
molecular weight loss when sonicated even at relatively low in-
tensities with relatively short processing times (23). Reich found a
significant molecular weight reduction when treating a 6 mL
sample at 40 W for 30 s (=0.2 kJ/mL) with a submerged probe
sonicator. While we did not systematically monitor the stability of
PLGA and P-407 following sonication in this study, no degrada-
tion of either polymer could be detected in samples
manufactured with an AIP of 50 W and 0.6 kJ/mL energy per
unit volume (gel permeation chromatography data not shown).
The superior polymer stability in our study may be explained by
the controlled and contact-free nature of a focused ultrasound
treatment as opposed to probe sonication; the latter suffering
from unpredictable interference patterns and energy hotspots
across the sample due to the unfocused distribution and reflection
of sonic waves. Another factor might be the stabilizer P-407 used
in our study, a tri-block copolymer of poly(oxyethylene) (POE)
and poly(oxypropylene) (POP) in the form of POE,-POP,-POE,

with a=101 and b=56. POE was found by Rokita and Ulanski
to be an effective radical scavenger by investigating competition
kinetics in a sonochemical reactor (24). Furthermore, they found
that less hydrophobic polymers like POE are enriched at the gas/
water interface of the cavitation bubbles up to a factor of 100
compared with the rest of the solution, while more hydrophobic
polymers like poly(methyl methacrylate) are evenly distributed
(24). Thus, by saturating the interface, the stabilizer might dis-
place other molecules of interest from the zone of greatest stress
and therefore additionally protects them from mechanical forces
and free radicals.

Only at considerably higher incident energy (£> 100 k], equal
to 12 kJ/mL for 8 mL sample), a decline of nanoparticle yield
occurs which is probably related to polymer degradation. The
needed energy is 60 times higher than the degradation threshold
of PLGA reported by Reich (23). Based on these findings, a
systematic assessment of the polymers’ integrity depending on
the used energy source, incident power and energy per unit
volume is necessary for a rational manufacturing process design.

The linear constituent £ from Eq. (7) likely is too simpli-
fied to describe all underlying mechanisms of yield decline.
However, degradation is only expected when overprocessing
a sample, and the manipulation of both particle size and nano-
particle yield is effectively possible before reaching critical
levels of incident energy. Therefore we conclude that the pro-
cess preserves the structure of PLGA and P-407, and that the
proposed equation is both mathematically reasonable and ad-
equate for yield optimization.

Ovalbumin Loading

Ovalbumin was used as model protein due to its common
usage in early vaccination studies with mice. The ovalbumin
loading is at acceptable levels even after short processing times
and seems to be higher at lower average incident power. Dur-
ing 50 W treatment the loading reaches a maximum of 3.6 =
0.1% protein per particle weight at 150 s (equaling 7.5 kJ),
while a 100 W treatment peaks at 3.2+0.2% at 200 s
(20 kJ) (Table III). This conforms to published work on the
encapsulation of ovalbumin in PLGA using probe sonication
with reported values from 1.2 to 5.4% (25-27). As we did not
optimize the used concentrations of ovalbumin and PLGA

Table llI Total Incident Energy

(TIE) Necessary to Achieve Either TIE(K)  Energy perunit  Ovaloading (%) NP Yield (%)  Ova EE (%)
Maximum Ovalbumin Loading or volume (k/mL)
Ovalbumin Encapsulation Efficiency
(EE) for Different Average Incident AIP 50 W, max. load 7.5 09 3.6+0.1 29.5+3.1 224+33
Power (AIP). EE is Calculated from  AIP 50 W, max. EE 30 38 33+02 545+42 38.2+57
\L(?al‘j'”g and Nanopartide (NF) AIP 100 W, max. load and EE 20 25 32+02 560+32  38.1+49

el

Literature (25-28)* n.a. 0.1—1 [.2-54 not reported 15—-34

 Comparison with probe sonication. Energy per unit volume was estimated as all suitable references lack information
regarding one or more of the following: total volume, power source, applied power, pulsing, and ultrasound hormn
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during emulsification, the ovalbumin loading achievable by
focused ultrasound may be higher than reported in this study.
Especially when using costly proteins, the encapsulation effi-
ciency (EE; the fraction of ovalbumin that is actually encap-
sulated in the nanoparticles) is another important factor. It can
be calculated from the ovalbumin loading, the nanoparticle
yield and the total amount of employed ovalbumin. For the
above mentioned loading maxima the LE is 22 and 38% for
the 50 W and 100 W treatments, respectively (Table III). This
again conforms to published work with reported EE from 15
to 34% (26-28).

Similar to yield, when drastically increasing the incident
energy to values above 100 kJ the loading seems to decrease
again for the 50 W treatment (2.0% at 240 kJ). A similar trend
was observed by Feczké et al. who proposed a greater chance
of drug escape from the inner aqueous droplets (which would
get encapsulated) to the outer water phase for longer and
higher intensity emulsification treatments (29). Interestingly,
the loading increases to 6.6% when applying excessive inci-
dent energy (360 kJ at a power of 100 W AIP). As the protein
visibly aggregates under these harsh conditions, this finding
might have been caused by a changed affinity of ovalbumin
oligomers to the polymer matrix, the formation of protein
aggregates similar in size to the PLGA nanoparticles, or the
formation of protein-polymer conjugates. The exact cause was
not further investigated as relevant processing energies to
achieve acceptable particle size, yield and loading are equal
or below 30 kJ and thus more than ten times smaller.

Influence of Batch Volume

To assess the potential for discovery formulation screening
with very limited amounts of drug substance, the method
was adjusted from 8 mL to fit 300 pL glass sonication vials.
This reduced the amount of PLGA necessary for one sample
run from 30 mg to 1.1 mg. Although the maximum sonication
intensity is limited for the smaller vessels, comparable energy
per unit volume can be achieved. When normalizing the total
energy intake on batch volume, the particle sizes for the
300 pL batches fit nicely into the curve extrapolated from
the 8 mL batches (Fig. 6a). This indicates a good scalability
between the two batch sizes and that particle sizes can be
predicted by applying simple mathematics.

By using a stainless steel sonication flow cell, batch volumes
of up to several liters can be processed with a single unit. As
this would equal tens of grams of PLGA nanoparticles, the
proposed method would also be suitable for the supply of
larger pre-clinical studies. As the process is continuous, con-
tact-free, and all parts with product contact are either sterile
consumables or autoclavable, it may possibly be used for the
supply of clinical trials. We therefore investigated the upscale
potential by producing PLGA nanoparticles in batch sizes of
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Fig. 6 Mean particle size of formulations with different batch volumes
manufactured in different sonication vessels as a function of (a) energy density
and (b) total incident energy. The average incident power was 100 W for the
8 mLand 95 mL batches, and |0 W for the 0.3 mL batch. Symbols represent
mean = standard deviation, n=3 for 0.3 mL, 8 mL and 95 mL, n=1 for
665 mL. The solid line is a fit for the 8 mL batch according to Eq. (6).

95 mL and 665 mL (360 mg and 2520 mg PLGA,
respectively).

Particle sizes are reduced much more efliciently at same
energy per volume levels in the flow cell than in the glass
vessels (Fig. 6a). This may be due to a better acoustic trans-
missibility of the plain polyimide sheet at the bottom of the
flow cell, while the curved bottom of the glass vials result in
greater sonic wave reflection. In fact, when processing a batch
volume of 665 mL the same particle size can be achieved as
tor the 8 mL batch in a glass vessel by using just the same
amount of sonic energy (Fig. 6b).

While the flow cell is more effective regarding particle size
reduction at a given energy level, the nanoparticle yield is
inferior to the glass vessel application (maximum of 23.9+
5.7% at 2.5 kJ/mL vs. 63.5£2.5% at 3.8 kJ/mL) (Fig. 7).
Possible explanations are surtace adsorption in the pump tub-
ing, and incomplete mixing in the bulk vessel. In the resulting
“dead volumes” droplets are less likely to be conveyed to the
flow cell and may retain above-micron sizes (meaning lower
nanoparticle yield), while the rest of the fluid is
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Fig. 7 Nanoparticle yield of formulations using either a glass vial or a flow cell
as a function of (a) incident energy per batch volume and (b) total incident
energy. The average incident power was 100 W for all batches. Symbols
represent mean = standard deviation, n=3 for 0.3 mL, 8 mL and 95 mL,
n= | for 665 mL.

disproportionately more sonicated (meaning smaller nanopar-
ticles). Consequently, as fluid dynamics were easier to control
in a larger scale, the 665 mL batch with a yield of 39.2% was
superior to the 95 mL batch, but still not as eflicient as the
8 mL process. This difference can be explained by the smaller
particle size of flow cell versus glass vial preparations at lower
energy levels, as smaller particles are lost to a greater extent
during centrifuge washing (see section “Crosstlow Filtration”).
Similar to the nanoparticle yield, the ovalbumin loading
achieved during the 95 mL process (0.5—-1.0% for 0.1-
2.5 kJ/ml) was inferior to the 8 mL process (2.0-3.6% for
0.3-7.6 kJ/mL). When further increasing the batch volume to
665 mL, a comparable loading is achievable by the flow cell
process with lower incident energy per unit volume (1.6-2.5%
for 0.1-0.6 kJ/mL). This indicates that a certain minimum
volume is necessary for a representative flow cell treatment.

Ovalbumin Stability

Figure 8 shows the influence of focused ultrasound on the
structure and stability of ovalbumin processed in a flow cell
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Fig. 8 Stability of ovalbumin during focused ultrasound processing of a solu-
tion in a flow cell (AIP 250 W). Protein structure was determined by size
exclusion chromatography and quantified by integration of the acquired curve.
All integrated peak areas for the respective species are reported as fraction of
the total integrated area of an untreated sample (O kJ/mL). Bars represent
mean =+ standard deviation of three independent treatments.

as obtained by size exclusion chromatography. Before the
treatment, ovalbumin is present as 80.3% monomer, 19.2%
soluble oligomers and very few to no fragments. At 0.6 kJ/mL
(which is enough to reach an acceptable yield for flow cell
processing) the monomer content is only slightly reduced from
80.3 to 78.8% of initial total integrated area, while the content
of fragments rises from 0.4 to 1.7%. When drastically increas-
ing the energy per unit volume to 6 kJ/mL, the monomer
content is still relatively high at 75.3%, but a noticeable in-
crease of fragments to 8.0%. The total integrated area of the
size exclusion chromatogram decreases slightly above 0.9 k]/mL.
This is indicative of the formation of some insoluble deg-
radation products. Overall the data shows that focused
ultrasound itself has only a very slight eftect on the
structure of ovalbumin.

Optimization of the Washing Protocol
The nanoparticle mass loss can be partially contributed to the

washing step. Higher energy treatments result in smaller par-
ticles, which in turn tend to form less dense pellets during
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Fig. 9 Concentration reduction (CR) of poloxamer 407 in the retentate
during didfiltration. The open spheres denote the CR of P-407 (determined
from the permeate). Solid spheres denote the apparent membrane transmis-
sion of P-407 for the respective time point as calculated from CR using Eq. (4).
The line shows the predicted CR for a compound with a concentration inde-
pendent transmission of 0.74.
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Table IV Crossflow Filtration of a Suspension of PLGA Nanoparticles Containing Ovalbumin. Mean and Standard Deviation are Calculated from Three

Independent Filtration Experiments Using Different Filtration Modules

Z-average diameter (nm) Polydispersity index Residual P-407 T(P-407) Residual ovalbumin
Before washing 122.1 0.098 100% NA 100%
Crossflow filtration (DV = 5) 1229+1.6 0.106 £0.022 1.7+0.2% 0.82 nd.
Crossflow filtration (DV = 10) 1224+ 1.1 0.104=0.015 <0.03% * >0.80 <03% *

* Below LOQ

centrifugation and exhibit higher loss on washing. A simple
solution would be to increase the relative centrifugal force
(RCF). While this would reduce losses for smaller particles,
preliminary trials suggested that bigger particles from lower
energy treatments are more likely to deform or agglomerate at
higher RCF, and may even form pellets that cannot be
redispersed anymore. To optimize the nanoparticle yield
while retaining the key formulation characteristics it would
be necessary to establish individual washing protocols depend-
ing on the mean particle size of each preparation. Addition-
ally, the feasible processing volume and scalability of centrifu-
gation is limited.

To address these issues, crossflow filtration was established
and compared to conventional centrifuge washing regarding
purification efficiency, particle size distribution, ovalbumin
loading capacity and overall production yield.

Crossflow Filtration

Membrane filtration is widely used for separation and purifi-
cation purposes in biotechnology (30). In crossflow filtration, a
solution or suspension is continuously pumped parallel to a
membrane. The created transmembrane pressure forces the
solvent and solutes smaller than the membrane’s pores across
the membrane, while the direction of the stream prevents
membrane fouling. The used membranes are usually charac-
terized by their molecular weight cut oft (MWCO), indicating
a 90% retention for globular macromolecules of that size.

In this study, the sub-micron particles are to be separated
from excess ovalbumin (44.3 kDa) and P-407 (12.6 kDa on
average). For optimal flux and upscale potential we chose a
diafiltration module with a hydrophilic membrane formed to
bundled hollow fibers. The fibers are made of modified poly-
ethersulfone (MPES) with a MWCO of 500 kDa, equaling
20 nm according to the manufacturer. The nanoparticle

Table V

suspension is circulated from a bulk vessel through the interior
of the membrane fibers and back. Small molecules like sol-
vents and salts readily cross the membrane to the exterior
encasing where they are collected and flushed out. After 7
diafiltration volumes, the concentration of such molecules in
the retentate is usually reduced below 0.1% of the initial value.
More complex molecules like proteins and polymers may be
filtrated if they are smaller than the membrane’s pores, but
exhibit a reduced transmission.

As this directly influences the efficiency of the purification,
the transmission coefficient of P-407 in solution was deter-
mined from Eqs. (4) and (5) by repeatedly measuring the con-
centration of P-407 using GPC in the combined permeate
during a diafiltration experiment (Fig. 9). During the first
three diafiltration volumes, the transmission coeflicient re-
mains relatively unchanged at t=0.74 £ 0.05. With increasing
diafiltration volumes (DV) the transmission seems to decrease.
At the end of the experiment (after 10 DV), the amount of P-
407 found in the permeate was 96.7%, and the transmission
was calculated as T=0.35£0.05. However, direct sampling
from the retentate revealed that less than 0.1% P-407 (below
limit of quantification) actually remained in the retentate,
resulting in a transmission of at least 0.70 after 10 DV. Ac-
cordingly, the initially observed decline of membrane trans-
mission is not an effect of concentration dependency but rath-
er due to adsorption of P-407 to the tubing and the
membrane.

To validate the findings in the presence of nanoparticles, a
second diafiltration study was conducted with a freshly pre-
pared nanoparticle suspension (6 mg/mL PLGA) containing
ovalbumin. Particle sizes were measured by DLS before and
after purification. The concentration of P-407 and ovalbumin
was determined directly from the retentate by GPC and BCA
assay, respectively. It was found that the particles remained
stable during purification with no change in mean particle

Influence of Washing Protocols on Formulation Parameters. Although the Variance Could not be Calculated Due to Sample Pooling (n =3), the

Polydispersity Index Is Sufficiently Low to Discem Safely Between the Two Washing Protocols

Z-average diameter (nm)

Polydispersity index

Ovalbumin loading capacity (%) Nanoparticle yield (%)

Before washing 1727 0.084 na. na.
Centrifuge washing 190.0 0.134 24 60.8
Crossflow filtration 168.9 0.124 22 73.8
@ Springer
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diameter and size distribution (Table 1V). This indicates that
poloxamer 407 is effective as stabilizer during particle forma-
tion and purification, even after almost quantitative removal
from the suspending liquid. This is in accordance with the
hypothesis that the tri-block copolymer P-407 irreversibly ad-
sorbs onto the surface of hydrophobic particles with its hydro-
phobic poly(oxypropylene) (POP) middle block, while the two
poly(oxythylene) (POE) chains protrude into the surrounding
medium (31,32). In contrast to our results, Quintanar-
Guerrero ¢t al. found that poly(lactic acid) nanoparticles stabi-
lized with poloxamer 188 (P-188) agglomerate during
diafiltration (33). Interestingly, the nanoparticles remained
stable when they kept the concentration of P-188 constant
during diafiltration, indicating a loose interaction between
stabilizer and particle surface. The reason for the superior
performance of P-407 is most likely the increased weight of
the hydrophobic POP middle block (56 monomers as opposed
to 27 in P-188). Indeed, field flow fractionation experiments
showed that only the length of the POP chain influences the
concentration of different poloxamers adsorbed to the surface
of polystyrene nanoparticles of a given size, while the length of
POE mainly influences the thickness of the adsorbed layer and
the mobility of the protruding POE chains (34).

While a concentrated suspension of particles larger than
the filter’s pores would immediately block during convention-
al dead end filtration, no detrimental effect of PLGA nano-
particles on the removal of P-407 could be observed during
crosstlow filtration. The calculated transmission coefficient of
P-407 (v>0.80) was coherent with prior observations. It was
concluded that a washing cycle of 9-10 DV is sufficient to
reduce the amount of free stabilizer and protein to negligible
levels (below 1 mg of free stabilizer per gram of nanoparticles).

In contrast to crossflow filtration, the purification of PLGA
nanoparticles by centrifugation leads to a significant increase
in mean particle size (Table V). While one would expect a
somewhat lower ovalbumin load after 2 h of crossflow filtra-
tion and corresponding drug release, no difference could be
observed to centrifuge purification. As expected, the overall
nanoparticle yield could be further improved by the use of
crossflow centrifugation. The described method is suitable
for the described manufacturing process starting with batch
volumes from 10 mL regardless of nanoparticle size. Only
minor adjustments would be necessary to process different
volumes. As hollow fiber modules are available with the same
dimensions but with an increased number of fibers, a scale up
to several liters seems to be reasonably simple.

CONCLUSION

A scalable and contact-free method to produce protein-loaded
nanoparticles was successfully established based on a commer-
cially available focused ultrasound transducer. Nanoparticles
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could be produced in batch sizes from 1 mg to 2500 mg using
the same equipment. Similar nanoparticle characteristics
could be achieved over the range of investigated batch sizes.
The mean particle diameter could be controlled between 100
and 200 nm with a maximum yield of 74% and protein load-
ing up to 3.6%. Lower yields for smaller particles and larger
batch sizes could be mitigated by the use of diafiltration in-
stead of centrifugation. The influence of device parameters
and batch size on nanoparticle size and yield and could be
described by simple mathematic relationships. This underlines
the robustness and predictability of the process and therefor
provides an advantage in method development and scale up.
In contrast to already established methods, the proposed
nanoparticle manufacturing process is a valuable tool for both
screening purposes and manufacturing, and as such could
advance the translation of nanomedicine to the clinic.
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Stabilizer screening for the preparation of PLGA nanoparticles

The following stabilizers were evaluated: polyvinyl alcohol (PVA; Mowiol® 4-88, M,, ~31,000) and
dimethyldidodecylammonium bromide (DMAB) were obtained from Sigma Aldrich (St. Louis, USA).
Sodium deoxycholate (SDC) and polysorbate 80 (Tween® 80) were obtained from Merck KGaA
(Darmstadt, Germany). Poloxamer 188 (P-188) and poloxamer 407 (P-407) were kindly provided by

BASF (Ludwigshafen, Germany).
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Fig. S1 Mean particle size (bars) and polydispersity index (¢) of formulations manufactured with
different stabilizers. The size of three independent batches was determined by DLS, and the standard
deviation depicted as error bars. P-188 was omitted due to emulsion instability and subsequent film
formation.
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Fig. S2 Mean particle size (bars) and polydispersity index (¢) of formulations manufactured with
different stabilizers after removal of aggregates by centrifugation (15 min at 1,000 x g). The size of
three independent batches was determined by DLS, and the standard deviation depicted as error
bars. P-188 was omitted due to emulsion instability and subsequent film formation.

Nanoparticles were prepared by double emulsion solvent evaporation as described in the methods
section. 0.4 mL of an aqueous solution of 3.75 mg/mL ovalbumin, 2.5 mL of 12 mg/mL PLGA in ethyl
acetate, and 5 mL of the respective aqueous stabilizer solution were subsequently homogenized by
focused ultrasound in a glass tube. The first homogenization was done with 50% duty factor, 1000
cycles per burst, and 200 W peak incident power for 60 s. The second homogenization was done using
the same settings for 5 min. After solvent evaporation, the mean particle size was determined by
dynamic light scattering before (Figure S1) and after (Figure S2) removal of aggregates by
centrifugation (15 min at 1,000 x g) as described in the methods section. The (-potential was
additionally determined by laser Doppler anemometry (Zetasizer Nano ZS, Malvern Instruments,
Worcestershire, UK) when using charged stabilizers: 1 mL of freshly prepared nanoparticle suspension
was pelletized by centrifugation (5 min at 21,000 x g), the supernatant removed, the nanoparticles

redispersed in 1 mL of 1 mM phosphate buffer pH 7.4, and transferred to a folded capillary cell
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(DTS1061). Each sample was measured three times with automatic measurement duration and voltage

selection, data recorded using Zetasizer Software v7.01 and analyzed using “General Purpose mode”.

The different stabilizers were evaluated for their ability to prevent droplet coalescence and
nanoparticle agglomeration during solvent evaporation and after particle formation, respectively. The
absence of large aggregates is indicated by minimal differences of mean particle size and polydispersity
index between the three independent runs for each stabilizer concentration before removal of
aggregates (Figure S1), as well as minimal differences before and after centrifugation (Figures S1 and
S2). A good stabilization for both the emulsion and the particle suspension could be observed for PVA
at 1 and 2%, P-407 at 0.5, 1 and 2%, DMAB at 0.1%, and SDC at 0.5, 1 and 2%. Visible agglomeration
occurred when using PVA at 0.5%, DMAB at 0.5 and 1%, and Tween® 80 at 0.1, 0.5 and 1%.
Interestingly, while a minimum concentration of 1% for the nonionic, steric stabilizer PVA was required,
formulations using the cationic, non-steric stabilizer DMAB only remained stable at DMAB
concentrations of not more than 0.1%. The heavy precipitation observed for DMAB concentrations of
0.5 and 1% may be due to higher charge interactions and crosslinking between positively charged
particles, free stabilizer and the negatively charged free ovalbumin. At 0.1% DMAB seems to be feasible
for the preparation of small, positively charged PLGA nanoparticles ({-potential of 35.0 + 1.0 mV).
Nanoparticles prepared using 0.5% P-407 were slightly negatively charged (-30.4 + 2.1 mV), while the
anionic stabilizer SDC yielded a stronger negative surface charge (-51.7 + 4.1 mV).

For formulations containing P-188 at 0.5, 1 and 2%, particle size measurement was omitted because
of the formation of a continuous film at the surface of the emulsion. The poor emulsification efficiency
of P-188 in contrast to P-407 may be explained by the very high hydrophilicity of P-188 (HLB > 24),
while P-407 (HLB between 18-23) is more lipophilic due to its more than doubled poly(oxyproylene)

middle block.
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Abstract. To develop a scalable and efficient process suitable for the continuous
manufacturing of poly(lactic-co-glycolic acid) (PLGA) nanoparticles containing ovalbumin
as the model protein. PLGA nanoparticles were prepared using a double emulsification
spray-drying method. Emulsions were prepared using a focused ultrasound transducer
equipped with a flow cell. Either poly(vinyl alcohol) (PVA) or poloxamer 407 (P-407) was
used as a stabilizer. Aliquots of the emulsions were blended with different matrix excipients
and spray dried, and the yield and size of the resuspended nanoparticles was determined and
compared against solvent displacement. Nanoparticle sizes of spray-dried PLGA/PVA
emulsions were independent of the matrix excipient and comparable with sizes from the
solvent displacement method. The yield of the resuspended nanoparticles was highest for
emulsions containing trehalose and leucine (79%). Spray drying of PLGA/P-407 emulsions
led to agglomerated nanoparticles independent of the matrix excipient. PLGA/P-407
nanoparticles pre-formed by solvent displacement could be spray dried with limited
agglomeration when PVA was added as an additional stabilizer. A comparably high and
economically interesting nanoparticle yield could be achieved with a process suitable for
continuous manufacturing. Further studies are needed to understand the robustness of a
continuous process at commercial scale.

KEY WORDS: continuous manufacturing; PLGA nanoparticles; focused ultrasound; spray drying;

protein delivery.

INTRODUCTION

A major challenge in the translation and commercialization
of nanomaterials in medicine is the development of adequate
pharmaceutical production processes that work equally well at
large scale as at lab scale as (1,2). While several marketed
pharmaceutical products employ nanotechnology, very little is
publicly known about production processes and the translation
from research to commercial scale (3). Continuous processes are
often investigated (2,4,5), as they are considered easy to scale
and more efficient, allow for simple process monitoring, and
typically lead to less batch-to-batch variation. Although
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continuous nanoparticle precipitation methods—sometimes
called flash nanoprecipitation—exist (5-7), in general, they are
not suitable to produce nanoparticles of hydrophobic polymers
and hydrophilic cargos. Such systems are often produced using
the double emulsion method (8): the hydrophilic drug is
dissolved in water and emulsified into a non- or partially
miscible solvent containing the polymer. This two-phase system
is further emulsified into an outer aqueous phase containing a
stabilizer. The solvent is subsequently removed and the polymer
precipitates to form nanoparticles around the hydrophilic drug.
The critical steps of emulsification and solvent removal are
typically done with batch processing (9). We previously reported
the use of a focused ultrasound transducer coupled with a flow-
through cell for a contact-free and scalable emulsification
capable of continuous processing (9). The logical next step
would be to also adapt the solvent evaporation to a continuous
process, for example, by spray drying.

Spray drying is a continuous, fast, and efficient process
for solvent removal. It may be used to transform preformed
nanoparticle suspensions to dry powders commonly known as
“Trojan particles,” nanoembedded microparticles, or
nanoparticles-in-microparticles (10,11). The direct precipita-
tion and drying of nanoparticles has been described as the
emulsion spray drying approach, using single water/oil (W/O)

1530-9932/20/0700-0001/0 © 2020 The Author(s)
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emulsions (12-15). The size of the precipitated nanoparticles
is controlled by the atomization of the feed rather than by the
droplet size of the dispersed phase of the emulsion.

However, the generation of submicron droplets and
the collection of submicron particles with sufficient yield
are very challenging with conventional equipment, and the
throughput of available specialized equipment is severely
limited compared with conventional nozzles, cyclones, and
filter bags (16).

Spray dying of water/oil/water (W/O/W) double emul-
sions allows for the in situ generation of polymeric nanopar-
ticles with hydrophilic cargo while simultaneously embedding
them in a stabilizing powder matrix. The concept has been
described for batch mode emulsification and conventional
spray drying equipment (17,18), but little is known about the
factors influencing nanoparticle size and yield. The aim of this
study was to investigate whether poly(lactic-co-glycolic acid)
(PLGA) nanoparticles can be produced with acceptable yield
and particle size distribution by the double emulsion method
using scalable methods fit for continuous manufacturing.
Different emulsion stabilizers and matrix components were
investigated for their influence on nanoparticle size and yield.

MATERIALS AND METHODS

Materials

Poly(lactic-co-glycolic acid) (PLGA, Resomer® RG 503
H) was purchased from Evonik Industries (Essen, Germany).
Poloxamer 407 (P-407), Kollidon® 30 (K30), and Kollidon®
VA64 (VA64) were kindly provided by BASF (Ludwigshafen,
Germany). Poly(vinyl alcohol) (PVA; Mowiol® 4-88) was
obtained from Kuraray Europe GmbH (Hattersheim am
Main, Germany). Ovalbumin grade V, as well as all other
chemicals, was obtained from Merck KGaA (Darmstadt,
Germany). Water was purified with a Milli-Q® system
(Merck KGaA; Darmstadt, Germany).

Emulsion Preparation

All solutions were freshly prepared and filtered through
0.2-pm membrane filters (polytetrafluorocthylene for organic
solutions or polyethersulfone for aqueous solutions). Double
emulsions were prepared using focused ultrasound according
to a previously described method (9). In brief, PLGA was
dissolved to 12 mg/mL in 70 mL cthyl acctate and added to
14 mL of an aqueous solution of 6 mg/mL ovalbumin. The
mixture was circulated through the flow cell of a commercial
focused ultrasound transducer (Covaris S2x, Covaris Inc.;
Woburn, MA, USA) using a peristaltic pump at 50 mL/min.
The mixture was homogenized for 5 min at intensity 10, duty
factor 50%, 300 cycles per burst. An aqueous solution,
140 mL of 20 mg/mL PVA or P-407, was added, and the
mixture was again emulsified by focused ultrasound for
45 min (same settings). An aliquot of this emulsion was
precipitated by solvent displacement (10-fold dilution with
purified water). The particle size distribution of the obtained
nanoparticle suspension was measured by dynamic light
scattering as described below. The results served as a control
for in-use emulsion stability and as a target for nanoparticles
precipitated by spray drying.
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Spray Drying

Aliquots of the double emulsion, consisting of dry mass
ratios of 1 part PLGA and 3.3 parts PVA or P-407, were
either directly spray dried or spiked with 9 parts matrix
excipient. The aliquots were fed at 2 mL/min into a ProCepT
4M8-TriX lab scale spray dryer equipped with a straight and a
conical drying column and a small cyclone (ProCepT nv;
Zelzate, Belgium); atomized with a 1.0 mm bi-fluid nozzle and
10 L/min nitrogen; and dried at 80°C inlet drying air
temperature, 0.4 m*min drying air flow, 40-42°C cyclone
outlet temperature, and a pressure drop of 60-65 mbar over
the cyclone. Ambient conditions were between 20 and 23°C
and 40-60% rh.

Particle Size and Yield Determination

Spray-dried powders were reconstituted with purified
water at approximately 0.5 mg/mL PLGA by shaking for 30—
60 min and passed through a 1.0 pm glass microfiber syringe
filter to remove agglomerated PLGA particles and incompletely
dissolved matrix excipients. The filtered particle suspensions
were analyzed by dynamic light scattering (Zetasizer Nano ZS,
Malvern Instruments; Worcestershire, UK; 4 =633 nm, 25.0 +
0.1°C, backscatter mode, cumulants fit).

Filtered and unfiltered suspensions were centrifuged for
5 min at 21,000xg to collect the PLGA particles. The pellet
was washed twice with water, dried in a rotary vacuum
concentrator (RVC 2-33 IR, Martin Christ; Osterode, Ger-
many), and subsequently weighed. The nanoparticle yield was
calculated by dividing the mass of the pellet from the filtered
suspension by the mass of the pellet from the corresponding
unfiltered suspension.

RESULTS AND DISCUSSION

Double emulsions containing PLGA and cither PVA or
P-407 as the nanoparticle stabilizer were spray dried and
analyzed for changes in particle size distribution and the
resulting nanoparticle yield. The emulsions were either
sprayed “as is” or after the addition of matrix excipients:
trehalose and mannitol as desiccoprotectants, leucine to
increase the dispersibility of the spray-dried powders (19));
VA64 and K30 due to their ability to sterically stabilize drug
nanoparticles (20); or the further addition of the nanoparticle
stabilizers PVA and P-407 also as matrix excipients. Nano-
particle precipitation from PLGA/PVA or PLGA/P-407
double emulsions by solvent displacement without any
additives or spray drying served as the control.

Spray drying of double emulsions containing PLGA/
PVA yielded nanoparticles of similar size as precipitation by
direct solvent displacement (Fig. 1). The addition of different
matrix excipients to the emulsions before drying did not
influence the resulting nanoparticle size. Only P-407 seemed
to decrease the resulting nanoparticle size. P-407 is a surface-
active block copolymer suitable for the stabilization of PLGA
double emulsions and suspensions alone, resulting in particles
of a smaller hydrodynamic diameter when using the same
manufacturing method and parameters (9). A possible
explanation is that P-407 may replace PVA, to a certain
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Fig. 1. Resulting nanoparticle sizes after spray drying of PLGA/PVA
double emulsions with and without the addition of different matrix
excipients. Spray-dried powders were reconstituted in purified water,
then aggregates were removed by filtration, and particle size distribu-
tion was measured by dynamic light scattering. Nanoparticles precip-
itated by solvent displacement without spray drying served as the

control. Measurements were done in triplicate, RSD <0.5%

extent, at the liquid/liquid interface before drying or at the
particle/liquid interface after drying and reconstitution.

In contrast to the mean particle size, the nanoparticle mass
recovery from spray-dried powders is influenced by the choice
of matrix (Fig. 2). Spray drying of the emulsion with no further
addition of excipients resulted in a nanoparticle yield of 40%.
Adding K30 to the emulsion is not beneficial for the nanopar-
ticle yield. Adding mannitol/leucine or VA64 moderately
increases the yield to 50-60%. The best result of 79% was
obtained when trehalose/leucine were added to the emulsion. A
nanoparticle yield of 79% is considerably higher than previously
reported for the continuous production of PLGA nanoparticles
using focused ultrasound followed by solvent displacement (9).
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Fig. 2. Resulting nanoparticle yield after spray drying of PLGA/PVA
double emulsions with and without the addition of different matrix
excipients. Nanoparticles were isolated from the matrix after
reconstitution of the complete batch in purified water, then aggre-
gates were removed by filtration, and the mass was determined after
drying

The reported yield may already be economically acceptable
when reproduced on a commercial scale.

After the proposed process, excess stabilizer and free
drug would remain in the spray-dried powder. The spray-
dried powder could be directly used for further downstream
processing (e.g., tableting) into a final dosage form for
applications where free drug and stabilizer are not an issue.
Alternatively, the dry powder intermediate may be purified
before further processing. Centrifuge purification works well
for PVA and is well established at lab scale, but the scalability
is limited and particles may deform or agglomerate under
stress (9). Continuous purification methods, such as cross-flow
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Fig. 3. Resulting nanoparticle sizes after spray drying of PLGA/P-407
double emulsions with and without the addition of different matrix
excipients. Spray-dried powders were reconstituted in purified water,
then aggregates were removed by filtration, and particle size
distribution was measured by dynamic light scattering. Nanoparticles
precipitated by solvent displacement without spray drying served as
the control. Measurements were done in triplicate, RSD < 0.5%
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filtration, are preferred at larger scale, but are challenging for
formulations containing PVA: Residual amounts of PVA were
found to be several times higher after filtration than after
centrifugation (21,22). P-407 has been previously shown to
work well with the double emulsion solvent displacement
method and is casily removed by crossflow filtration (9).
Therefore, we evaluated the potential of using P-407 with the
double emulsion spray drying method.

Particles of PLGA/P-407 precipitated from the emulsion by
solvent displacement instead of spray drying had a very narrow
size distribution (indicated by a polydispersity index [PDI] of
0.10) and served as the control. Spray drying of emulsions
stabilized with P-407 yielded agglomerated particles (Fig. 3):
Spray drying without further additives resulted in a PDI of 0.57.
The addition of VA64 and K30 did not improve the particle size
distribution (PDI: 0.54-0.56). Using trehalose and leucine or
mannitol and leucine as the matrix excipients resulted in a lower
but still unsatisfactory PDI of 0.38-0.43.

As PLGA/PVA emulsions could be successfully spray
dried when spiked with P-407, it was tested whether the
addition of PVA and trehalose to a PLGA/P-407 emulsion
could positively influence nanoparticle stability. The resulting
PDI of 0.35 was only slightly better than when using trehalose
and leucine. This indicates that the presence of PVA is
already needed during the emulsion step to exert its
stabilizing effect during spray drying. An acceptable PDI of
0.23 could only be achieved when spray drying a suspension
previously precipitated by solvent displacement after the
addition of PVA and trehalose. However, the nanoparticle
yield was unacceptable for all tested formulations of PLGA/
P-407 particles (Fig. 4) and was considerably lower than
previously reported for focused ultrasound followed by
solvent displacement (9). The superiority of PVA may be
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Fig. 4. Resulting nanoparticle yield after spray drying of PLGA/P-
407 double emulsions with and without the addition of different
matrix excipients. Nanoparticles were isolated from the matrix after
reconstitution of the complete batch in purified water, then aggre-
gates were removed by filtration, and the mass was determined after
drying. The nanoparticle yield with K30 was too low to determine by
weighing and, as such, is reported as 0
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attributed to the formation of a thicker and denser surface
layer (indicated by the larger resulting hydrodynamic particle
sizes) and stronger surface binding and retention (23,24),
whereas P-407 adsorbs weaker with its middle
poly(oxypropylene) block (25).

CONCLUSION

An economically interesting nanoparticle yield can be
achieved using continuous manufacturing and drying methods.
PVA stabilizes emulsion droplets and PLGA nanoparticles
during spray drying to achieve a high nanoparticle yield and
good particle size distribution, especially in the presence of
trehalose and leucine. P-407 is not an effective stabilizer for the
double emulsion spray drying method, despite being effective
for solvent displacement. Further development work is needed
to link the individual processes in a continuous line and to
investigate process robustness, scalability, and protein loading
efficiency. Further optimization of the emulsion step or use of
different emerging emulsion techniques, such as microfluidics,
would allow for completely continuous manufacturing of
polymeric nanoparticles with an acceptable yield for
commercial-scale manufacturing.
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Description

[0001] The present invention is directed to a process for the preparation of enteric microparticles comprising nano-
particles, wherein the nanoparticles comprise a matrix and an active ingredient. The microparticles obtained by such
process are usable for various multiparticulate pharmaceutical formulations such as extemporaneous dosage forms
(powder for reconstitution).

[0002] Enteric microparticles retain their enteric properties upon reconstitution in acidic media (pH 3-5) thus protecting
the encapsulated nanoparticles from the gastric environment (pH, mucus entrapment). After neutralization in the intestine,
nanoparticles are released from the microparticles in the lumen to subsequently cross the intestinal epithelium. Depending
on the nanoparticles’ design, the active ingredient may be released and elicit a local effect, or enter the blood stream
for systemic effect. Nanoparticles for vaccination purposes would be taken up by immunocompetent cells and release
the active ingredient (e.g. peptides, proteins, or nucleic acids) to the cytosol, where the active ingredient is processed
and the corresponding epitope is presented on the cells’ surfaces to elicit an immune response.

[0003] Multiparticulate pharmaceutical formulations when applied as oral suspension have several advantages over
oral monolithic dosage forms: They can be easily swallowed and are thus very suitable to be applied to infants or babies
as well as to patients suffering from dysphagia (elderly, following chemotherapy etc.); they have a pylorus-independent
gastric transit, which lowers the intra- and interindividual variability and avoids food effects; and they are suitable for
easy and accurate animal dosing in pre-clinical studies or animal therapeutics.

[0004] Krishnamachari et al. describes the preparation of enteric coated budesonide-loaded PLGA microparticles
using an o/o emulsion evaporation method (Krishnamachari, Y., et al. (2007): Development of pH- and time-dependent
oral microparticles to optimize budesonide delivery to ileum and colon; International Journal of Pharmaceutics 338(1-2):
238-247). In such method the enteric polymer (Eudragit® S-100) is dissolved in a suitable solvent that does not dissolve
the budesonide-loaded PLGA microparticles to be encapsulated and such solution is mixed with the budesonide-loaded
PLGA microparticles and emulsified into a viscous oily liquid (liquid paraffin containing 1% (w/v) Span 85 as emulsifier).
In subsequent solvent evaporation step the solvent evaporates or disperses into the oil and the enteric polymer precip-
itates around the nanoparticles. The enteric microparticles obtained are filtered, washed with a further solvent (n-hexane)
and dried in vacuum.

[0005] The multistep approach described by Krishnamachari has several disadvantages. Firstly, the filtration step is
rather time-consuming due to the non-volatile, very viscous dispersant (liquid paraffin) and the very small pore sizes of
the filter needed for retention of the microparticles. Secondly, the washing step involves an excess of a further solvent
(n-hexane), which has to be removed thereafter. Thirdly, the overall process is difficult to be up-scaled.

[0006] Nassar et al. describes the preparation of enteric coated docetaxel-loaded PLGA microparticles using spray-
drying (Nassar, T., et al. (2011): High plasma levels and effective lymphatic uptake of docetaxel in an orally available
nanotransporter formulation; Cancer Research 71(8): 3018-3028). In such method enteric polymer Eudragit® L 100-55
(soluble above pH 5.5) and hydroxypropyl methylcellulose (HPMC; solubility pH independant) are dissolved in phosphate
buffer which is adjusted to pH 6.5. Such solution is mixed with an undisclosed amount of Poly(lactide-co-glycolide)
nanocapsules (PLGA-NC) and spray dried at 160 °C inlet and 98 °C outlet temperature. The composition of the coating
matrix applied to the PLGA-NCs as obtained by the process consists of 40% (w/w) Eudragit® L 100-55, 53% (w/w)
HPMC and 7% sodium phosphates.

[0007] The enteric properties of the microparticles obtained by the process described by Nassar et al. remain to be
questionable. Firstly, HPMC which contributes 53% (w/w) to the total mass of the coating is a nonionic polymer with a
pH independent solubility. Secondly, the spray-drying process is performed with an outlet temperature of 98 °C. As the
spray dried product usually reaches a similar temperature this may cause damage to the particulate formulation, especially
to the active ingredient but also to NCs as PLGA usually has a glass transition temperature well below 98 °C. Thirdly,
the pH of the spraying solution is adjusted to 6.5 with NaOH. As Eudragit® L 100-55 dissolves above pH 5.5, most of
such polymer’s methacrylic acid groups are deprotonized so that in the spray dried matrix Eudragit® is predominantly
present as sodium salt. However, upon reconstitution of the dried microparticles in acidic media, the sodium methacrylate
groups lead atfirst to a partial solvation of the polymer, followed by reprotonation and desolvation, thus leading to swelling
and stickiness of the enteric microparticles in suspension. Such effectis even increased by the buffering salts that remain
present from the spray-drying solution and which may affect the pH microclimate inside and in the vicinity of the enteric
particles. Indeed, as evidenced by scanning electron micrographs the particles obtained by such process are hollow or
collapsed (see Fig. 2A of Nassar et al.), which results in an unfavorable surface-to-volume ratio and protrusion of
nanocapsules from the enteric matrix. As shown by Fig. 2B the particles are further interconnected after incubation at
pH 1.2 for one hour (which pH is comparable to gastric passage), which most likely results from partial solvation and
swelling due to excess neutralization as described above. Due to the particles’ stickiness in acidic media it is most likely
that they cannot be homogeneously dispersed to form a suspension for oral application (enteric microparticles for
reconstitution and oral use should be redispersed in slightly acidic solvents having a pH below the solubility threshold
of the enteric polymer (e.g. a pH of about 4) to avoid partial salvation/swelling of the microparticles upon their reconsti-

52



Results: Original publications

20

25

30

35

40

45

50

55

EP 3212171 B1

tution). When delivered directly to the stomach in dry form (e.g. as powder in capsule), swelling and sticking of the
particles would lead to a partial or complete loss of the described advantages of multiparticulate versus monolithic dosage
forms.

[0008] Asdescribed the processes knowninthe artfor the production of enteric microparticles comprising nanoparticles
have several disadvantages and/or lead to particulate formulations with insufficient properties. It was the object of the
presentinvention to provide a process for the production of enteric microparticles comprising nanoparticles that overcome
such disadvantages. The process for production should be easily workable, fast, up-scalable and should lead to a
microparticulate formulation that is easily dispersible in aqueous media. Further, the microparticles should maintain their
integrity in acidic media (which they have to pass during passage of stomach) and should be able to release the nano-
particles dispersed therein at a pH greater than about 5.5 (as it is present in the intestinal environment) in a reproducible
manner without substantial change to the mean particle size and size distribution.

[0009] Surprisingly, it has been found by the present invention that a process meeting such criteria can be made
available when the nanoparticles to be contained in the enteric microparticles are suspended in a colloidal dispersion
of the enteric coating material and spray-dried or when a suspension of the nanoparticles and a colloidal dispersion of
the enteric coating material are co-spray-dried. Accordingly, one object of the present invention is directed to a process
for the preparation of enteric microparticles comprising nanoparticles, wherein the nanoparticles comprise a matrix and
an active ingredient, such process comprises (i) spray-drying of a suspension of the nanoparticles in a colloidal dispersion
of the enteric coating material or (ii) co-spray-drying of a suspension of nanoparticles and a colloidal dispersion of the
enteric coating material.

[0010] As used herein, "a" or "an" shall mean one or more. As used herein when used in conjunction with the word
"comprising," the words "a" or "an" mean one or more than one. As used herein "another" means at least a second or
more. Furthermore, unless otherwise required by context, singular terms include pluralities and plural terms include the
singular.

[0011] As used herein, "about" refers to a numeric value, including, for example, whole numbers, fractions, and per-
centages, whether or not explicitly indicated. The term "about" generally refers to a range of numerical values (e.g., +/-
1-3% of the recited value) that one of ordinary skill in the art would consider equivalent to the recited value (e.g., having
the same function or result). In some instances, the term "about" may include numerical values that are rounded to the
nearest significant figure.

[0012] The term "microparticles" as used herein refers to particles having a mean size of more than 1 pm. The
microparticles can have a regular shape, such as spheres, or an irregular shape. The microparticles are built up of
nanoparticles and an enteric polymer that embed the nanoparticles and provides a matrix for them to form microparticles
having a sufficient physical stability required for their respective use.

[0013] The term "enteric coating" as used herein generally refers to a barrier applied to oral medication that controls
the location in the digestive system where it is absorbed. Enteric refers to the small intestine, therefore enteric coatings
prevent release of medication before it reaches the small intestine. The term "enteric" together with "microparticles" as
used herein refers to that each of the microparticles is comprised of a matrix that prevents the release of the nanoparticles
before the formulation reaches the small intestine. Enteric coatings work by presenting a surface that is stable at the
highly acidic pH present in the stomach, but breaks down rapidly at a less acidic (relatively more basic) pH. For example,
enteric coatings do notdissolve inthe acidic juices of the stomach (pH 1-3) butin the higher pH (above pH 5.5) environment
presentin the small intestine. The term "enteric coating material" as used herein refers to a material having the properties
as described for enteric coating. Such material can be used to embed the nanoparticles and to form the microparticles
of the invention and to protect them from degradation during passage of the stomach after oral application.

[0014] The term "nanoparticles" as used herein refers to particles having a mean size of less than 1 wm. The nano-
particles preferably have a regular shape, such as spheres, but may also have an irregular shape.

[0015] The term "matrix" as used herein generally refers to a surrounding substance within which something else is
contained. For purposes herein, a matrix refers to the structural properties or architecture of a solid in which other
components can be dispersed. In the microparticles of the invention the matrix is provided by the enteric coating material
in which the nanoparticles are dispersed.

[0016] The term "active ingredient" means any ingredient that provides a pharmacological or biological effect when
applied to a biological system. The active ingredient may be a pharmaceutical drug, biological matter of viral or ling
origin. Examples of an active ingredient that may be used in the process of the present inventions are insulin, heparin,
calcitonin, hydrocortisone, prednisone, budesonide, methotrexate, mesalazine, sulfasalazine, amphotericin B, nucleic
acids, or antigens (peptides, proteins, sugars, or other substances that form surfaces recognized by the immune system,
either produced, extracted, or homogenized from tissue, an organism or a virus).

[0017] The term "colloidal" as used herein refers to a state of subdivision, implying that the molecules or polymolecular
particles dispersed in a medium have at least, in one direction, a dimension roughly between 1 nm and 1 pm, or thatin
a given system, discontinuities are found at distances of that order (1972, 31, 605, [IUPAC Compendium of Chemical
Terminology, 2nd Edition, 1997). The term "colloidal dispersion" as used herein refers to a system in which solid particles
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of colloidal size are dispersed in a continuous liquid phase, preferably in an aqueous phase.

[0018] The term "suspension" as used herein refers to a liquid containing one or more components dispersed therein,
wherein the components are substantially not dissolved in the liquid. In this context the term substantially means a
proportion of at least about 90%, at least 95%, at least about 98%, at least 99% or more. In some embodiments the
term substantially includes 100%. In the process of the invention a suspension of nanoparticles in an aqueous solvent
is prepared.

[0019] The term "spray-drying", as used herein, refers to a method of producing a dry powder comprising micron-sized
particles from a solution or suspension by using a spray-dryer. Spray-drying is, in principle, a solvent extraction process.
The constituents of the product to be obtained are dissolved/dispersed in a liquid and then fed, for example by using a
peristaltic pump, to an atomiser of a spray-dryer. A suitable atomizer which can be used for atomization of the liquid,
include nozzles or rotary discs. With nozzles, atomization occurs due to the action of the compressed gas, while in case
of using rotary discs atomization occurs due to the rapid rotation of the disc. In both cases, atomization leads to disruption
of the liquid into small droplets into the drying chamber, wherein the solvent is extracted from the aerosol droplets and
is discharged out, for example through an exhaust tube to a solvent trap.

[0020] Drop sizes from 1 to 500 um can be generated by spray-drying. As the solvent (water or organic solvent) dries,
the nanoparticles-containing droplets dries into a micron-sized particle, forming powder-like particles.

[0021] A number of commercially available spray drying machines can be used to prepare the microparticles of the
invention, for example, suitable machines are manufactured by Buchi and Niro. Examples of suitable spray-driers include
lab scale spray-dryers from Buchi, such as the Mini Spray Dryer 290, or a MOBILE MINOR™, or a Pharma Spray Dryer
PharmaSD® from Niro, or a 4M8-TriX from Procept NV.

[0022] Inatypical spray drying machine the suspension to be dried is pumped from a stirred reservoir to an atomization
chamber where it is sprayed from a nozzle as fine droplets (preferably the droplets are in the range of 1 to 20 pm in
diameter) into a stream of heated air, for example, inlet temperatures in the range of 50 to 150° C (nitrogen can be used
in place of air if there is a risk of undesirable oxidation of the product). The temperature of the heated air must be sufficient
to evaporate the liquid and dry the microparticles to a free flowing powder but should not be so high as to degrade the
product. The microparticles may be collected in a cyclone or a filter or a combination of cyclones and filters.

[0023] The term "co-spray-drying", as used herein, refers to a method of producing a dry powder comprising micron-
sized particles from two or more solutions or suspensions by using a spray-dryer. This method differs from conventional
spray drying as described above in that the solutions or suspensions are fed separately to the atomizing device without
prior bulk mixing. The separate feeds are brought into contact just in or after the atomizing device. An example of a
suitable spray dryer would be a Micro Mist Spray Dryer from Fujisaki Electric.

[0024] Suitable spray-drying techniques, which can be used for preparation of the microparticles, are well known and
described, for example, by K. Masters in "Spray-drying Handbook", John Wiley & Sons, New York, 1984. In a preferred
embodiment, atomization of the liquid is performed by using a nozzle.

[0025] Inthe process of the invention spray-drying of the suspension of nanoparticles in a colloidal dispersion of enteric
coating material leads to microparticles wherein the nanoparticles are embedded in a matrix of the enteric coating material.
[0026] According to a preferred embodiment of the invention the process comprises the following steps: (a) preparing
an aqueous dispersion comprising an enteric coating material; (b) adjusting the pH of the aqueous dispersion prepared
by step (a) to a pH slightly below the solubility threshold of the enteric coating material to produce a colloidal dispersion
of the enteric coating material; (c) mixing the nanoparticles with the colloidal dispersion prepared by step (b) to produce
a suspension of the nanoparticles in such colloidal dispersion; and (d) spray-drying the colloidal dispersion prepared by
step (c). Accordingly the invention is also directed to a process comprising the steps

(a) preparing an aqueous dispersion comprising an enteric coating material;

(b) adjusting the pH of the aqueous dispersion prepared by step (a) to a pH slightly below the solubility threshold
of the enteric coating material to produce a colloidal dispersion of the enteric coating material;

(c) mixing the nanoparticles with the colloidal dispersion prepared by step (b) to produce a suspension of the
nanoparticles in such colloidal dispersion;

(d) spray-drying the colloidal dispersion prepared by step (c).

[0027] For preparation of the aqueous dispersion in accordance to step (a) the enteric coating material is dispersed
in an aqueous solvent. The dispersion can be facilitated using suitable techniques known in the art such as stirring or
sonification. The term "aqueous solvent" as used herein also refers to water, or a mixture of solvents that contains at
least about 50% or 50%, at least about 60% or 60%, at least about 70% or 70%, or about or at 75%, 80%, 85%, 90%,
95%, 96%, 97 %, 98%, 99% or higher amounts of water. The aqueous solvent may contain salts, buffers or other solutes
that are soluble in water. Preferably the aqueous solvent is water.

[0028] In step (b) the pH is adjusted to a pH slightly below the solubility threshold of the enteric coating material by
adding a pH increasing agent. The solubility threshold as used herein refers to the pH, at which the material begins to
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dissolve. The solubility threshold is a characteristic of a enteric coating material and is usually given by the manufacturer
for a specific material, for example, the enteric coating material Eudragit® L 100-55 is defined to have a solubility threshold
of pH 5.5. When increasing the pH in step (b) the enteric coating material dispersed in the aqueous solvent to a pH
slightly below the solubility threshold the enteric coating material gets partially deprotonated. The rising surface charge
of the dispersed particles and the resulting interparticulate repulsive forces lead to the formation and stabilization of a
colloidal dispersion of the enteric coating material. The colloidal dispersion that is prepared by step (b) is characterized
by the disappearance of visible particulates and the formation of a homogeneous, milky-white fluid. Preferably, the
particle size of the dispersed enteric coating material is below 1 pm. Suitable methods for the determination of the
particle size include static light scattering, dynamic light scattering and electron microscopy.

[0029] In one embodiment of the invention the colloidal dispersion obtained in step (b) has a degree of neutralization
(DN) of 5 to 40%, preferably 1 to 30%, more preferably 12 to 25% and most preferably about 15% Therefore, the invention
is also directed to a process, which is characterized in that the colloidal dispersion obtained in step (b) has a degree of
neutralization (DN) of 5 to 40%, preferably 1 to 30%, more preferably 12 to 25% and most preferably about 15% The
term "pH increasing agent" as used herein refers to an agent that increases the pH of the aqueous dispersion of enteric
coating material when added to such aqueous dispersion. Suitable pH increasing agents are, for example, alkali metal
hydroxides such as sodium hydroxide, potassium hydroxide, calcium hydroxide or magnesium hydroxide, carbonates
and hydrogencarbonates of alkali metals such as sodium carbonate, potassium carbonate, sodium bicarbonate or po-
tassium bicarbonate, ammonium carbonate, ammonium hydrogencarbonate, diethanolamine, monoethanolamine, tri-
ethanolamine, organic amine base, alkaline amino acids such as lysine or arginine, trolamine or NH5. Preferably the pH
increasing agent used for adjustment of pH in step (b) of the process described above are sodium hydroxide, potassium
hydroxide, carbonates and hydrogencarbonates of alkali metals, ammonium carbonate, ammonium hydrogencarbonate,
or ammonia, more preferably ammonia. Ammonia is especially preferred as evaporates under usual spray-drying con-
ditions leading to that no cation stemming from the pH increasing agent remains in the microparticles after spray-drying.
[0030] It has been found that increasing amounts of alkali cations resulting from the pH increasing agent have a
detrimental effect on re-dispersibilty of the spray-dried particles and lead to penetration of sovent and swallowing upon
reconstitution in aqueous solutions. Therefore, it is preferred that the pH increasing agent is added in the least possible
amount that allows a film formation that is sufficient to build up a flexible matrix for the nanoparticles dispersed therein,
to protect them from agglomeration during spray-drying and to form microparticles in which the nanoparticles dispersed
therein are protected from gastric environment upon oral administration to a mammal. Depending on the enteric coating
material an appropriate pH value slightly below the solubility threshold that allows formation of the colloidal dispersion
can be a pH value in the range from < 1 to < 0.01 less than the solubility threshold of the enteric coating material, a pH
value in the range from < 0.5 to < 0.01 less than the solubility threshold of the enteric coating material, a pH value in
range from < 0.2 to < 0.02 less than the solubility threshold of the enteric coating material or a pH value in the range
from < 0.1 to < 0.05 less than the solubility threshold of the enteric coating material.

[0031] According to an alternative preferred embodiment of the invention the process comprises the following steps:
(a) preparing an aqueous dispersion comprising an enteric coating material; (b) adjusting the pH of the aqueous dispersion
prepared by step (a) to a pH slightly below the solubility threshold of the enteric coating material to produce a colloidal
dispersion of the enteric coating material; (c) preparing an aqueous suspension comprising the nanoparticles; and (d)
co-spray-drying of the colloidal dispersion prepared by step (b) together with the aqueous suspension prepared by step
(c). Accordingly the invention is also directed to a process comprising the steps

(a) preparing an aqueous dispersion comprising an enteric coating material;

(b) adjusting the pH of the aqueous dispersion prepared by step (a) to a pH slightly below the solubility threshold
of the enteric coating material to produce a colloidal dispersion of the enteric coating material;

(c) preparing an aqueous suspension comprising the nanoparticles; and

(d) co-spray-drying of the colloidal dispersion prepared by step (b) together with the aqueous suspension prepared
by step (c).

[0032] According to a preferred embodiment of the invention the nanoparticles used in the process have a mean size
from 20 nm to 1000 nm, preferably from 100 nm to 500 nm, and more preferably from 200 nm to 300 nm. Therefore,
the invention is also directed to a process, which is characterized in that the nanoparticles used in the process have a
mean size from 20 nm to 1000 nm, preferably from 100 nm to 500 nm, and more preferably from 200 nm to 300 nm.
[0033] The term "mean size" as used herein refers to the hydrodynamic average diameter ("z-average") of the nano-
particle population that moves together in an aqueous medium. The z-average is defined by ISO 22412 as the ’harmonic
intensity averaged particle diameter’. To compare z-average sizes measured by different techniques the samples have
to be monomodal (i.e. only one peak), spherical or near-spherical in shape and monodisperse (i.e. very narrow width of
distribution). The mean size of these systems can be measured by standard processes known by the person skilled in
the art, and which are described, for example, in the experimental part (see below).
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[0034] The matrix material present in the nanoparticles used in the process of the invention can be any matrix material
being suitable for dispersing, dissolving or embedding the active ingredient. In some embodiments of the invention, the
nanoparticles comprise a biocompatible anorganic particulate material such as silica, surface-modified silica or a bio-
compatible organic polymer, preferably a biodegradable polymer. Therefore, the invention is also directed to the process
of the invention, which is characterized in that the matrix of the nanoparticles is an anorganic particulate material such
as silica, surface-modified silica or a biocompatible polymer, preferably a biodegradable polymer.

[0035] The term "biocompatible" as used herein refers to exhibition of essentially no cytotoxicity or immunogenicity
while in contact with body fluids or tissues. The term "biocompatible" together with "anorganic particulate material" or
"organic polymer" refers to material which are nontoxic, chemically inert, and substantially non-immunogenic when used
internally in a subject and which are substantially insoluble in blood. As used herein, the term "organic polymer" refers
to oligomers, co-oligomers, polymers and co-polymers, e.g., statistical, block, multiblock, star, grafted, gradient copol-
ymers and combination thereof. The average molecular weight of the polymer, as determined by gel permeation chro-
matography, can range from 20,000 to about 500,000. The biocompatible organic polymer can be either non-biodegrad-
able or preferably biodegradable.

[0036] The term "biodegradable" as used herein generally refers to be capable to be decomposed by the action of
biological agents. A biodegradable polymer, as used herein, refers to a polymer that degrades or erodes in vivo to form
smaller chemical species. Degradation can result, for example, by enzymatic, chemical and/or physical processes.
Suitable biodegradable polymers include, for example, poly(lactic acid)s (PLA), poly(glycolic acid)s (PGA), copolymers
of lactic acid and glycolic acid (PLGA), polycaprolactones (PLC), polyepsilon caprolactones, copolymers of lactic acid
and caprolactone, polyhydroxy butyric acids, chitosans, polyesters, polycarbonates, polyesteramides, polyanhydrides,
poly(amino acids), poly(ortho)ester, polyurethanes, polyanhydrides, polyacetyls, polydihydropyrans, polyamides, such
as, for example, polyesteramides or polyaminoacids, polysaccharides polycyanoacrylates, polyetheresters, poly(diox-
anone)s, poly(alkylene alkylate)s and copolymers of polyethylene glycol, blends and copolymers thereof and derivatives
thereof such as pegylated polymers like PEG-PLGA.

[0037] Ina preferred embodiment of the invention the matrix of the nanoparticles used in the process is a biodegradable
polymer which is poly(lactic acid) (PLA), poly(glycolic acid) (PGA), polycaprolactone (PCL), a copolymer of lactic acid
and glycolic acid (PLGA), a copolymer of lactic acid and caprolactone, polyepsilon caprolactone, polyhydroxy butyric
acid, chitosan, a polyester, a poly(ortho)ester, a polyurethane, a polyanhydride, a polyacetal, a polydihydropyran, a
polyamide, a polysaccharide or a polycyanoacrylate, a blend or copolymer thereof or a derivative thereof such as
pegylated polymers like PEG-PLGA. Therefore, the invention is also directed to a process, which is characterized in
that the biodegradable polymer is poly(lactic acid) (PLA), poly(glycolic acid) (PGA), polycaprolactone (PCL), a copolymer
of lactic acid and glycolic acid (PLGA), a copolymer of lactic acid and caprolactone, polyepsilon caprolactone, polyhydroxy
butyric acid, chitosan, a polyester, a poly(ortho)ester, a polyurethane, a polyanhydride, a polyacetal, a polydihydropyran,
a polyamide, a polysaccharide or a polycyanoacrylate, a blend or copolymer thereof or a derivative thereof such as
pegylated polymers like PEG-PLGA.

[0038] Especially preferred is PLGA as biodegradable polymer. Accordingly, the invention is further directed to a
process, which is characterized in that the biodegradable polymer is PLGA.

[0039] The enteric coating material present used to produce the microparticles in the process of the invention can be
any enteric coating material that is suitable for dispersing or embedding the nanoparticles used in the process. Preferred
enteric coating material used in the process of the invention is cellulose acetate phthalate, hydroxypropyl methylcellulose
phthalate, hydroxypropyl methylcellulose acetate succinate, polyvinyl acetate phthalate, carboxymethyl ethylcellulose,
cellulose acetate trimellitate, a copolymer of acrylic or methacrylic acid and an acrylic or methacrylic ester, preferably a
copolymer of methacrylic acid and a methacrylate or a acrylate ester. Therefore, the invention is further directed to a
process, which is characterized in that the enteric coating material is cellulose acetate phthalate, hydroxypropyl meth-
ylcellulose phthalate, hydroxypropyl methylcellulose acetate succinate, polyvinyl acetate phthalate, carboxymethyl ethyl-
cellulose, cellulose acetate trimellitate, a copolymer of acrylic or methacrylic acid and an acrylic or methacrylic ester,
preferably a copolymers of methacrylic acid and a methacrylate or a acrylate ester. Copolymers of methacrylic acid and
a methacrylate or a acrylate ester are commercially available under the trade name Eudragit® (Evonik Industries AG,
Essen, Germany).

[0040] Especially preferred copolymers of methacrylic acid and methacrylate or acrylate esters that are usable in the
process of the invention are (Poly(methacrylic acid-co-methyl methacrylate) (1:1) (e.g. Eudragit® L 100), (Poly(meth-
acrylic acid-co-methyl methacrylate) (1:2) (e.g. Eudragit® S 100), Poly(methacrylic acid-co-ethyl acrylate) (1:1) (e.g.
Eudragit® L 100-55). Accordingly, the invention is further directed to a process, which is characterized in that the
copolymer of methacrylic acid and a methacrylate or acrylate ester is (Poly(methacrylic acid-co-methyl methacrylate)
(1:1), (Poly(methacrylic acid-co-methyl methacrylate) (1:2), Poly(methacrylic acid-co-ethyl acrylate) (1:1).

[0041] The microparticles produced by the process of the invention have a mean size of 1 um to 200 pm, preferably
of 10 pm to 150 pm and more preferably of 50 wm to 150 pm. Thus the invention is also directed to a process, which
is characterized in that the microparticles have a mean size of 1 pm to 200 pm, preferably of 10 um to 150 pm and
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more preferably of 50 pm to 150 pm.

[0042] Advantageously, the parameters in the spray-drying step of the process of the invention are selected and
controlled in a way as it is known in the art that the temperature of the dried product is never above the glass transition
temperature of the nanoparticles, preferably at least 1 °C below, and more preferably at least 5 °C below the glass
transition temperature of the nanoparticles. The product temperature may be calculated by computational fluid dynamics
modeling based on device geometry and kinetic studies of the evaporation process in drying droplets (e.g. based on
single droplet drying experiments), traced by infrared cameras, or estimated from the temperature at the outlet of the
drying chamber. Thus the invention is also directed to a process, which is characterized in that the temperature of the
dried product is never above the glass transition temperature of the nanoparticles, preferably at least 1 °C below, and
more preferably at least 5 °C below the glass transition temperature of the nanoparticles.

[0043] Parameters that can be selected and varied during the spray-drying process to achieve the desired product
temperature and as well as the effect of such parameters on the product temperature are well-known in the art and
include, i.a. the kind and/or composition of solvent, the concentrations of starting materials, the flow-rates of the injected
materials as well as of the drying gas, the inlet air temperature and inlet air humidity.

[0044] The term "glass transition temperature" generally refers to the temperature at which amorphous polymers
undergo a transition from a rubbery, viscous amorphous liquid, to a brittle, glassy amorphous solid. A glass transition
temperature as used herein refers to an intermediate point glass transition temperature obtained when the temperature
is raised at a heating rate of 10 or 20 °C per minute using a differential scanning calorimeter (DSC).

[0045] The examples explain the invention without being restricted thereto.

Particle Size Analysis of nanoparticles

[0046] Particle size measurements are performed using a Zetasizer Nano ZS (Malvern Instruments) applying dynamic
light scattering (DLS). Using cumulants analysis, the z-average (harmonic intensity averaged particle diameter; z-av)
and the polydispersity index (estimator of the particle size distribution width; PDI) were calculated according to ISO13321
and 1S022412, using a viscosity of 0.8872 mPas (at 25°C) and a refractive index of 1.330. Each sample is equilibrated
to 25°C within 120 seconds and analysis is performed in triplicate.

Nanoparticles used for preparation of Microparticles

[0047] Fluorescent ovalbumin loaded PLGA (Resomer® RG 503 H, Evonik) nanoparticles were used as model nan-
oparticles (PLGA-NP). They were prepared by a modified double emulsion solvent evaporation method (Blanco, M.D.,
et al. (1997): Development and characterization of protein-loaded poly(lactide-co-glycolide) nanospheres; Eur J Pharm
Biopharm 43(3): 287-294) using polyvinyl alcohol as stabilizer and Coumarin 6 as fluorescent dye. In one embodiment
modified PEG-PLGA was used to prepare nanoparticles (mod. PEG-PLGA-NP) according to the method described
above. Mean particle sizes of different batches were between 150 - 300 nm.

[0048] Chitsosan nanoparticles are prepared by the ionic gelation method (Grenha, A. (2012): Chitosan nanoparticles:
a survey of preparation methods; Journal of drug targeting 20(4): 291-300). Chitosan (Chitoscience, Heppe Medical
Chitosan) is dissolved in an acidic acid solution and complexed by e.g. carboxymethylcellulose solution which is prepared
by dissolving e.g. Tylose C30 (Hoechst) in purified water and added slowly to the chitosan phase while stirring on a
magnetic stirrer.

[0049] Silicananoparticles are prepared as described in EP 0216278 B1 by hydrolysis of tetraalkoxysilanes in aqueous-
alcoholic-ammoniacal medium, where firstly a sol of primary particles is produced, and the SiO2 particles obtained are
subsequently brought to the desired particle size by continuous metering-in of tetraalkoxysilane in a controlled manner
corresponding to the extent of reaction. The production of 50 g of SiO2 particles having a size of 25 nm requires, for
example, 1.2 | of EtOH as solubiliser, 860 ml of deionised water, 167 ml of tetraethyl orthosilicate and 28.5 ml of 25%
aqueous ammonia solution.

Enteric coating material

[0050] Enteric polymers such as Methacrylic Acid Copolymers (e.g. Eudragit®) can be sprayed as organic solution
(e.g. alcohols, acetone) to achieve a steady film upon drying. While the polymer molecules in solution can freely and
ideally rearrange for film formation, the use of solvents in spray drying is less attractive due to environmental restrictions
and related cost of equipment. Furthermore, preliminary studies showed that this method is not suitable for the intended
purpose. Although alcohols are non-solvents for relevant polymeric nanoparticles (e.g. PLGA), mixing PLGA nanopar-
ticles with a solution of Eudragit® L in ethanol leads to precipitation.

[0051] Although good films can also be produced from aqueous solutions of Eudragit®, the high viscosity is detrimental
for nozzle spraying. Moreover, the films are made of polymer with largely neutralized methacrylic acid groups. Contrary
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to the free acid, Eudragit® salts are freely soluble in purified, buffer-free water. When dispersing particles made from
Eudragit® salts in acidic media they will immediately begin to swell, forming sticky gel-like lumps before the protonation
of the methacrylate groups by the medium stops the dissolution process.

[0052] Processing without organic solvents is possible by using aqueous dispersions of Eudragit® which are stabilized
electrostatically by partial deprotonation of the methacrylate groups. Upon drying of the coating the Eudragit® particles
are eventually held together by capillary forces, but particle coalescence is needed to form a closed film. Therefore, a
plasticizer is always added to spray suspensions. However, a plasticizer might also facilitate the coalescence of encap-
sulated nanoparticles during processing and product storage by decreasing the glass transition temperature of the PLGA-
NP (Kranz, H., et al. (2000): Physicomechanical properties of biodegradable poly(D,L-lactide) and poly(D,L-lactide-co-
glycolide) films in the dry and wet states; Journal of Pharmaceutical Sciences 89(12): 2899-2605). Hence a plasticizer-
free formulation is preferred.

[0053] It has been found that the addition of plasticizer can be avoided when the enteric polymer dispersed in an
aqueous solvent is partially neutralized to an extent that leads to that the aqueous dispersion of the enteric polymer is
converted to a colloidal dispersion of it as demonstrated in the following.

[0054] Using Eudragit® L as an enteric polymer aqueous spray dispersions having different degrees of neutralization
(DN) were tested. The term "degree of neutralization" or "DN" of a polymer as used herein refers to the mole ratio of
added NH; to the total polymer carboxylic acid groups present in the solution.

[0055] Partially neutralized Eudragit® dispersions with a DN of 6% or 15% and a clear, viscous Eudragit® solution
with a DN of 70% were prepared by suspending Eudragit® in purified water and adding the appropriate amount of 1 M
ammonia solution dropwise under stirring to yield a concentration of 100 mg/mL Eudragit®.

[0056] To prepare adispersion of Eudragit® L with a degree of neutralization of 6%, 2.5 g Eudragit® L 100 are dispersed
in 20 mL purified water by magnetic stirring. After 5 min stirring, 0.85 mL of 1 N ammonia solution is added dropwise
with a syringe pump over 10 min. The dispersion is diluted with purified water to 25.0 g and stirred for 60 min to yield a
homogeneous milky white dispersion of 10 % (w/w) Eudragit® L without visible particles or lumps. The pH of the dispersion
is 5.56, thus below the solubility threshold of Eudragit® L (pH 6.0).

[0057] To prepare a dispersion of Eudragit® L with a degree of neutralization of 15%, 2.5 g Eudragit® L 100 are
dispersed in 20 mL purified water by magnetic stirring. After 5 min stirring, 2.11 mL of 1 N ammonia solution is added
dropwise with a syringe pump over 10 min. The dispersion is diluted with purified water to 25.0 g and stirred for 60 min
to yield a homogeneous milky white dispersion of 10 % (w/w) Eudragit® L without visible particles or lumps. The pH of
the dispersion is 5.88 thus below the solubility threshold of Eudragit® L (pH 6.0).

[0058] To prepare a solution of Eudragit® L with a degree of neutralization of 70%, 2.5 g Eudragit® L 100 are dispersed
in 10 mL purified water by magnetic stirring. After 5 min stirring, 9.85 mL of 1 N ammonia solution is added dropwise
with a syringe pump over 10 min. The dispersion is diluted with purified water to 25.0 g and stirred for 60 min to yield a
clear, viscous solution of 10 % (w/w) Eudragit® L. The pH of the dispersion is 6.09, thus above the solubility threshold
of Eudragit® L (pH 6.0). Dispersions of further enteric coating materials are prepared in a similar manner by calculating
the amount of base needed for a specific DN from the acid value of the enteric coating material (usually provided as mg
KOH per g polymer or similar).

Preparation of Microparticles (general description)

[0059] Spray feeds were prepared by mixing PLGA nanoparticle suspensions with partially neutralized Eudragit®
dispersions to yield a total solid content of 55-80 mg/g spray feed. For screening purposes, volume equivalents to 200
mg dry substance were dried with a lab scale spray dryer (4M8-TriX, ProCepT, Zelzate, Belgium) using a feed rate of
6 mL/min, a 0.4 mm bi-fluid nozzle with 20 L/min atomizing air flow, 80=2 °C inlet temperature, 400 L/min drying air
flow, 150 L/min cooling air flow, and 32-38 °C outlettemperature. As PLGA has arelatively low glass transition temperature
(44 - 48 °C for RG 503 H), a low outlet temperature is preferred to avoid nanoparticle deformation or agglomeration.
Experiments were performed at 20-22 °C ambient temperature and 51-60% relative humidity. The microparticles have
a final composition as shown in table 1.

Table 1. Composition of enteric microparticles prepared by spray drying

Component Mass percent (dry mass) of final formulation
Eudragit® L 100 90 %
PLGA-NP 10 %

[0060] Further Microparticles are prepared analogously having the composition as given in table 2:
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Table 2. Composition of enteric microparticles prepared by spray drying

Example Component Mass percent (dry mass) of final formulation
] Eudragit® L 100 80 %
PLGA-NP 20 %
Eudragit® S 100 90 %
2 PLGA-NP 10 %
Eudragit® L 100 D-55 80 %
3 PLGA-NP 20 %
Eudragit® L 100 90 %
4 Mod.PEG--PLGA-NP 10 %
Eudragit® L 100 D-55 90 %
° Chitosan-NP 10 %
Eudragit® L 100 D-55 90 %
° Silica-NP 10 %

[0061] Alternatively, microparticles can be prepared by co-spray-drying. For this process, a PLGA nanoparticle sus-
pension and a partially neutralized Eudragit® dispersion are fed separately to the atomizing device and spray dried
under suitable conditions as described above.

[0062] The formulations were evaluated for the feasibility to produce homogeneous suspensions in acidic media by
hand shaking, vortexing and bath sonication. The size of nanoparticles before processing and after release in phosphate
buffered saline pH 6.8 was determined by dynamic light scattering to identify possible agglomeration (Table 3).

Table 3: Properties of nanoparticle-releasing enteric microparticle formulations prepared from Eudragit® L 100 with
different degrees of neutralization. Meaning of symbols for the dispersibility of the enteric microparticles in HCI: "++":
readily dispersible by shaking or vortex;"+": dispersible by bath sonication; "-": not dispersible

Degree of Neutralization PLGA-NP mass Dispersibility in 0.1 M Z.av PDI
percent HCI

Before spray drying 217 nm 0.26

6% 10% ++ 379 nm 0.39
6% 20% ++ 655 nm 0.55
15% 10% + 257 nm 0.26
15% 20% + 290 nm 0.34
15% 33% + 1847 nm 0.60
70% 10% - 259 nm 0.24
70% 20% - 229 nm 0.23
70% 33% - 484 nm 0.57

[0063] As shown in Table 3, formulations with DN 6% released only agglomerated nanoparticles, while enteric micro-
particles prepared with DN 70% underwent gelling and lumping in acidic media. Formulations with DN 15% and a
nanoparticle content of 10 % (m/m) release NP at pH 6.8 with a size distribution similar to the untreated NP (Table 3).
This indicates that the proposed method does not alter the favorable target product profile of the encapsulated NP.
Furthermore, these formulations are homogeneously dispersible in 0.1 M HCI and as such suitable as extemporaneous
dosage form for reconstitution in acidic media prior to administration.

[0064] Scanning electron micrographs show that DN 6% does not lead to a closed film as revealed by the black spaces
between individual Eudragit® particles (Fig. 1A). Surprisingly, by raising the DN to 15% the particles are now completely
bridged, suggesting a closed film and a superior matrix for the protection and spacing of encapsulated PLGA nanoparticles
(Fig. 1B). Enteric particles prepared from aqueous Eudragit® solutions (DN 70%) exhibit a smooth surface from film
formation (Fig. 1C; the wrinkles are measurement artifacts caused by the shrinkage of the particles under the electron
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beam).

[0065] In one example, enteric microparticles were prepared from modified PEG-PLGA-NP and Eudragit® L 100 using
DN 30%. The formulation was characterized as described above. The microparticles could be reconstituted homoge-
neously in 0.1 M HCI, while the PEG-PLGA-NP were released at pH 6.8 with an acceptable increase of the mean particle
size and only a minor broadening of the particle size distribution (Table 4).

Table 4: Properties of nanoparticle-releasing enteric microparticle formulations prepared from Eudragit® L 100 and
modified PEG-PLGA-NP.

Degree of Neutralization Dispersibility in 0.1 M HCI Z-av PDI
Before spray drying 230 nm 0.13
30% + 325 nm 0.19

In-vitro release of NP from the enteric microparticles

[0066] To study the enteric properties of the formulation, 20 mg enteric microparticles were homogeneously dispersed
in 10 mL 0.1 N HCI. The mean particle size was measured by dynamic light scattering while incrementally raising the
pH by addition of NaOH. As expected, particle size drastically decreases above pH 8, indicating the dissolution of the
enteric microparticles and the release of the PLGA nanoparticles (see Fig. 2 showing pH titration vs. particle size of
nanoparticle-releasing enteric microparticles prepared with DN 15%).

Claims

1. Process for the preparation of enteric microparticles comprising nanoparticles, wherein the nanoparticles comprise
a matrix and an active ingredient, such process comprises (i} spray-drying of a suspension of the nanoparticles in
a colloidal dispersion of the enteric coating material or (ii) co-spray-drying of a suspension of nanoparticles and a
colloidal dispersion of the enteric coating material.

2. Process according to Claim 1, comprising the steps

(a) preparing an aqueous dispersion comprising an enteric coating material;

(b) adjusting the pH of the aqueous dispersion prepared by step (a) to a pH slightly below the solubility threshold
of the enteric coating material to produce a colloidal dispersion of the enteric coating material;

(c) mixing the nanoparticles with the colloidal dispersion prepared by step (b) to produce a suspension of the
nanoparticles in such colloidal dispersion;

(d) spray-drying the colloidal dispersion prepared by step (c).

3. Process according to Claim 1, comprising the steps

(a) preparing an agueous dispersion comprising an enteric coating material;

(b) adjusting the pH of the aqueous dispersion prepared by step (a) to a pH slightly below the solubility threshold
of the enteric coating material to produce a colloidal dispersion of the enteric coating material;

(c) preparing an aqueous suspension comprising the nanoparticles;

(d) co-spray-drying of the colloidal dispersion prepared by step (b) together with the aqueous suspension pre-
pared by step (c).

4. Process according to Claim 2 or 3, characterized in that the colloidal dispersion obtained in step (b) has a degree
of neutralization (DN) of 5 to 40%, preferably 1 to 30%, more preferably 12 to 25% and most preferably about 15%.

5. Process according to Claim 2 or 3, characterized in that the pH is adjusted with a pH increasing agent, preferably
with NaOH, KOH, carbonates or hydrogencarbonates of alkali metals, ammonium carbonate, ammonium hydro-
gencarbonate, or NH3, more preferably with NH;.

6. Process according to one or more of Claims 1 to 5, characterized in that the nanoparticles used in the process

have a mean size from 20 nm to 1000 nm, preferably from 100 nm to 500 nm, and more preferably from 200 nm to
300 nm.
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7. Process according to one or more of Claims 1 to 6, characterized in that the matrix of the nanoparticles is a
biocompatible anorganic particulate material such as silica, surface-maodified silica or a biocompatible organic pol-
ymer, preferably a biodegradable polymer.

8. Process according to Claim 7, characterized in that the biodegradable polymer is poly(lactic acid) (PLA), poly(gly-
colic acid) (PGA), polycaprolactone (PCL), a copolymer of lactic acid and glycolic acid (PLGA), a copolymer of lactic
acid and caprolactone, polyepsilon caprolactone, polyhydroxy butyric acid, chitosan, a polyester, a poly(ortho)ester,
apolyurethane, a polyanhydride, a polyacetal, a polydihydropyran, a polyamide, a polysaccharide or a polycyanoacr-
ylate, blends or copolymers thereof or a derivative thereof such as pegylated polymers like PEG-PLGA.

9. Process according to Claim 8 characterized in that the biodegradable polymer is PLGA.

10. Process according to one or more of Claim 1 to 9, characterized in that the enteric coating material is cellulose
acetate phthalate, hydroxypropyl methylcellulose phthalate, hydroxypropyl methylcellulose acetate succinate, pol-
yvinyl acetate phthalate, carboxymethyl ethylcellulose, cellulose acetate trimellitate, a copolymer of acrylic or meth-
acrylic acid and an acrylic or methacrylic ester, especially a copolymer of methacrylic acid and a methacrylate or a
acrylate ester.

11. Process according to Claim 10, characterized in that the copolymer of methacrylic acid and a methacrylate or
acrylate ester is (Poly(methacrylic acid-co-methyl methacrylate) (1:1), (Poly(methacrylic acid-co-methyl methacr-
ylate) (1:2), Poly(methacrylic acid-co-ethyl acrylate) (1:1).

12. Process according to one or more of Claims 1 to 11, characterized in that the microparticles have a mean size of
1 wm to 200 p.m, preferably of 10 p.m to 150 wm and more preferably of 50 pm to 150 pm.

13. Process according to one or more of Claims 1 to 11, characterized in that the product temperature during the spray
drying process is below the glass transition temperature of the nanoparticles.

Patentanspriiche

1. Verfahren zur Herstellung von Nanopartikel enthaltenden magensaftresistenten Mikropartikeln, worin die Nanopar-
tikel eine Matrix und einen Wirkstoff enthalten, wobei das Verfahren umfasst (i) Spriihtrocknen einer Suspension
der Nanopartikel in einer kolloidalen Dispersion des magensaftresistenten Uberzugsmaterials oder (ii) Co-
Spriihtrocknen einer Suspension von Nanopartikeln und einer kolloidalen Dispersion des magensaftresistenten
Uberzugsmaterials.

2. Verfahren nach Anspruch 1, mit den Schritten

(a) Herstellen einer ein magensaftresistentes Uberzugsmaterial enthaltenden wéssrigen Dispersion;

(b) Einstellen des pH-Wertes der durch Schritt (a) hergestellten wassrigen Dispersion auf einen pH etwas
unterhalb der Léslichkeitsschwelle des magensaftresistenten Uberzugsmaterials, um eine kolloidale Dispersion
des magensaftresistenten Uberzugsmaterials zu erzeugen;

(c) Mischen der Nanopartikel mit der durch Schritt (b) hergestellten kolloidalen Dispersion, um eine Suspension
der Nanopartikel in einer solchen kolloidalen Dispersion zu erzeugen;

(d) Spriihtrocknen der durch Schritt (c) hergestellten kolloidalen Dispersion.

3. Verfahren nach Anspruch 1, mit den Schritten

(a) Herstellen einer ein magensaftresistentes Uberzugsmaterial enthaltenden wassrigen Dispersion;

(b) Einstellen des pH-Wertes der durch Schritt (a) hergestellten wassrigen Dispersion auf einen pH etwas
unterhalb der Léslichkeitsschwelle des magensaftresistenten Uberzugsmaterials, um eine kolloidale Dispersion
des magensaftresistenten Uberzugsmaterials zu erzeugen;

(c) Herstellen einer die Nanopartikel enthaltenden wassrigen Suspension;

(d) Co-Spriihtrocknen der durch Schritt (b) hergestellten kolloidalen Dispersion zusammen mit der durch Schritt
(c) hergestellten wéassrigen Suspension.

4. Verfahrennach Anspruch 2 oder 3, dadurch gekennzeichnet, dass die in Schritt (b) erhaltene kolloidale Dispersion

"
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einen Neutralisationsgrad (DN) von 5 bis 40%, vorzugsweise 1 bis 30%, besonders bevorzugt 12 bis 25% und
insbesondere bevorzugt etwa 15% aufweist.

5. Verfahren nach Anspruch 2 oder 3, dadurch gekennzeichnet, dass der pH-Wert mit einem pH-erhéhenden Mittel,
vorzugsweise mit NaOH, KOH, Carbonaten oder Hydrogencarbonaten von Alkalimetallen, Ammoniumcarbonat,
Ammoniumhydrogencarbonat oder NH3, besonders bevorzugt mit NH;, eingestellt wird.

6. Verfahren nach einem oder mehreren der Anspriiche 1 bis 5, dadurch gekennzeichnet, dass die im Verfahren
verwendeten Nanopartikel eine mittlere Gréf3e von 20 nm bis 1000 nm, vorzugsweise von 100 nm bis 500 nm und
besonders bevorzugt von 200 nm bis 300 nm aufweisen.

7. Verfahren nach einem oder mehreren der Anspriiche 1 bis 6, dadurch gekennzeichnet, dass es sich bei der Matrix
der Nanopartikel um eine biokompatibles anorganisches teilchenformiges Material wie Siliciumdioxid, oberflachen-
modifiziertes Siliciumdioxid oder ein biokompatibles organisches Polymer, vorzugsweise ein bioabbaubares Poly-
mer, handelt.

8. Verfahren nach Anspruch 7, dadurch gekennzeichnet, dass es sich bei dem bioabbaubaren Polymer um Po-
ly(milchs&ure) (PLA), Poly(glykolsaure) (PGA), Polycaprolacton (PCL), ein Copolymer aus Milchsaure und Glykol-
saure (PLGA), ein Copolymer aus Milchsaure und Caprolacton, polyepsilon-Caprolacton, Polyhydroxybuttersaure,
Chitosan, einen Polyester, einen Poly(ortho)ester, ein Polyurethan, ein Polyanhydrid, ein Polyacetal, ein Polydihy-
dropyran, ein Polyamid, ein Polysaccharid oder ein Polycyanoacrylat, Blends oder Copolymere davon oder ein
Derivat davon, wie pegylierte Polymere wie PEG-PLGA, handelt.

9. Verfahren nach Anspruch 8, dadurch gekennzeichnet, dass es sich bei dem bioabbaubaren Polymer um PLGA
handelt.

10. Verfahren nach einem oder mehreren der Anspriiche 1 bis 9, dadurch gekennzeichnet, dass es sich bei dem
magensaftresistenten Uberzugsmaterial um Celluloseacetat-phthalat, Hydroxypropyl-methylcellulosephthalat, Hy-
droxypropyl-methylcellulose-acetat-succinat, Polyvinylacetatphthalat, Carboxymethyl-ethylcellulose, Celluloseace-
tat-trimellitat, ein Copolymer aus Acryl- oder Methacrylséaure und einem Acryl- oder Methacrylséureester, insbeson-
dere ein Copolymer aus Methacrylsdure und einem Methacryl- oder einem Acrylséureester handelt.

11. Verfahren nach Anspruch 10, dadurch gekennzeichnet, dass es sich bei dem Copolymer von Methacrylsaure
und einem Methacryl- oder Acrylséureester um (Poly(methacrylsaure-co-methylmethacrylat) (1:1), (Poly-(methacryl-
saure-co-methylmethacrylat) (1:2), Poly(methacrylsdure-co-ethylacrylat) (1:1) handelt.

12. Verfahren nach einem oder mehreren der Anspriiche 1 bis 11, dadurch gekennzeichnet, dass die Mikropartikel
eine mittlere GréRe von 1 pm bis 200 pm, vorzugsweise von 10 um bis 150 wm und besonders bevorzugt von 50
pm bis 150 uwm aufweisen.

13. Verfahren nach einem oder mehreren der Anspriche 1 bis 11, dadurch gekennzeichnet, dass die Produkttem-
peratur wahrend des Spriihtrocknungsverfahrens unterhalb der Glaslibergangstemperatur der Nanopartikel liegt.

Revendications

1. Procédé de préparation de microparticules entériques comprenant des nanoparticules, ou les nanoparticules com-
prennent une matrice et uningrédient actif, untel procédé comprend (i) le séchage par pulvérisation d’'une suspension
des nanoparticules dans une dispersion colloidale du matériau de revétement entérique ou (i) le co-séchage par
pulvérisation d’'une suspension de nanoparticules et d’'une dispersion colloidale du matériau de revétement entéri-
que.

2. Procédé selon la revendication 1, comprenant les étapes
(a) de préparation d’une dispersion agueuse comprenant un matériau de revétement entérique ;
(b) d’ajustement du pH de la dispersion aqueuse préparée dans I'étape (a) jusqu’a un pH légérement inférieur

au seuil de solubilité du matériau de revétement entérique afin de produire une dispersion colloidale du matériau
de revétement entérique ;
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(c) le mélange des nanoparticules avec la dispersion colloidale préparée dans I'étape (b) afin de produire une
suspension des nanoparticules dans une telle dispersion colloidale ;
(d) le séchage par pulvérisation de la dispersion colloidale préparée dans I'étape (c).

Procédé selon la revendication 1, comprenant les étapes

(a) de préparation d’une dispersion aqueuse comprenant un matériau de revétement entérique ;

(b) d’ajustement du pH de la dispersion aqueuse préparée dans I'étape (a) jusqu’a un pH légérement inférieur
au seuil de solubilité du matériau de revétement entérique afin de produire une dispersion colloidale du matériau
de revétement entérique ;

(c) de préparation d’'une suspension aqueuse comprenant les nanoparticules ;

(d) de co-séchage par pulvérisation de la dispersion colloidale préparée dans I'étape (b) conjointement avec
la suspension aqueuse préparée dans I'étape (c).

Procédé selon la revendication 2 ou 3, caractérisé en ce que la dispersion colloidale obtenue dans I'étape (b)
posséde un degré de neutralisation (DN} allant de 5 a 40%, préférablement de 1 a 30%, plus préférablement de 12
a 25% et tout préférablement d’environ 15%.

Procédé selon la revendication 2 ou 3, caractérisé en ce que le pH est ajusté a l'aide d’'un agent d’augmentation
du pH, préférablement a l'aide de NaOH, de KOH, de carbonates ou d’hydrogénocarbonates de métaux alcalins,
de carbonate d’'ammonium, d’hydrogénocarbonate d’ammonium, ou de NH3, plus préférablement de NH;.

Procédé selon I'une ou plusieurs parmi les revendications 1 a 5, caractérisé en ce que les nanoparticules utilisées
dans le procédé posséedent une taille moyenne allant de 20 nm a 1000 nm, préférablement de 100 nm a 500 nm,
et plus préférablement de 200 nm a 300 nm.

Procédé selon'une ou plusieurs parmiles revendications 1 & 6, caractérisé en ce que la matrice des nanoparticules
est constituée d’'un matériau particulaire anorganique biocompatible tel que la silice, |a silice a surface modifiée ou
un polymére organique biocompatible, préférablement un polymeére biodégradable.

Procédé selon la revendication 7, caractérisé en ce que le polymére biodégradable est le poly(acide lactique)
(PLA), le poly(acide glycolique) (PGA), la polycaprolactone (PCL), un copolymeére d’acide lactique et d’acide gly-
colique (PLGA), un copolymére d’acide lactique et de caprolactone, la poly-epsilon-caprolactone, l'acide polyhy-
droxybutyrique, un chitosane, un polyester, un poly(ortho)ester, un polyuréthane, un polyanhydride, un polyacétal,
un polydihydropyrane, un polyamide, un polysaccharide ou un polycyanoacrylate, des mélanges ou des copolyméres
de ceux-ci ou un dérivé de ceux-ci tel que les polymeéres pégylés comme le PEG-PLGA.

Procédé selon la revendication 8, caractérisé en ce que le polymére biodégradable est le PLGA.

Procédé selon I'une ou plusieurs parmi les revendications 1 a 9, caractérisé en ce que le matériau de revétement
entérique est l'acétate-phtalate de cellulose, le phtalate d’hydroxypropyl méthylcellulose, I'acétate-succinate d’hy-
droxypropyl méthylcellulose, I'acétate-phtalate de polyvinyle, la carboxyméthyl éthylcellulose, I'acétate-trimellitate
de cellulose, un copolymeére d’acide acrylique ou méthacrylique et d’un ester acrylique ou méthacrylique, notamment
un copolymere d’acide méthacrylique et d’un ester de méthacrylate ou d’acrylate.

Procédé selon la revendication 10, caractérisé en ce que le copolymére d’acide méthacrylique et d’'un ester de
méthacrylate ou d’acrylate est le (poly(acide méthacrylique-co-méthacrylate de méthyle) (1:1), le (poly-(acide mé-
thacrylique-co-méthacrylate de méthyle) (1:2), le poly(acide méthacrylique-co-acrylate d’éthyle) (1:1).

Procédé selon I'une ou plusieurs parmi les revendications 1 a 11, caractérisé en ce que les microparticules pos-
sedent une taille moyenne allant de 1 pm a 200 pm, préférablement de 10 pm & 150 pm et plus préférablement

de 50 pm a 150 pm.

Procédé selon I'une ou plusieurs parmi les revendications 1 a 11, caractérisé en ce que la température de produit
lors du procédé de séchage par pulvérisation est inférieure a la température de transition vitreuse des nanoparticules.

13
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Figure 1B
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Figure 1C
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Overall conclusion and perspective

5. Overall conclusion and perspective

Translating nanomedicines from bench to bedside is a major challenge for their commercialization.
Processes that are easily scalable and produce similar results for small scale feasibility trials and
commercial manufacturing are of special interest. The aim of this thesis was to develop a scalable
process to manufacture antigen-loaded polymeric nanoparticles; to manufacture sufficient quantities
of nanoparticle suspensions for the development of downstream processes; and to develop a suitable

downstream process for nanoparticle suspensions to a solid dosage form.

The first study of this thesis reported for the first time a modified double emulsion and solvent
evaporation method to produce PLGA nanoparticles that were loaded with ovalbumin as model
antigen. The emulsion step relies on a contact-less focused ultrasound transducer that is not in contact
with the product, thereby eliminating the risk of contamination by abrasion from the tip of an
ultrasonic probe sonicator, reducing the cleaning effort, and reducing the risk of cross-contamination
between different batches manufactured on the same equipment. Nanoparticle size could be
controlled between 100-200 nm with a yield of up to 74% and an antigen loading of up to 3.6% mass.
Sonication induced a slight fragmentation of ovalbumin that was found acceptable at relevant incident
energy. The loading efficiency of up to 38% is higher than previously published on double emulsion
methods using probe sonication. Still, this is comparatively low for commercial processes using costly
polymers and antigens, and further optimization would be highly desirable. Nanoparticles were
manufactured in batch sizes from 1 mg to 2500 mg in batch mode or quasi-continuous mode, suitable
for early screening as well as to supply process development studies of downstream methods. Similar
nanoparticle characteristics were found over this range of batch sizes, although the efficiency of the
energy transfer was found to be higher, meaning a lower incident energy per unit volume was
necessary to produce nanoparticles of a given size in the flow cell compared to the small-scale glass
vials. A direct proportionality of the incident energy to the batch volume was found for different
volumes using the flow cell. The correlation between incident energy and nanoparticle size and
between incident energy and nanoparticle yield could be described mathematically for all batch sizes.
A correction factor between scales is generally acceptable, but the predictive power for important
parameters like protein integrity may be limited. Finding a setup with direct proportionality of the
incident energy to the batch volume across the whole scale would be ideal, and further research into
the design of flow cells and vials for screening is necessary to achieve a similar energy efficiency. A
readily scalable cross-flow diafiltration method was established for nanoparticle purification. The used
hollow-fiber modules are commercially available for batch sizes of 1 mL to 100 L with the same

hydrodynamics, allowing for scale-up without further process development. Diafiltration was also
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found to considerably improve nanoparticle yield compared to centrifuge purification, especially for

smaller particles.

A second study investigated the feasibility of a two-step continuous production of a nanoparticles-
containing powder. The first step in this process was performed with the focused ultrasound double
emulsion method developed in the first study. The second step is a simultaneous nanoparticle
formation and drying step. For this step, different stabilizers and matrix excipients were screened for
resulting nanoparticle size and yield. The use of a single batch of double emulsion to investigate the
effect of different formulations allowed for superior comparability between individual experiments. A
single large batch was also preferrable compared to batch pooling because of a narrower and
monomodal particle size distribution. The study showed that the simultaneous nanoparticle formation
and drying can result in a comparable size distribution as the drying of preformed nanoparticles. The
described method considerably increases processing efficiency by reducing the number of unit
operations or by reducing the volume of the spray drying feed. The nanoparticle yield of up to 79%
was found to be economically interesting and considerably higher than using focused ultrasound
followed by solvent displacement as described in the first study. The described method is limited in
applicability because excess stabilizer and unencapsulated protein are not removed from the
formulation. A purification of the continuous phase of the double emulsion before drying was not
considered but might be feasible continuously or even in-line with column chromatography. Further
research would be required to ensure emulsion stability and to prevent protein extraction from the
inner aqueous phase. The investigation did not show a completely integrated line of emulsification and
spray drying where the throughput of both steps are matched to each other. Also, the continuous
addition of the excipients for spray drying while avoiding dilution of the spray feed remains an unsolved

challenge.

The third study of this thesis reports the encapsulation of polymeric nanoparticles into plasticizer-free
enteric microparticles by spray drying. This study was again made possible by preparing sufficient
amounts of nanoparticles using the method described in the first study. In an improvement to the
established method, the throughput could be improved by a low-viscosity spray feed that was achieved
by suspending the nanoparticles in a colloidal dispersion of Eudragit® L. A functional enteric matrix was
achieved without the addition of a plasticizer, but by neutralizing the enteric polymer to a degree that
enables film-formation out of individual particles of Eudragit, but that does not compromise the
enteric shielding nor the redispersibility in an aqueous administration buffer. The possibility to omit
plasticizers excludes a negative impact on glass transition temperature and storage stability by
plasticizer migration into polymeric nanoparticles. The particulate nature of the enteric formulation

may reduce pharmacokinetic variability, allows dosing of small animals like mice, and allows easy dose
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adjustment to the body weight. The dosage form is suitable for veterinary medications, but less
common for human medications except for extemporaneous preparations or pediatrics. More
research would be necessary to develop a typical oral dosage form like a capsule or a tablet: to optimize
powder flowability for dose uniformity in volumetric capsule filling, sachet filling, or tableting
processes, or to investigate the tabletability without compromising the enteric property or the primary

nanoparticles.

In this thesis, several methods for the preparation of nanoparticles and the downstream processing
into solid dosage forms were developed. The methods were easy to combine into quasi-continuous
processes, but the technical feasibility of a fully integrated manufacturing line remains to be shown.
The studies were limited in the choice of polymers and the model antigen. Additional research is
necessary to demonstrate the applicability of the methods for polymers and proteins with different
physico-chemical properties; to formulate therapeutically relevant antigens and to ensure retained
antigenicity; and, ultimately, to prove the functionality of the developed dosage forms for oral

vaccination.
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