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SUMMARY

Diagnosis is the medical act that identifies the signs and the symptoms of
an illness. It is an unavoidable step before the prescription of any medical
treatment. Over the last decades, the increasing desire of more precise diagnosis,

led to the emergence of new tools: the diagnostic products.

These products are used to identify and monitor the cause of disorders to
facilitate and specify the diagnosis, and thus, allow an adaptation of the medical
treatment. Diagnostic products can be imaging probes, labels for immunoassays,
reagents, contrast agents, or radiopharmaceutical products. As a part of
diagnostic products, companion diagnostics are specificofa treatment and are
mostly used in cancer therapies. They help determining if the patient would
profit from a medication, depending on his genotype and possible genetic
mutations. Phenotyping cocktails are diagnostic products that are used in
phenotyping to obtain additional information, considering the effect of external

environmental factors which can also influence the response to a treatment.

Diagnostic products permit the personalization of medicine, by adapting
the medications to the patient, optimize the treatment, and reduce potential side
effects. Despite their great benefit, only a few diagnostic products are developed,
limiting the possibility to improve diagnosis and therapeutics. In this manuscript,
we present 2 diagnostic products formulated with nanoparticulate and
microparticulate material. The first formulation consists in “polymersomes
containing quantum dots (QDs) for cellular imaging”. These polymeric vesicles
have the capacity to encapsulate highly fluorescent probes like QDs to prevent
the toxic effect of the latter without altering their imaging properties. The second
diagnostic product is the “CombiCap, a novel drug formulation for the Basel

phenotyping cocktail”. This unique formulation is equivalent to the 6 dosage



forms composing the Basel cocktail and presents many advantages that facilitate

its diagnostic use.

Both formulated products are intended for diagnostic purposes. They are
safe, reliable, specific, customizable, easyto formulate and easy to use. They
bring precise information on the health status of the patient in order to give a
better diagnosis, to adapt the medical treatment and to monitor the therapeutic
response. The interest for individualized therapies is growing, and therefore, the
development of new diagnostic productsneeds to increase. In the future, the

personalization of diagnosis and therapeutics will be a common medical practice.
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1 GENERALINTRODUCTION



1.1 Definitions and origins

1.1.1 Diagnosis

Diagnosis isdefined as the identification of the nature of an illness or
other problem by examination of the symptoms. The word diagnosis derives from
the ancient Greek diadyvworig. Itis composed by the prefix §ta- (dia-) meaning
“through” and yvdoig (gnosis) meaning “knowledge” (1). Literally, diagnosis is

related to the ability to get the knowledge through the observation of symptoms.

Every medical treatment results from the diagnosis of a disease or a
special health condition. Most diagnoses are made on a daily basisin the doctor’s
office in the case of minor sicknesses such as a cold, a migraine, a stomach flu or
a depression. These common diagnoses consistin identifying a disease, based on
the observation of physical and mental symptoms; and paying heed to the
medical history of the patient (2). However, some diseases require more
thorough examinations in order to be diagnosed. To evaluate precisely the health
condition of a patient, it is possible to rely on in vivo or in vitro diagnostic
methods. On the one hand, in vivo diagnosis is made directly on the patient and
often relays on medical imaging such as X-rays, computerized tomography (CT),
medical resonance imaging (MRI), ultrasounds, or nuclear magnetic resonance
(NMR). On the other hand, in vitro diagnosis consists on the examination of body

fluids, cells, tissues, or organs taken ahead from the patient’s body.

1.1.2 Diagnostic products

Both types of diagnosis require the use of diagnostic products. The latter
are defined by the FDA asreagents, instruments and systems intended tobe used
in the diagnosis of an illness or other health condition to cure, treat or prevent
diseases (3). In other words, diagnostic products help physicians in the
observation and interpretation of a patient’s clinical status, and allow identifying
and measuring normal or abnormal constituents of body fluids or tissues. In vitro
diagnostic products are usually reagents (e.g.chemical, biological or radioactive
substances), and are “intended for use in the collection, preparation and
examination of specimens taken from the human body” (3). The main advantage of

in vitro diagnostic tests is the possibility to analyze the samples after their
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collection, without requiring the presence of the patient. Meanwhile, in vivo
diagnostic testsare done in situ by analyzing a physical feature of the patient
with electromedical or imaging instruments. Most in vivo diagnostic productsare
contrast agents thatare used in medical imaging to enhance the visualization of

fluids or structures such as organs or tumors.

Since a few times, diagnostic products are increasingly developed. They
are used to obtain more accurate diagnosis and to further prescribe treatments

adapted to the patients, in the view of a personalization of the therapies.

1.1.3 Brief history of diagnosis

In the early years of civilization, the first healers observed clinical
symptoms to make diagnoses before recommending any kind of treatments. The
first written trace of diagnosis was discovered by Edwin Smith on a papyrus
dated from circa 1600 B.C. It compiled older papyruses on surgery; giving
anatomical observations, the diagnostic method of 48 health injuries and their
possible treatments (4). Many years later,around 300 B.C., Hippocrates, also
known as the “Father of Medicine”, diagnosed diabetes mellitus for the first time
by tasting the sweetness of patient’s urine when coupled with other symptoms
like polyuria, polydipsia and polyphagia (5). Duringthe middle age in Europe,
Christianism rejected any type of science or medicine. The “water casting”, a
technique for urine analysis was the only authorized diagnostic method (6). From
1300, uroscopy became the most commonly performed test to detect diseases
and abnormal health conditions from the observation of the color, consistency,
smell and even taste of the urine. A colorimetric wheel (Figure 1) was created to
help the physicians making their diagnosis (7). Uroscopy is a diagnostic method
that was used over centuries. This method can be considered as the starting point
of modern laboratory diagnosis, and is still used in the early detection of urinary
tract infections, kidneys disorders, liver problems, diabetes or other metabolic

conditions and pregnancy (8).
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Figure 1: Urinary wheel from circa1500.

Physicians werereferringto this organoleptic wheel to make theirdiagnosis based on the patient’s urine
taste and color.

The Renaissance brought a new vision on sciences and particularly in
medicine with the emergence of body dissection tolearn about human anatomy.
During the following centuries, the invention of several medical instruments such
as microscope, thermometer, stethoscope, ophthalmoscope, and laryngoscope,
expended the precision of medical diagnosis. Chemical and bacteriological
laboratory tests were also developed to diagnose diseases such as tuberculosis,
cholera, typhoid and diphtheria (6). In the early 20t century, J.C. Todd published
the first edition of the manual entitled “Clinical diagnosis by laboratory
methods”, to give a description of laboratory diagnosis techniques. This manual
was completed by J. Henry and hasremained a reference book over the years. The
23rd editionisscheduledin 2017 (9). From the 20th century, huge progresses
were made in the field of diagnosis; many imaging techniques were discovered
such as fluorescence microscopy, X-ray spectroscopy, mass spectrometry,
electron microscopy. New diagnostic methods were invented like radio-
immunoassays and immune-electrophoresis (10). Diagnostic products were also
developed toenhance the results of diagnostic procedures, for instance, contrast
agents, radiolabels, lateral flow assays, and medications for diagnostic purpose
(11). For some time now, the field of medical diagnosis has experienced extensive
development with the emergence of personalized medicine, to improve early
diagnosis and to adapt treatments to each patient (12). This project requires

advanced technologies and products to give the possibility to make precise
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diagnosis and deliver the accurate drugto theright person, at the right time,
with the appropriate pharmaceutical form, with the correct dose and with a good
quality. For this purpose, the application of particulate material such as

nanoparticlesand microparticles is a great benefit.

1.2 Nanoparticles forimaging and diagnostics

Nanotechnology applied to molecular diagnosis is known as
nanodiagnostics (13). With the increase of interest in the field of
nanotechnologies, several nanoparticles were developed for a diagnosis purpose.
These nanodiagnostics products have 2 main functions; the first one as imaging
agentsto enhance visualization of body tissues (14) and the second one as labels
for diagnosticimmunoassays (15) . Even potential diagnostic applications of
nanoparticlesare very broad, current applications are only developed in the
fields of medical imaging, biomarker research, cancer diagnosisand detection of

infectious diseases (16).

1.2.1 Medical molecular imaging

For the past 40 years, the evolution of molecularimaging has improved
the early detection of diseases (17). Medical imaging consistsin the non-invasive
evaluation of anatomical and functional characteristics to facilitate the early
diagnosis, identify the stage of disease, provide information on physiological
abnormalities and can help in following the efficacy of a medical treatment (18).
The most common imaging procedures for clinical diagnosis are MRI and
ultrasoundsto getinformation about soft tissues. Computer tomography gives
information about structures and particularly bones. Positron emission
tomography (PET) and single photo emission computer tomography (SPECT) are
used to obtain information about metabolic parameters. Optical imaging is as

well a common procedure used to get precise images of soft tissues (17,19).

For a better visualization and characterization of biological processes
during molecular imaging, itis recommended to use sensitive molecularimaging
probes (13). Nanoparticles are well described in the literature for imaging
purposes. There is a variety of nanoprobes such as polymeric particles and
vesicles, liposomes, superparamagnetic iron oxide nanoparticles (SPIONs), and

metallic nanoparticles i.e. ytterbium, bismuth, and gold nanoparticles (19,20).
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Generally, nanoparticles for diagnosis range between 5-100 nm and are
combined with low molecular weight contrast agents to optimize their
pharmacokinetic properties, biodistribution and tissue penetration (14). Asthey
are not therapeutics, diagnostic products should notinduce any physiological
effect; have a shortcirculation time, a fast biodegradation and elimination as well
as a low toxicity (19,21). However, to reach the structure that needstobe
visualized, the imaging nanoparticles can be labeled with targeting ligands (18).
Unlike for therapeutics, nanoparticles for diagnostic are not well developed and

only few are commercialized and used in clinical imaging (22).

1.2.2 Examples of nanoparticles for imaging

1.2.2.1 Superparamagnetic iron oxide nanoparticles (SPIONs)

SPIONSs find their applicationin MRI and are considered as highly effective
contrast agent to monitor anatomical, physiological, and molecular changes
duringthe evolution of a disease or a treatment. The superparamagnetism is
given by their reduced size thatis below a single magnetic domain (23). SPIONs
present several advantages as compared to traditional contrast agents. They have
a stronger magnetic signal strength, their toxicity is relatively low, their contrast
enhancementlast longer, their sensitivity is increased, and they do not retain

their magnetization after the removal of the external magnetic field (14,24).

SPIONs are commonly used as a core material for passive and active
targeting. They can be coated with biocompatible polymers such as polyethylene
glycol, dextran, alginate, or other synthetic polymers. For active targeting,
ligands like proteins, peptides, nucleosides, or antibodies can be attached to the
magnetic iron oxide core viaan anchor arm. The advantage of the targetingis the
accumulation of the SPIONs in the defined cells, mostly cancer cells. This
accumulation permits a better differentiation between tumors and healthy
tissues on the MRI pictures (25).Only passive-targeting SPIONs are currently on
the market, e.g. Ferristene (Abdoscan®, GE Healthcare, UK) that isused per oral
for gastrosintestinal MRI (26), and Ferrixan (Resovist®, Bayer Schering,
Germany) forliver and spleen imaging (27) or at different phases of clinical
trials. Actively targeted SPIONs for tumor cells imaging by MRI are still on

development. Forinstance, Fu atal. developed an anti-IL-13 monoclonal antibody
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functionalized SPIONs for the diagnosis and the treatment of acute temporal lobe
epilepsy (28). Wan etal. worked on active targeting of thelungadenocarcinoma
cells. They coated SPIONs with oleic acid and carboxymethyl dextran and then,

functionalized them with anti-CD44v6 monoclonal antibody (29).

Passive targeting \ Active targeting
i f 5
Biocompatible polymer /\,-S\" J:///
Dextran, PEG, Alginate, ... \_ /\/
T PP
e — L Targeting ligand
_S_/ ~ / Proteins, Peptides, Antibodies, ...

/
Iron oxide core 7,3

Figure 2: Strategy of passiveor active targetingof SPIONs.

Iron oxide core can be coated with biocompatible polymer andlabeled withligands to assessthe targeting
of cells or tumors. Adapted from Rosenetal (24)

1.2.2.2 Quantum dots

Quantum dots (QDs) are fluorescent nanoparticles with higher optical
properties compared to organic dyes. Most of the QDs are made of semiconductor
materials, usually cadmium (Cd) associated with sulfur (CdS), selenium (CdSe) or
tellurium (CdTe). The size of these nanocrystals isin the range of 2-10 nm range.
The wavelength of fluorescence emission (450nm - 850nm) is related to the
dimension of the QD, allowing all colors for imaging and diagnostic assays. Main
advantages of QDs are a long fluorescence lifetime and animperceptible photo

bleaching over hours (30).

QDs are generally used as fluorophores in diagnosticoptical imaging for
cancer applications, including the cellular and molecular imaging of tumors. This
imaging method has a good sensitivityand is non-invasive, but such optical
techniqueis limited in term of tissue penetration depth (31). In order to increase
the residence time of the QDs in the body, a polymeric coating can be applied on
their surfaceand itis possible to target a defined cell line after conjugation with
bioactive molecules. Forinstance, Akerman et al. labeled QDs with different

peptides specific to vascular sites: one peptide bonded cells in lung blood
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vessels; the other bounded to lymphaticvessels and tumor cells. Each peptide
targeted the dedicated site in mice, showing that the QDs can be targeted in vivo
with a good specificity (32). However, the use of QDs islimited by the toxicity of
their heavy-metal core (33).Itis essential to prevent this toxic effect for in vivo
imaging and diagnosticuse. In chapter 3, the article “Polymersomes containing
quantum dots for cellular imaging” describes a method for isolating the QDs in
polymeric nanovesicles called polymersomes, while preserving their imaging
properties. The polymer shell could protect the cells from death without altering

the fluorescent optical features of the QDs (34).

1.2.2.3 Gold nanoparticles

Gold nanoparticles are largely used in multiple imaging procedures
because they present many benefits. They are easy to synthetize with a precise
control of the particle size and shape. They have a lowshort term toxicity and
can be tuned by surface modification or bio-conjugation (14). The use of gold
nanoparticles for computer tomography was established 10 years ago, by
Hainfeld et al. to detect breast tumors in mice. They showed that gold
nanoparticlescanbe used as contrastagents with properties thatovercome the
limitations of iodine-based agents. Few minutes afterinjection, they obtained
high-resolution pictures of the tumor, kidneys, and blood vessels (Figure 3). No
toxic effect was detected after renal excretion, indicating the safety of gold
nanoparticlesas a contrastagent (35). The contrast of pictures and the time of
circulation in the blood can be extended by a pegylated coating of the gold
nanoparticles (36,37).

Figure 3: X-ray picture of mousekidneys.

1h afterIVinjection of gold nanoparticles (a) and conventionaliodine contrastagent (b).
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The arrow showsthe ureter (100 um diameter). The bar represents 1 mm. Source Hainfeld etal. (35).

1.2.2.4 Lipid nanoparticles

Liposomes have mostly been developed for drug delivery; however, a few
formulations were developed for diagnosis. In the 1980s, the first liposomal
radiotracer VesCan® (Vestar Inc., USA) was developed for invivo imaging. The
liposomes were loaded with the radionucleotide 111In and were used as
diagnostic agents for scintigraphy of tumors in clinical trials (38,39). Despite the
broad development of liposomes in drug delivery, few researches are focused on
liposomes for the diagnostic purpose. Most diagnosticliposomes are labeled with
radionucleotides such as ¢7Ga, 111In, 99mTc, and 18F for PET and SPECT imaging in

the diagnosis of tumors(40-43).

1.2.3 Nanoparticles aslabels in immunoassays: lateral-flow assays

A lateral-flow assay (LFA) (also called immunodipsticks) is a diagnostic
tool intended toreveal the presence or the absence of a compound indicating a
health condition like a pregnancy (44,45), a metabolic disorder such as
cardiovascular disease (46-48), a kidney failure (49,50), or diabetes (51-53).
These LFAs can also be used to detect pathogenic infections (54-60), bio-warfare
agents (61,62), toxins in food or water (63-68) aswell as the presence of drugs
of abuse in body fluids(69,70). The first immunodipstick was described in 1986
by Pappas as an improvement of a dot-ELISA assay for the diagnosis of

echinococcosis (71).

The LFA consists of a strip containinga sample pad, a conjugate pad, a
detection zone and an absorption pad (Figure 4)(72). At one extremity, the
sample pad permits the inlet of the sample on the strip, the conjugate pad
contains the reactive agents (antibodies) labeled with detection molecules
(colored nanoparticles). The detection zone has 2 lines, one for the validation of
the test (T) and the other to control (C) the functionality of the test (73). At the
other extremity, the absorption pad captures the excess of sample. The LFA
combinesthe principle of chromatography and immunology (74). Indeed, the
antigens contained in the liquid sample (blood, urine, tears, or saliva)(75) are
carried by capillarity to the conjugate pad where they bind to specific antibodies

labeled with nanoparticles. The complex analyte-antibody-nanoparticle is then
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recognized by the antibodies that are immobilized at the test line. The remaining
labeled antibodies bind tothe immobilized antibodies at the control line. Upon
the antigen binding, the nanoparticles aggregate along the line and produce a
visible signal (76).1f the testis positive, 2 colored lines arise on the detection
zone, however, in the case of a negativeresult, only the control line appears

because noantigen could bind the antibodies from the testline (15).

The labels are colored or fluorescent nanoparticles. The visible color
comes from the immune reaction at the test or control line (76). These
nanoparticulate labels are smaller than the pore size of the membrane to avoid
any obstruction, and are generally gold nanoparticles (77-81), latex particles
(82), carbon nanoparticles (83,84), quantum dots (85,86) or liposomes (63,87-
89).

Conjugatepad  Detection pad

|
S
ample pzid\\ /
Absorption pad
\

b. Testline Control line
Analyte —x

SRS M

Nanoparticle Antibody

ARy &7

Sample

Figure 4: Schemaof a lateral flow assay

(a). Startof assay by adding liquid sample (b). Antibodies labeled withcolored nanoparticles bind the
antigen from the sample to form a complex (c). Complexes (antigen-antibody-nanoparticle) move by
capillarity on the detection pad and bind to testline (positive result), labeled antibodies without antigens
bind to control line (d). Schemaadapted from Mark etal (72)

Lateral flow assays are widely developed as diagnostic products because
they offer many advantages. They are easy to use and do not need sophisticated
machines for the interpretation of the results, meaning they can be used at a
point-of-care (e.g.in the doctor’s office, at home or evenina remote area from
Amazonia). The time needed to give a diagnosis witha LFA isshort because the

result of the testis visible within 3 to 20 minutes(65). The cost of diagnosis is

18



also reduced because LFAs are relatively inexpensive (less than 1€ for the
cheapest) compared to the analyses performed at the hospital or in a laboratory.

A small sample (few microliters) is enough to perform the test.

However, this small sample sizecan lead to a reduced sensitivity and
specificity that makes the test more difficult to interpret. Another weakness of
LFAs isthe qualitative or semi-quantitative aspect of the result. Indeed, itis
difficult to quantify a response based on a visual observation. Nonetheless,
researches are improving the sensitivity of LFAs with new labels such as
superparamagnetic nanoparticles (74),indigo precursor nanoparticles (90),
platinum nanoparticles (91), modified gold nanoparticles (64,92-94). The
principle of the LFA itselfcan also beimproved by electrochemical detection
(95,96), magnetic detection (97), Raman scattering (98) or thermal detection
(99).

1.3 Microparticles for diagnostic products

The world health organization (WHO) has defined the Anatomical
Therapeutic Chemical (ATC) classification system, to provide a standardized tool
for drug research and to improve the use of drugs. In this ATC classification
system, the substances are divided into different groups according to the organ
or system on which they act, and their therapeutic, pharmacol ogical and chemical
properties. Thereis also a category regrouping the diagnosticagents (category
ATC V04), the contrast media (category ATC V08) and the diagnostic
radiopharmaceuticals (category ATCV09) whoseuse is intended in diagnosis
purposes (100). From a research point of view, diagnostic microparticles are left
aside, and only few products are available on the market. Among them, a
minorityis formulated as solid microparticulate products thatare intended to be
administered by oral, rectal, or venous pathway, or by inhalation. The
manufacturing process of these marketed products is either not published or

protected by patents, thus only a brief description canbe given.
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1.3.1 Category ATC V04:diagnostic agents

1.3.1.1 Breath test for the detection of Helicobacter pylori

H. pylori is a bacteria that is responsible of gastric diseases and can
increase the risk of developing gastriccancer (101) and can be easily detected by
a urea breath test. The difference between the products comes from the
formulation: a powder for drinkable solution (Helikit™, Isotechnika Inc,
Canada)(102), a soluble tablet (Pylobactell®, Torbet Laboratories, UK)(103), a
capsule (Helifinder® InBioNet Pharmaceutical)(104) or a tablet (UBIiT®, Otsuka
Pharmaceuticals, Japan)(105) (106). The patient has to ingest the diagnostic
product, 13Clabeled urea. After few minutes, the patient exhales in a tube to
analyze the breath (107). The bacterial urease coming from H. pylori hydrolyses
the urea into ammonium and bicarbonate, the latter contains the 13C isotope that
is expiredinto CO2, and can further be measured by mass spectrometry (108) or
infrared spectrometer (109). The main advantage of this test is thatit isnon-

invasive, non-radioactive and can be used on children (102).

1.3.1.2 Mannitol bronchial challenge test

A new bronchial test known as Osmohale® (Pharmaxis, Australia) was
launched in 2010 onto the market as a mannitol challenge test to identify
bronchial hyper-responsiveness (110). This test enables the diagnosis of asthma
by measuring the lung function to detect any inflammation of the airways (111).
The diagnostic product consists of a capsule of mannitol dry powder thatis used
with aninhalation delivery device (112-114). Mannitol is spray dried and milled
to obtain particle sizes in the breathable range (<7um). Thedry powder is then
encapsulated in hard gelatin capsules with different doses (10,20 and 40mg) for

cumulative dosage (115).
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Figure 5: Osmohale® inhalation powderin hard capsule for mannitol bronchial challenge test.

Different doses are available ina blister wallet for cumul ative dosage (116).

1.3.2 Category ATC V08: diagnostic contrast media

An important part of diagnostic products is intended to enhance the
visibility of internal body structures and fluids during imaging. The contrast
agentsaredivided in 4 categories: lodinated and non-iodinated media for X-ray,

MRI contrast media and ultrasound contrast media (117).

1.3.2.1 Diagnostic products for X-rays

X-ray contrast products are typicallyiodine or barium compounds. For
instance, barium sulfate commercialized under the brand name Micropaque®
(Guerbet, France) is an X-ray contrast mediaused to explore the condition of
esophagus, stomach, and intestines to diagnose digestive problems. It is
formulated as a barium sulfate suspension and is used for oral or rectal

administration (118).

1.3.2.2 Diagnostic products for MRI

Products for MRI must have magnetic properties to be detected by the
scanner. For instance, ferumoxsil is contrast agent commercialized as Lumirem ®
(Guerbet, France). Itis formulated as a suspension of iron oxide crystals coated
with siloxane, that are arranged in a crystalline structure to provide the
superparamagnetic properties thatare compulsoryin magnetic imaging (23).
This product isadministered orally or rectally for the exploration of the digestive

tract (119).
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1.3.2.3 Diagnostic products for ultrasounds

Echovist® is a contrast medium that was developed by Bayer Schering
Pharma (Berlin, Germany) for ultrasound examinations. The echographic
contrast isobtained by the dispersion of air microbubbles in the blood (120). The
production of these microbubblesis due to the property of sugars to retain airin
their crystalline network and absorb water on their surface. Echovist® consists
of galactose granules, made of micro-particles whom sizeis at 99% under 12 pm.
When extemporaneously suspended in appropriate medium and vigorously
shaken, the granules break down into galactose microparticles, causing the
production of air microbubbles between the microparticles (121). After injection,
the galactose microparticles are dissolved and release the microbubbles,
inducing anincrease of the echo signals from the venous vascular system and the
observation of the blood flow. The reproducible size of the microbubbles is
linked to the granulation process of the galactose but is mainly due to the

dispersion of the granules into microparticles (122).

Figure 6: Schematicrepresentation of Echovist® reconstitution from galactose granules.

Source: imedikament.de

1.3.3 Category ATC V09: diagnostic radiopharmaceuticals

Radiopharmaceuticals are diagnostic products containing radioisotopes
and are used to help in the visualization of internal body structures by nuclear
imaging (123). Theradioactive compoundisgiven in a very small amount by
injection, per os, or by inhalation. The product is designed to be distributed in a
defined part of the body where the disease or abnormality islocated and emits
radiations thatare detected by a y-camera or by positron emission tomography

to diagnose patient’s troubles (124).
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As an example, the Schilling testis performedin4 steps to determine an
abnormal absorption of vitamin B12 indicated by low levels. The patientreceives
a shot of non-radioactive vitamin B12 and swallows a tablet of 57Co-radiolabeled
vitamin B12 (cyanocobalamin). The urine is collected during the next 24 hoursto
analyze its radioactivity counts. This test enables the diagnosis of pernicious
anemia, that is a consequence of a decrease in red blood cells due to a poor

absorption of vitamin B12 in the intestines (125,126).

1.4 A step towards personalized medicine

1.4.1 Current situation

Given the small number of diagnostic products on the market; most
treatments are prescribed after a simple diagnostic from the doctor, and are
supposed to be based on the sex, age,and weight of the patient. Medications are
produced by pharmaceutical industries to fit the largest population and thus, are
dosed for an adult of approximately 70 kg (127). However, having the same

disease does not mean everyone needs the same medication or the same dose.

Figure 7 illustrates 4 patients with the same disease who were prescribed
the same treatment, 1 tablet of drug X. The first patient is a young man,
approximately 70 kg in good physical condition; the treatment is adapted to him.
The second patientis an old woman, about 45 kg with difficulties to swallowand
a slowed metabolism, the treatmentis too strong for her,and notappropriated,
she mightdevelop side or even toxiceffects. The third patientis an overweight
person; a single tablet may be too low dose and give anincomplete therapeutic
effect. The fourth patientis an Asian woman in good physical condition, but the
medication might notbe appropriate or toxic for her because she comes from an

ethnicgroup thatisnot able to metabolize this drug due to of a lack of enzyme.

This simple example shows that only considering sex, age, weight for a
prescription is not sufficient, and conventional prescriptions with fixed doses
market forms canlead to a lot of low/no-therapeutic effects, overdoses, and side
effects. Indeed, after a systematic review, Kongkaew et al. showed that 5.3 % of

hospital admissions are associated to drug adverse effects (128). To limit these
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inaccuraciesand optimize drug therapies, it is important to personalize the

diagnosis and the treatments to the patient.

Same disease = Same treatment ?

Treatment not adapted
— no therapeutic effect
+ toxic effect

Treatment Dose too high Dose too low
adapted — toxic effect — no effect

[ Y
(‘» oY

oA

Lower dose Increase dose Change treatment

Figure 7: Illustration of personalized medicine dependingon each patient.

For the same disease,the standard treatmentdoes notfitto every patient. Dependingon the phenotype of
the patient, thetreatment canbe adapted.Itcan also be toxicorineffectivebecause of the inadequatedose,
butcan alsobe inappropriatebecause the patientdoes notrespond to the molecule.

1.4.2 Companion diagnostics

In orderto determine if a patient would benefitor notfrom a particular
treatment, specific tests known as companion diagnostics were developed (129).
According to the FDA, a companion diagnostic refers to an in vitro or in vivo
diagnostic tool, which helps physicians to get the necessary information

concerning the safe and effective use of a specificdrug (130).

With the companion diagnostics, itis possible to identify the patients who
can benefit from a distinct therapeutic treatment, those who haverisk to develop
serious side effects because of the treatment and to monitor the response to the
treatment to adjustitand improve its safety and its efficiency. Regarding the
result of the test, the physician candecide to prescribe or not prescribe the
treatment to the patient (130). For instance, ifa patient presents a mutation in

the KRAS gene (involved in the synthesis of the protein K-Ras for regulation of
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the cell division), the action of the target drugs (cetuximab or panitumumab) in

the colorectal tumor tissue would be ineffective to treat the cancer (131).

There are 5 types of companion diagnostics: the ones for screening and
detection to test familial genetic patterns, the prognosis tests to predict the
future course of a disease, the thera(g)nostic! companions to verify the patient’s
response to the therapy, the monitoring tests to evaluate the effectiveness and
appropriate dosing of a prescribed therapy and finally the recurrence companion

diagnostics to analyze therisk of recurrence of the disease (133).

The rising of companion diagnostics started in 1998 with the approval of
HecepTest™, an immunohistochemistry assay detecting the expression of the
HER?2 receptorinvolved in the growth of cancer cells and thus, determining the
efficacy of trastuzumab (Herceptin®, Genentech, USA) for patients with HER2
positive breast cancers (134). Since theapproval of HerecpTest™, many new
companion diagnostics devices were developed together with targeted cancer

drugs to bring effective and safe treatments to patients.

Alist of approved companion diagnostics is published on the website of
the FDA (Table 1) (130). Most of these companion diagnostics target solid tumor
(135) for cancer therapies e.g. gastric cancer (136),lung cancer (137), and breast
cancer (138). Several new companion diagnostic products are currently in
different clinical trial phases for the diagnostic and treatment of rheumatoid
arthritis (139), thrombotic disease (140), HIV (141,142), colorectal and prostate
cancers, Kidney insufficiency after transplant (143), and hepatitis C (144). A
companion diagnostic to identify the appropriate anti-platelet therapy
(clopidogrel or ticagrelor) is currently in late phase of clinical trials (Clinical trial
NCT01742117).Indeed, patients presenting a polymorphicvariation of CYP2C19
get alow response to clopidogrel and need tobe treated by ticagrelor thatis not

metabolized by this cytochrome (145).

L Thera(g)nostic comes from the combination of the words therapeutic and diagnostic and
defines a single dosage form containing both diagnostic and therapeutic agents (132). It is
found with 2 spellings in the literature: theranostic and theragnostic.
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Table 1: Companion diagnostics approved by the FDA.

Test Manufacturer Drugs Indication
Cobas KRAS Mutation test Roche
Therascreen KRAS RGQ . N Cetuximab Colorectal cancer
PCRKit Qiage Panitumumab oforectal cance
Dako EGFR Dako
Therascreen EGFRRGQ . Afatinib
PCRKit Qiagen Gefitinib
PD-L1IHC 22C3 Dako Pembrolizumab
C;bas EGFR Mutation Test Roche Osimertinib
v Non-small cell lung cancer
Cobas EGFR Mutation Test Roche Erlotinib
Ventana ALK CDx Ventana
Vysis ALK Break Apart Abbott Crizotinib
FISH probe kit
Inform Her 2 /Neu
Pathway Anti Her-2/Neu Ventana
Inform Her2 Dual ISH DNA
InSite Her 2 /Neu KIt Biogenex
Spot-Light Her2 CISHKit Life
technologies
Trastuzumab Breastcancer

Her2 CISH PharmDx Kit
Her2 FISH Dako
HERCEPTEST
Bond OracleHer2 ICH .

Leica
System
PATHVYSION Her-2 DNA
Probe Kit Abbott
Dako C KitPharmDx Dako Gastrointestinal stromal tumors
Kit D816V Mutation Imatinib Systemic mastocytosis
detection ARUP mesylate y y
PDGFRB FISH Laboraories Myelodysp!astlc.synd.rome/

Myeloproliferative disease

BRACAnalysis CDx Myrla_d Olaparib Ovariancancer

genetic

Tramatenib

THxID BRAF bio Mérieux Dabrafenib
Melanoma
BRAFV600 Roche Vemurafenib
FerriScan® Resonnance Deferasiox Thalassemia
Health

As it can be seen in Table 1, companion diagnostics are very often
associated to cancer treatments and involve biological material such as
antibodies. However, it is possible to develop companion diagnostics for other
types of diseases with small molecule drug products. The only example thatis
approved by the FDA is FerriScan®. It is a diagnostic test based on MRI to
measure liver iron concentration in patients suffering of §-thalassemia. As a

companion diagnostic of deferasirox (Exjade®) it helps physicians to identify and
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monitor patients with non-transfusion-dependent thalassemia for an effective

treatment (146,14 7).

1.4.3 Phenotyping cocktails as companion diagnostics

The development of companion diagnosticsis generally based on specific
genetic mutations. The capacity of patients to respond to the treatment is
directlylinked to their genotype. However, the genotype does not consider other
factors that are notassociated to the genes, such as the patient’s weight and
health condition, a smoking/drinking habit or a special diet. These
characteristics can influence and modify the response to a drugby increasing or
slowing down its metabolism. Thatis why the consideration of environmental
factors, in addition tothe genotype, is very important to define the phenotype of

the patient (148).

Phenotyping consist in the determination of the phenotype, by the
administration of an appropriate probe drug, that is metabolized by a given
enzyme into a known metabolite. [tresultsin the determination of the patient’s
metabolism profile and the prediction of the drugactivity. Phenotyping cocktails
are a combination of several probe drugsthatare used to in first instance to
identify drug-drug interactions, leading to aninduced or aninhibitory effect of
one or more drugs during a combination therapy (149). Phenotyping cocktails
can be considered as companion diagnostics because they help in the evaluation
of the metabolism of drugs before the implementation of a medical treatment to

personalize it to the patient’s needs.

The Basel cocktail isa phenotyping cocktail that was developed by the
University hospital of Basel (149). Until now, there was an absence of a dedicated
phenotyping cocktail formulation, and thus, the 6 different probe drugs were
administered as individual marketed medications. The diversity of dosage forms
the cocktail can induce different release kinetics, dosage inaccuracy and
excipients cross-reactions (150). To overcome these issues, itwas necessary to
develop a single dosage form combining the probe drugs at the needed dose,
without inducing any physicochemical interactions. An attempt to fill this gap is
described later in the article “CombiCap, a novel drug formulation for the Basel

phenotyping cocktail”.
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2 AIM OF THE THESIS



The introduction part of this thesis reveals the importance of diagnostic
productsin helping the physicians to detect and diagnose a disease; allowing the
adaption of medical treatments to each individual patient, based on more precise
criteriathan age, weight, and sex. Unfortunately, laboratories have the tendency
to develop curative products for treating diseases and neglect theimportance of
developing diagnostic products for accurate diagnosis to personalize medicine. In
the following chapters, we describe the development of 2 diagnostic products, the
first one at the nanoparticulate level and the second one atthe microparticulate

level.

e PDMS-PMOXA polymersomes containing quantum dots for cellular

imaging

Duringthelast decades, nanoscience was increasingly developed for medical
purposes but mainly for drug delivery. The most common example is Doxil®, a
liposomal formulation encapsulating doxorubicin for cancer chemotherapy. In the
first chapter, we describe the formulation of polymersomes for cellular imaging.
Polymersomes are artificial nanovesicles made of bloc copolymers that self-
assemble into a double-layered vesicle allowing the loading of hydrophilic
molecules inits cavity and hydrophobic moleculesin the polymeric membrane.
Quantum dots are already used for medical imagingbutinlimited applications
because of their toxicity. To overcome this constraining property, we decided to
isolate some quantum dots inside PDMS-PMOXA polymersomes and study their

imaging properties in vitro.

e CombiCap, a novel drug formulation for the Basel phenotyping

cocktail

The second chapteris based on microparticulate products for diagnostics. The
objective of this project was to create a pharmaceutical dosage form for the Basel
Cocktail. The phenotyping process isimportantin diagnosis, for instance in the
evaluation of enzymes involved in the metabolism of xenobiotics, such as drugs.
Thus, with the detailed status of these enzymes, it is possible to personalize a
therapeutic treatment to a patient, to deliver the right drug at the right dose,
avoiding any adverse effect. We developed a formulation platform that can be

adapted for any phenotyping cocktail thanks to its multiple properties.
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Abstract: Quantum dots (QDs) are highly fluorescent and stable probes for cellular and
molecular imaging. However, poor intracellular delivery, stability, and toxicity of QDs in
biological compartments hamper their use in cellular imaging. To overcome these limitations,
we developed a simple and effective method to load QDs into polymersomes (Ps) made of
poly(dimethylsiloxane)-poly(2-methyloxazoline) (PDMS-PMOXA ) diblock copolymers without
compromising the characteristics of the (YDs. These Ps showed no cellular toxicity and QDs were
successfully incorporated into the aqueous compartment of the P's as confirmed by transmission
electron microscopy, fluorescence spectroscopy, and fluorescence correlation spectroscopy.
Ps containing QDs showed colloidal stability over a period of 6 weeks if stored in phosphate-
buffered saline (PBS) at physiological pH (7.4). Efficient intracellular delivery of Ps containing
QDs was achieved in human liver carcinoma cells (HepG2) and was visualized by confocal laser
scanning microscopy (CLSM). Ps containing ()Ds showed a time- and concentration-dependent
uptake in HepG2 cells and exhibited better intracellular stability than liposomes. Our results
suggest that Ps containing JDs can be used as nanoprobes for cellular imaging.

Keywords: quantum dots, polymersomes, cellular imaging, cellular uptake

Introduction
Development of highly sensitive and stable imaging probes is of considerable interest in
many areas of biomedical research, ranging from cellular biology to molecular imaging
and diagnostics. Fluorescent semiconductor quantum dots (QDs) are promising fluo-
rescent nanoprobes offering an alternative to conventional organic fluorophores due to
their unique properties.'? QDs show superior optical and chemical properties, ie, broad
spectral absorption with a narrow emission band, higher brightness of fluorescence
despite a low quantum yield, high photostability, and resistance to photobleaching.**
However, poor chemical stability, particle aggregation, and toxicity mediated by the
cadmium semiconductor core limit the use of QDs in imaging.®” These limitations are
of major concern in applications where cellular uptake of QDs is required to visualize
intracellular compartments.

In cell culture media, QDs have low stability due to particle aggregation and
surface degradation, which leads to minimal cellular uptake and difficulties with
respect to the interpretation of cellular images.* Therefore, attempts have been made
to improve the stability and promote cellular uptake of QDs using surface chemistry
modifications. This includes the functionalization of QDs with biomolecules such
as antibodies,” proteins,'® or peptides,'' as well as their coating with polymers or
12,13

amphiphilic copolymers.'>"* However, modification of the QD surface may significantly
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alter their fluorescence properties." Once taken up by target
cells, QDs often end up in the endolysosomal compartment
or aggregate in intracellular regions.”” Earlier studies showed
that QDs may disintegrate under acidic conditions in these
compartments, leading to intracellular release of toxic heavy
metals. This leads to oxidative stress, induction of apoptosis,
and eventually, cell death.'® Recently, it was shown that
polymer-coated QDs could be stabilized during cellular
uptake. However, their coating dissociated in intracellular
compartments such as lysosomes."” Thus, new strategies
are needed to improve both the uptake and the intracellular
stability of QDs.

Amphiphilic block copolymers are known to self-
assemble into various supramolecular aggregates such as
micelles, tubes, sheets, or vesicles in aqueous solutions." In
particular, polymersomes (Ps; so-called polymeric vesicles)
have gained increasing interest in recent years for various
biomedical applications, including their use as drug and
gene delivery nanocarriers, nanoreactors, and even artificial
organelles.! Ps are nanometer-sized hollow spheres with an
aqueous cavity surrounded by a hydrophobic membrane and
hydrophilic inner and outer surfaces. They are promising
candidates for nanocarriers because many hydrophilic and
hydrophobic molecules can be incorporated into their aque-
ous cavity or their membrane, respectively.”' Additionally,
chemical surface modifications can be used to tailor their
physicochemical and biological properties to improve the
delivery of a wide range of therapeutics.”* Numerous types
of Ps have been proposed as nanocarriers for encapsulat-
ing small drug molecules, larger therapeutic proteins, and
other types of nanoparticles.***® Reports on the use of Ps
as carriers of water-soluble nanoparticles such as QDs are
scarce.”” Recently, Ps prepared from amphiphilic poly (D,L-
lactide)-poly(2-methacryloyl-oxy-ethylphosphorylcholine)
(PLA-PMPC) diblock copolymers have been used to encap-
sulate phosphorylcholine-coated QDs. This coating confers
hydrophilic properties to the QDs and also creates ion-pair
interactions with PMPC, binding QDs to the inner and outer
surfaces of Ps.*” However, this approach has limitations, since
the presence of physiological buffer can destabilize the QDs
and release them from the surface of the Ps.

The present study aimed to use a recent type of diblock
copolymers composed of poly(dimethylsiloxane)-poly
(2-methyloxazoline) (PDMS-PMOXA)* to prepare Ps
and to load them with QDs. The hydrophilic fraction and
molecular weight of the PDMS-PMOXA were chosen to
meet the prerequisites for diblock amphiphilic copoly-
mers to form vesicles.” The neutral hydrophilic PMOXA

outside the Ps thereby acts as a protein repellent, similar
to conventional polyethylene glycol (PEG), to minimize
interactions with phagocytic cells such as macrophages
and monocytes.”®*! In this way, colloidal stability, cellular
delivery, and intracellular stability needed for cellular
imaging were improved. QDs were loaded into the aqueous
cavity of Ps made of PDMS-PMOXA without altering the
surface properties of Ps. Loading efficiency and colloidal
stability in suspension were characterized by transmission
electron microscopy (TEM), fluorescence spectroscopy
(FS), zeta potential, and fluorescence correlation spec-
troscopy (FCS). The cellular toxicity of PDMS-PMOXA
Ps was excluded by the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) assay. Intracellular
delivery of Ps containing QDs was investigated in human
liver carcinoma (HepG2) cells. Concentration- and time-
dependent cellular uptake of Ps containing QDs in HepG2
cells was analyzed using confocal laser scanning micro-
scopy (CLSM). Results were compared to those obtained
for liposomes containing QDs.

Materials and methods

Amphiphilic block copolymers

Poly (dimethylsiloxane)-poly (2-methyloxazoline) (PDMS -
PMOXA ,) was kindly provided by Prof Wolfgang Meier
(Department of Chemistry, University of Basel, Basel,
Switzerland). This amphiphilic diblock copolymer was
synthesized as described elsewhere.”' An excess of pre-
activated PDMS was used to induce the polymerization of the
hydrophilic PMOXA blocks. Unreacted PDMS was removed
from the diblock copolymer by centrifugation.

Preparation of Ps

Ps were prepared using a film rehydration method.*?
PDMS-PMOXA diblock copolymer (5 mg) was first dis-
solved in pure ethanol (1 mL). The polymeric solution was
evaporated to dryness using a rotary evaporator (Rotavapor;
BUCHI Labortechnik AG, Flawil, Switzerland; 174 mbar,
40°C, 80 rpm) to obtain a thin film. Residual humidity was
removed in a vacuum oven (Vacutherm; Thermo Scientific,
Wohlen, Switzerland) in high vacuum (0.3 mbar, 40°C,
4 hours). Phosphate buffer solution (PBS; 1 mL, 0.1 mM)
was added to the film for rehydration under vigorous stirring
at room temperature for 6 hours. The resulting suspension
was extruded (Mini extruder; Avanti Polar Lipids, Alabaster,
AL, USA) eleven times through a polycarbonate filter with
an average pore diameter of 0.4 um, followed by eleven
extrusions through a filter with an average pore diameter of
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0.2 um (Nucleopores; Whatman, VWR International AG,
Dietikon, Switzerland).

Loading of QDs

An aliquot (100 uL) of QDs solution (8 uM solution in 50 mM
borate, pH 9) with a maximum red fluorescence emission of
625 nm (Qdot® ITK™ carboxyl quantum dots, cadmium—
selenium core; Invitrogen, Life technologies, Lucerne,
Switzerland) was mixed with PBS (900 uL, 1 mM) to obtain
a final QDs concentration of 200 nM. The photoluminescence
yield of CdSe QDs was previously reported to be negligible for
emission wavelengths in the red spectral range.™ This suspension
was added to a dry polymer film and stirred for 6 hours at room
temperature and protected from light. QDs were encapsulated
in Ps during the self-assembly process. After extrusion (as
described in paragraph Preparation of PS), non-encapsulated
(QDs were removed by size-exclusion chromatography using
a Sepharose 2B column (Sigma Aldrich, Buchs, Switzerland)
eluted with PBS (0.1 mM). The first fraction corresponding to the
Ps-containing QDs was detected by UV absorption at 280 nm.
It should be noted that free QDs cannot be separated from the
suspension by dialysis due to their big molecular size.

Dynamic light scattering

Suspensions of empty Ps and Ps-containing QDs were
measured for average size and size distribution using dynamic
light scattering (DLS) with a Delsa™ Nano C (Beckman
Coulter, Inc., Nyon, Switzerland) equipped with Dual 30 mW
laser diodes (wavelength lambda: 632.8 nm). Data were ana-
lyzed using the CONTIN program™ (DelsaNano Ul software
version 3.73/2.30, Beckman Coulter, Inc.).

Surface charge — zeta potential

Suspensions of free QDs, empty Ps, and Ps-containing
QDs were measured for zeta potential determination
using electrophoretic light scattering in a Delsa™
Nano C. Suspensions were measured in a flow cell using
PBS as buffer. Data were converted with the Smoluchowski
equation (DelsaNano Ul software, Beckman Coulter, Inc.).

Transmission electron microscopy

Samples for transmission electron microscopy (TEM)
were prepared using an aliquot (5 pL) of suspension of
empty Ps and Ps-containing QDs on a carbon-coated grid.
Samples were negatively stained with freshly prepared
2% uranyl acetate. The grids were air-dried overnight
before TEM analysis (CM-100; Philips, Eindhoven, the
Netherlands).

Fluorescence spectroscopy

A microplate fluorescence spectrometer (SpectraMax M2e,
Molecular Device, Biberach an der Riss, Germany) was
used to analyze the efficiency of loading QDs into Ps. All
samples (free QDs, empty Ps, and Ps-containing QDs)
were excited at 405 nm, and continuous emission spectra
were recorded from 500 to 700 nm. All measurements were
performed in a polystyrene 96-well microplate (Greiner-bio
one, Frickenhausen, Germany). Fluorescence intensity of
QDs changes over time. Therefore, fluorescence signals are

represented in relative fluorescent units.

FCS

FCS measurements were performed on the surface of a cover
glass using a Zeiss 510-META/Confocor2 laser-scanning
microscope (Carl Zeiss AG, Feldbach, Switzerland) equipped
with an argon laser (477 nm) in the FCS mode. Fluctua-
tions of fluorescence intensity were processed by means of
an autocorrelation function. FCS was used to analyze the
loading of QDs into Ps and to determine quantitatively the
number of QDs in each polymersome.* Diffusion times of
free QDs determined independently were included in the
fitting procedure. All results represent the average of ten
measurements. For stability determinations, Ps-containing
QDs were analyzed regularly over a period of 6 weeks.

Cell culture

HepG2 cells (ATCC HB-8065) were kindly provided by
Prof Dietrich von Schweinitz (University Hospital Basel,
Basel, Switzerland). Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with low
glucose (1 g/L), 10% fetal bovine serum (FBS), 0.1 mM
non-essential amino acids (NEAA), 2 mM GlutaMAX™, and
10 mM HEPES (all obtained from Gibco, Life Technologies,
Lucerne, Switzerland) at 37°C under 5% CO, and saturated
humidity. Cells were confirmed to be free of mycoplasma
(MycoAlert™; Lonza, Visp, Switzerland).

MTT cellular toxicity assay

The 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT) assay was used with some modifications as
described elsewhere.” The MTT stock solution (Roth AG,
Arlesheim, Switzerland) was prepared by dissolving 5 mg
MTT/mL PBS, sterile-filtered, and stored at 4°C. Briefly,
HepG2 cells were seeded at a density of 2.5 x 10° cells/well in
a 96-well plate. After 24 hours, the medium was removed and
100 pL aliquots containing the corresponding concentration
of Ps were added. A blank medium served as a negative
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control. After 24 hours, the medium was replaced by blank
medium containing 10% MTT solution. The plates were
incubated for 2 hours at 37°C, and the resultant formazan
crystals were dissolved by adding 3% soduim dodecyl sulfate
(20 pL) and 40 mM HCI (100 uL) in isopropanol. Optical
density was measured at 550 nm using a spectrophotometer
(SpectraMax M2e; Molecular Device). Test substances
showed no absorbance overlapping with the signal of MTT.
Unspecific background signal was determined at 680 nm and
subtracted to reduce artifacts.

Cellular uptake of Ps-containing QDs

‘We analyzed the cellular uptake of Ps-containing QDs in
HepG2 liver cancer cells using CLSM. HepG2 cells were
cultured on poly-D-lysine—coated cover slips (#1.5; Menzel
Glasbearbeitungswerk GmbH & Co, KG, Braunschweig,
Germany). Cells were incubated at 37°C with Ps
(100-500 pg/mL) or liposomes (0.14 mM of phospholipids)
loaded with QDs. Nucleus counterstaining was performed
by adding Hoechst 33342 dye (1 pg/mL) to the cells
5 minutes before the completion of the uptake assay. Cells
were washed three times with cold D-PBS (Dulbecco’s PBS)
and fixed for 15 minutes with 2% paraformaldehyde at 4°C.
After an additional wash, slides were embedded in Prolong
Gold antifade reagent (Gibco) and sealed with nail polish
after drying. Samples were analyzed with an Olympus
FV-1000 inverted confocal laser scanning microscope
(Olympus, Le Mont-sur-Lausanne, Switzerland), using
a 60x Plan Apo N oil-immersion objective (numerical
aperture 1.40), and images were processed using either
the Olympus FluoView software (v3.1, Olympus) or Gimp
software (v2.8; GNU image manipulation program, http://
www.gimp.org). Intracellular QDs were activated by light-
emitting diodes (LEDs) with a wavelength of 400 nm
(210 mW/em?) or 490 nm (190 mW/ecm?),” using a pE-2
LED (CoolLED Limited, Andover, UK) excitation system.
For activation, samples were exposed to a wavelength of
490 nm for 1 minute prior to analysis.

Results and discussion
Characterization of Ps
These last years, the development of Ps for technical or phar-
maceutical applications is increasing. In this study, we have
formulated Ps with a PDMS-PMOXA diblock copolymer,
composed of 65 siloxane and 14 2-methyloxazoline units
(Figure 1B),*3! as nanosized carriers for QDs.

Size and morphology of extruded PDMS-PMOXA Ps
were determined by DLS and TEM (Figure 1). The mean

hydrodynamic diameter was approximately 205 nm for empty
Ps and 223 nm for Ps-containing QDs (Figure 1A). Table 1
shows the polydispersity index (PDI) of free QDs, empty Ps,
and Ps-containing QDs. The very low PDI values for both
Ps preparations indicated a homogeneous population with a
very narrow size distribution range.

However, the absence of a significant difference in
average diameters of the two Ps preparations suggests that
encapsulation of high-molecular weight QD nanoparticles
did not affect the molecular self-assembly of PDMS-
PMOXA copolymers into Ps. In TEM investigations, we
observed spherical vesicles with a diameter of approxi-
mately 200 nm, confirming the formation of Ps. Collapsed
Ps revealed a hollow vesicular structure (Figure 1C).
A recent report on self-assembly of a similar molecular
composition of PDMS-PMOXA into vesicular structures
supports our findings.*®

Loading of QDs into Ps

TEM investigations showed the presence of monodispersed
(Ds inside the Ps. QDs incorporated into Ps had the same
appearance as free QDs in suspension, confirming that QDs
were located in the aqueous compartment of the Ps without
any aggregations. The morphology of empty Ps and Ps loaded
with QDs remained the same (Figure 1D), confirming that
encapsulation of QDs did not affect the formation of Ps.
The number of QDs per Ps ranged from a single QD to tens
of QDs, according to the statistical probability of available
(QDs in close proximity (for loading) during Ps formation.
The stabilizing effect of the Ps provides indirect evidence
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Figure | Chemical composition. size, and morphology of PDMS-PMOXA Ps-
containing QDs. (A) Size distribution of Ps determined by DLS. Average diameter
of Ps was 200 nm (dashed line: empty Ps, dot-dashed line: Ps-containing QDs).
(B} chemical structure of PDMS-PMOXA amphiphilic block copolymers: (€) TEM
analysis of Ps; (D) TEM analysis of Ps-containing QDs.

Mote: The scale bars represent 100 nm.

Abbreviations: DLS, dynamic light scattering. PDMS-PMOXA, poly(dimethyisilo-
wane}-poly(2-methyloxazoling). Ps. polymersomes: QDs, quantum dots: TEM, trans-
mission electron microscopy.
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Table I Size, PDI, and surface charge of QDs and Ps

Sample Diameter PDI Zeta potential
(nm) (mV)

Free QDs -0 nd —24.18

Empty Ps 205+7 0.075 5.62

Ps-containing QDs 223.9+9 0.053 9.69

Mote: *Size according to data provided by the manufacturer for ITK™ carboxyl
quantum dots (Invitrogen, Life Technologies, Lucerne, Switzerland).
Abbreviations: nd, no data; PDI, pelydispersity index; Ps, polymersomes; QDs,
quantum dots.

that the QDs are contained inside the Ps, and are not just
loosely attached to the outer surface of the Ps membrane.
Figure 2A shows characteristic emission spectra of free
(QDs, empty Ps, and Ps-containing QDs at the excitation
wavelength of 405 nm. The appearance of the characteristic
emission of QDs without any shift in the Em__ (625 nm) in
Ps-containing QDs and the absence of this emission peak
in empty Ps demonstrated the loading of QDs in Ps without
alteration of the fluorescent properties of QDs. Thus, QDs
can be incorporated into Ps without aggregation and with-
out affecting the fluorescence properties of QDs. The main
advantage of QDs is not their high quantum yield, which is
often lower than that of many organic dyes. However, their
high absorption rate and increased photostability finally
result in a brighter fluorescence signal. Moreover, the Stokes
shift leads to a very low background signal. In Figure 2A,
fluorescence signals obtained from Ps-containing QDs are
lower than from free QDs. This can be explained by the fact
that QDs are encapsulated within Ps, which absorbs some of
the excitation light. In addition, not all QDs were entrapped
within the Ps during their preparation and were thus lost
during the consecutive purification steps. However, this
reduced fluorescence intensity of encapsulated QDs can be
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Figure 2 Analysis of QDs loading efficacy by fluorescence spectroscopy and FCS.
(&) Emission fluorescence spectra of free QDs (dotted-lines), Ps-containing QDs
(dot-dashed lines), and empty Ps (dashed lines), excitation wavelength 405 nm;
(B) FCS auto-correlation curves, experimental (solid lines) and fitted (dashed-lines)
of free QDs (dotted-lines) and Ps-containing QDs (dot-dashed lines).
Abbreviations: FCS, fluorescence correlation spectroscopy: Ps, polymersomes;
QDs, quantum dots; RFU, relative fluorescent units.

easily compensated by an increased excitation light intensity
since there is no risk of photobleaching.

Free QDs are characterized by a negative surface charge
(zeta potential: —25 mV; Table 1). After loading into Ps, the
zeta potential increases to 9 mV. This positive value is very
similar to the zeta potential of empty Ps. Thus, masking of the
surface charge of QDs after loading into Ps is an indication
of their presence within the Ps as opposed to a mere binding
to the outer surface of the Ps.

FCS analyzes the intensity fluctuations of molecules
in a defined confocal volume. These signals can be cor-
related to the diffusion time of molecules (t,). We deter-
mined that T,=4,000 pus for freely diffusing QDs and
T,=15,000-17,000 ps for QDs loaded into Ps (Figure 2B).
This is in agreement with the reported diffusion time of
Ps of a similar size based on the PDMS-PMOXA block
copolymer.®®

Molecular brightness measurements have been used to
calculate the number of fluorescent molecules encapsulated
inside each polymersome.”*® We estimated the average
number of QDs per polymersome based on brightness
obtained from the count rate per molecule (cpm, kHz). We
calculated an average of four QDs/polymersome based on
the brightness of free QDs and QDs encapsulated in Ps. The
loading efficiency of Ps in our study was comparable with
the reported loading efficiency of liposomes (ie, three QDs/
liposome on average).**** However, we aimed to improve the
loading efficiency by introducing 5% amine-functionalized
PDMS-PMOXA copolymers in hydroxyl-functionalized
PDMS-PMOXA copolymers to generate charges in the copo-
lymer system (Figures S1-S4 in supplementary material ). We
calculated an average of eight QDs/Ps based on brightness
measurements. This was clearly superior to the loading of
purely hydroxyl-functionalized copolymers (neutral charge).
Our results suggest that introducing a small amount of amine-
functionalized monomers to the copolymer system causes
favorable electrostatic interactions leading to improved
loading efficiency. Geometric considerations and analysis
of TEM images suggest that much higher loading efficiency
can be achieved up to a theoretical maximal up-loading con-
tent of 4,900 QDs per polymersome. However, the achieved
accumulation of QDs at picomolar concentrations within
individual Ps is sufficient to induce a bright fluorescence

signal suitable for cellular imaging (see below).

Stability of Ps-containing QDs
The stability of Ps-containing QDs was investigated using
size measurements by DLS, morphology analysis by TEM,
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and FCS analysis yielding release profiles of QDs from Ps.
These tests were carried out over a period of 6 weeks at regu-
lar intervals (Figure 3). We did not observe any significant
changes in size (=200 nm) or size distribution, suggesting
that Ps were highly stable and remained intact (Figure 3D).
In addition, TEM showed the presence of QDs inside the Ps
(~200 nm), with no free QDs outside|the Ps between day 1
and week 6 (Figure 3B and C).

For stability analysis, auto-correlation curves obtained
with FCS were fitted with a two components model.
Diffusion times of free QDs were determined independently
and were included in the fitting procedure. The majority of
the particle population (99.9%) represented QDs encapsu-
lated in Ps, as confirmed by corresponding diffusion times
(1,=15,000-17,000 ps), that were similar to those of freshly
prepared Ps loaded with QDs (Figure 3A). This finding
confirms that QDs were not released from the Ps even after
6 weeks, due to the robust impermeable membrane of the Ps
(~15 nm).* In addition, passive transmembrane diffusion is
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unlikely due to the high molecular weight of the QDs. Thus,
DLS, TEM, and FCS experiments clearly indicated that Ps
were highly stable. They retained their size and shape and
entrapped the QDs for a long period of time.

Cellular viability (MTT) assay

Various types of PMOXA-PDMS-PMOXA tri-block copo-
lymers were previously suggested to be non-toxic and non-
immunogenic.’**! The PDMS-PMOXA diblock copolymer
used in the present study showed no cellular toxicity in a
HepG2 human liver carcinoma cell line (Figure 4). There
was no loss of viability in HepG2 cells after 24 hours of
incubation with PDMS-PMOXA Ps at concentrations up to
300 pg/mL.

Cellular uptake of Ps-containing QDs

Time-and dose-dependent uptake kinetics of Ps-
containing QDs were studied using incubation times
of 1, 7, and 24 hours and different polymer concentrations

B
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Figure 3 Long-term stability of Ps-containing QDs.

Notes: (A) FCS auto-correlation curve of Ps-containing QDs at day | (dot-dashed lines) and Ps-containing QDs at week 6 (double dot-long dashed lines): (B) average particle
size determined by DLS over 6 weeks (C) TEM analysis of Ps-containing QDs at day 1 (week 0); (D) TEM micrograph analysis of Ps-containing QDs at week 6; (E) TEM
micrograph analysis of Ps-containing QDs after | year of storage at 4°C. Average size determined by DLS for the Ps-containing QDs after of | year storage was 221.1 nm
(PDI =0.068). Scale bar represents 100 nm.

Abbreviations: DLS. dynamic light scattering: FCS, fluorescence correlation spectroscopy: PDI. polydispersity index; Ps, polymersomes: QDs, quantum dots: TEM, trans-
mission electron microscopy.
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Figure 4 Viability of HepG2 cells incubated with Ps (MTT assay). HepG2 cells
showed no loss of viability after 24 hours of incubation with different concentrations
of Ps (50-300 pg/mL).

Note: Data are means = SD, n=3.

Abbreviations: Ps, polymersomes; HepG2, human liver carcinoma cells.

(100 pg/mL, 300 pg/mL, 500 pg/mL). While no uptake was
observed for any concentrations after 1 hour of incubation,
the uptake rate increased linearly from 7 hours to 24 hours,
indicating the time-dependent uptake of Ps-containing QDs.
Simultaneously, we observed a gradual increase in the uptake
rate between the low concentration (100 pg/mL) to higher
concentration (300 pg/mL), suggesting dose-dependent
uptake (Figure 5). The appearance of red fluorescent sig-

nals, mainly in the perinuclear regions, was indicative of the

1 hour

100 pg/mL

300 pg/mL

7 hours

intracellular accumulation of Ps-containing QDs in HepG2
cells. Concentrations of Ps used for imaging purposes rarely
exceed 100 pg/mL. Under these conditions, cellular uptake
is minimal. Free QDs are rapidly taken up by living cells.
However, this process is not specific, and therefore QDs
cannot be used to label defined tissues or sub-populations of
cells within tissues. In addition, free Cd/Se QDs are cytotoxic
because of their heavy metal core. In contrast, Ps-containing
QDs were demonstrated in our work to be non-cytotoxic.
Their cellular uptake is negligible. This absence of unspecific
cellular interactions is a mandatory prerequisite for their
use to implement specific targeting strategies. For this latter
purpose (ie, to promote cellular targeting and uptake), Ps
can be modified by covalent modification of their surfaces
using, for example, receptor-specific targeting ligands.
Thus, surface-modified, polymer-based nanoparticles can
be conveniently labeled with stabilized QDs to study and
visualize their cellular interactions.*' The low uptake between
1 hour and 7 hours suggests that the PMOXA block acts as
a protein repellent, reducing cellular interactions of Ps. This
property has previously been described for other types of

nanoparticles such as PEGylated liposomes,*!

and is a pre-
requisite for in vivo implementation of targeting strategies.
Thus, prolonged incubation (24 hours) was needed to induce

forced uptake by HepG2 cells. We presume that cellular

24 hours

Figure 5 Dose- and time-dependent uptake of Ps-containing QDs in HepG2 cells. Ps concentrations incubated with HepG2 cells were 100 ug/mL (upper row, recommended
concentration) to 300 pg/mL (lower row). Incubation times were | hour (left column), 7 hours (center column), and 24 hours (right column, condition of forced uptake).
QDs were photo-activated at a wavelength of 490 nm for | minute. Red fluorescence: Ps-containing QDs, blue fluorescence: nuclei stained with Hoechst 33342,

Note: Scale bars represent [0 um.

Abbreviations: Ps, polymersomes; QDs, quantum dots; HepG2. human liver carcinoma cells.
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Figure & Fluorescence activities of QDs loaded into Ps under intracellular conditions.
MNotes: HepG2 cells were incubated with Ps-containing QDs (red signal) and were analyzed before (A) and after (B) photo-activation at a wavelength of 400 nm for
I5 seconds. (€) Emission peak of a lambda scan of intracellular QDs in Ps (solid lines) and in liposomes (dashed-lines) compared with free QDs (dotted-lines). Nuclei were

stained with Hoechst 33342 (blue signal).

Abbreviations: Ps, polymersomes; QDs, quantum dots; HepGZ, human liver carcinoma cells.

uptake can be further increased by surface modifications of
the Ps, such as, for example, cationization or coupling of
specific receptor ligands.*! Previous publications suggest that
cellular uptake of nanoparticles is a prerequisite to induce
cellular toxicity.* In order to explore the potential toxic
effect of the Ps, the concentration in medium was increased
to 300 pg/mL. A long incubation time (24 hours) under these
conditions led to cellular uptake. However, the MTT assay
demonstrated an absence of toxicity under these conditions of
forced uptake. Therefore, we recommend to limit incubation
times with Ps-containing QDs to 24 hours and not to exceed
a polymer concentration of 100 pg/mL.

Intracellular stability

of Ps-containing QDs
(QDs encapsulated in Ps or liposomes can be photoactivated by
UV irradiation at 405 nm. This is a widely used technique to
enhanced fluorescence signals of QDs in suspension or cells.*
Photoactivation was made evident by a blue-shift of cellular
emission fluorescence signals by 10 nm (Ps) or 15 nm (lipo-
somes), as compared to free QDs (Figure 6C). This is indicative
of the slow degradation of the QD core under these conditions.
In liposomes, photoactivation of encapsulated QDs resulted ina
blurred and unspecific staining of the whole cell cytoplasm (data
not shown, preparation of liposomes containing QDs can be
found in supplementary material). However, photoactivation of
(Ds in Ps resulted in a sharp and punctuated intracellular stain-
ing pattern (Figure 6A and B). These results suggest that QDs
encapsulated in Ps were retained in the intact polymer vesicles,
whereas QDs encapsulated in liposomes were released into the
cytoplasm due to degradation of the liposomal carrier.

In living cells, photoactivation of QDs is caused by the
generation of reactive oxygen species (ROS) within the target
cell. ¥ In view of the pronounced intracellular stability of Ps,

the question arises how oxidation of QDs within Ps can be
induced by cellular ROS. It was recently proposed that the
membranes of Ps are permeable to ROS, such as superoxide
or singlet oxygen, which are major contributors to the deg-
radation of the QD surface.**

For a similar type of Ps made of PMOXA-PDMS-
PMOXA, ROS were reported to permeate the polymer
membrane. Ps remained stable inside cells after having
escaped from endosomes without releasing the encapsu-
lated compounds.?**345 Therefore, it is possible that in our
experiments, QDs were partially degraded inside the Ps
without being released. Due to the stability of Ps in cellular
conditions, degradation of QDs and background signals
were dramatically lower in Ps than in liposomes. Similarly,
increased photo-enhancement of QDs embedded in silica
colloids have been reported in living cells, due to partial deg-
radation mediated by oxidation with minimal aggregation.*
Results suggested that Ps protect QDs from biological inter-
actions in cell compartments, thus improving the quality of

cellular imaging.

Conclusion

(QDs are a promising tool for a variety of bio-imaging
applications. However, their use in biological systems is
limited by their chemical instability and toxicity. We dem-
onstrated that loading of QDs into Ps made of the diblock
copolymer PDMS-PMOXA may overcome these problems.
In particular, Ps-containing QDs were stable for a prolonged
time upon storage and had improved optical properties after
cellular uptake.

The implications of these findings are two-fold. First,
stabilization of QDs by a protective shell of diblock
copolymers may facilitate their preparation, storage, and use
in biological systems. Second, chemical modification of the
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Ps surface may improve their recognition and uptake by target

cells. Therefore, design of such targeted Ps offers the pos-

sibility to deliver QDs to specific cellular targets within the

organism for diagnostic purposes or imaging applications.
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Supplementary material

Materials and methods

Preparation of liposomes containing QDs

A mixture of lipids of disuccinatocisplatin (DSPC:; 5.5 pmol),
cholesterol (4.5 umol), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-poly(ethylene glycol) (DSPE-
PEG; 0.27 umol), were dissolved in chloroform/methanol
(2:1, volume/volume). The solution was evaporated by vacuum
in a water bath at 60°C for 1 hour to form a homogenous lipid
film using a rotary evaporator (Rotavapor, BUCHI Labortech-
nik AG, Flawil, Switzerland). The lipid film was hydrated for
10 minutes in 1 mL in a 100 nM solution of QDs (Qdot® ITK™
carboxyl quantum dots; Invitrogen, Life Technologies, Lucerne,
Switzerland) in 0.1 M phosphate buffer solution (PBS) contain-
ing | mM EDTA, pH 7.2; extrusion was performed five times
through a polycarbonate filter with an average pore diameter
of 0.2 um, followed by nine extrusions through a filter with
an average pore diameter of 0.08 m (Nucleopores, Whatman,
VWR International AG, Dietikon, Switzerland).

Liposomes containing QDs were purified by size exclu-
sion chromatography using a Superose 6 prep column
(1.6 x 20 cm), (GE Healthcare, Cleveland, OH, USA) eluting
with 0.01 M PBS, pH 7.2.

Results
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Figure S2 TEM morphology analysis of Ps made of PDMS-PMOXA with 5% amine
function, loaded with QDs.

Note: Scale bar represents 100 nm.
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Figure S3 Analysis of QDs loading efficacy by fluorescence spectroscopy. Emission
fluorescence spectra of free QDs (dotted-lines). Ps with 5% amine function containing
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Abbreviations: Ps, polymersomes; QDs. quantum dots; RFU. relative fluorescent
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Phenotyping of cytochrome P450 isoenzymes is used for metabolic profiling. Phenotyping cocktails are
usually administered as individual marketed products, which are not designed for diagnostic
applications. Therefore, a formulation strategy was developed, which can be applied to any phenotyping
cocktail. The formulation was validated in vitro and in vivo in human volunteers using caffeine, efavirenz,
flurbiprofen, metoprolol, midazolam, and omeprazole (Basel Cocktail). Spray dried di-calcium phosphate

Keywords: particles (Fujicalin) were used as an inert drug carrier for probe drugs. All drugs were successfully loaded
CYP450 P'}E"‘:'Upi"ﬁ into Fujicalin by a solvent evaporation method. Mini-tablets were produced and demonstrated good
3:$ :E‘::E:zﬁm physical characteristics, expected drug content and immediate release profiles for all drug formulations.
Mini tablets Mini-tablets were introduced into a capsule (CombiCap) and used for a pilot study in human volunteers.
Basel Cocktail Plasma samples were collected and analyzed by liquid chromatography and mass spectrometry. Plasma
Fujicalin concentration ratios between the parent drugs and the respective metabolites were equivalent for the

novel CombiCap formulation and individually dosed Basel Cocktail drugs. We conclude that the
CombiCap formulation platform can be easily adopted for different types of phenotyping cocktails due to
its scalable and modular design, which allows a simple and convenient combination of variable doses of
different probe drugs.

@ 2016 Elsevier B.V. All rights reserved.

1. Introduction CYPs can be assessed simultaneously by administration of a
cocktail made of selected drugs that are substrates of the
respective enzymes, followed by collection of plasma samples in

order to quantify the plasma concentration ratio between the

1.1. Phenotyping

Phenotyping is used to determine the enzymatic activity of
enzymes that are involved in drug metabolism (Tracy et al., 2016).
Of special interest are thereby cytochrome P450(CYP) isoenzymes,
which are responsible for more than 50% of the phase | dependent
metabolism of commonly used drugs (Ingelman-Sundberg, 2004).
Inter-individual activity of these mixed-function oxidases is often
highly wvariable due to genetic variants and the influence of
endogenous or environmental factors. This variability is of clinical
importance because it can affect plasma concentrations (and thus
pharmacological effect) of metabolized drugs. Activity of different

Abbreviations: CYP, cytochrome P450; DDI, drug-drug interactions; BCS,
biopharmaceutical classification system; CAF, caffeine; EFA, efavirenz; FLU,
flurbiprofen; MET, metoprolol tartrate; MID, midazolam; OME, omeprazole; DMSO,
dimethyl sulfoxide; SEM, scanning electron microscopy.

* Corresponding author at: Division of Pharmaceutical Technology, Department
of Pharmaceutical Sdences, Klingelbergstrasse 50, 4056 Basel, Switzerland,

E-mail address: joerg. huwyler@unibas.ch (]. Huwyler).

http://dx.doi.org/10.1016/j.ijpharm.2016.08.043
0378-5173@ 2016 Elsevier B.V. All rights reserved.
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parent drugs and their metabolites (Nguyen et al., 2016). The
principles of phenotyping procedures and a selection of used probe
drugs and probe drug mixtures have been comprehensively
reviewed by Fuhr et al. (2007). Thus, metabolic profiles of
individuals (e.g. volunteers in clinical trials or patients) can be
determined (Wilkinson, 2005). The phenotyping strategy is
valuable for the detection of CYP-mediated drug-drug interactions
(DDI) (Murray, 2006), the stratification of cohorts in clinical trials
(Spaggiari et al, 2014) and in personalized medicine to adjust
patient's treatments (Preissner et al, 2013). The Basel cocktail
contains mixture of 6 commercially used drugs. This drug cocktail
was developed at the University Hospital Basel (Donzelli et al.,
2014). The cocktail consists of 10mg caffeine (CAF), 50mg
efavirenz (EFA), 12.5mg flurbiprofen (FLU), 10 mg of metoprolol
tartrate (MET), 2mg midazolam (MID), and 10mg omeprazole
(OME), (Derungs et al., 2015; Donzelli et al., 2014) used as probe
drugs for CYP1A2, CYP2B6, CYP2C9, CYP2D6, CYP3A4, and
CYP2C19, respectively.
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There are several phenotyping cocktails described in the
literature (including the Basel Cocktail), in which drugs or other
commercial products such as, eg. Nescafé® single-serve sachet
(Bosilkovska et al, 2014) have been administered. In all of these
cocktails, drug formulations were not designed to serve the
purpose of diagnostics and phenotyping and can therefore be
considered to be suboptimal (Adedoyin et al., 1998; Blakey et al.,
2004; Bosilkovska et al,, 2014; Bruce et al, 2001; Brynne et al.,
1999; Chainuvati et al., 2003; de Andrés et al, 2013; Frye et al,
1997; Ghassabian et al., 2009; Ghassabian and Murray, 2013;
Kakuda et al, 2014; Kashuba et al., 1998; Krosser et al., 2006;
Nguyen et al., 2016; Pedersen et al.,, 2013; Ryu et al,, 2007; Sharma
et al., 2004; Tanaka et al., 2003; Tennezé et al., 1999; Tomalik-
Scharte et al., 2005; Zgheib et al., 2006; Zhu et al., 2001). Problems
include limited availability of immediate release formulations
leading to delays between drug administration and plasma
sampling; imprecise dosing despite the use of scored tablets
(Habib et al, 2014) and the use of pharmacologically active
excipients in commercial formulations, which can influence the
activity of different CYPs (Engel et al., 2012).

1.2. Aim

In order to overcome these problems, a standardized formula-
tion platform is needed. This formulation should have unified
release kinetics and should be scalable, allowing adjustment of
doses prior to administration (i.e. use of multi-unit proportional
formulations). Used excipients should be inert and present in
constant proportions. Manufacturing should be achieved at
competitive costs. Finally, the used formulation should be
convenient and well accepted by patients. Based on these
considerations, new standard requirements for a solid dosage
formulation for diagnostic cocktails should be defined as follows:

1) Drug substance requirements include a sufficiently high drug
load, separation of drugs from each other to exclude potential
chemical degradation, the use of the same excipients in
identical proportions for all drugs and applicability of the
formulation to all BCS classes (“The Biopharmaceutics Classifi-
cation System (BCS) Guidance,” 2016).

2) Patient requirements include age appropriate administration
for children (“Guideline on pharmaceutical development of
medicine for paediatric use,” 2013; Liu et al,, 2014; van Riet-
Nales et al., 2014) and elderly (Aleksovski et al., 2015; Liu et al.,
2014; Stegemann et al., 2010) including persons with dysphagia
(Stegemann et al., 2012; Thomson et al., 2009).

3) Biopharmaceutical requirements include identical release
kinetics for all probe drugs and the possibility to use release
modifiers such as a gastro-resistant coating of the dosage form.

4) Technical requirements include scalability to enable industrial
production and the possibility of dose change or dose
adaptation prior to application (multi-unit system).

Based on these four considerations, the aim of the present study
was to develop and validate a formulation strategy for different
types of phenotyping cocktails. The Basel Cocktail was thereby
selected as a well characterized reference cocktail.

2. Material and methods
2.1. Materials

Spherically granulated dibasic calcium phosphate (Fujicalin™)
was provided by Fuji Chemical Industries (Toyama, Japan),

Dimethyl sulfoxide (Rotipuran™ 99.8% p.a.) was purchased from
Roth AG (Switzerland), Fumed silica (Aerosil 200%) came from

Table 1
Composition of drug-loaded Fujicalin mixtures,

Formulation AP Fujicalin DMSO ‘Water
Llwiw) g Hww) g Z(ww) g & (wiw) g
Caffeine 3.6 15 595 25 333 136 36 1.5
Efavirenz 27 15 45 25 253 136 27 1.5
Flurbiprofen 16.5 8 51.5 25 289 136 31 1.5
Metoprolol 14.7 7 52.7 25 326 151 0 [i]
Midazolam 3.6 15 595 25 369 151 0 i}

Evonik industries (Germany), Croscarmellose sodium (AcDiSol™)
was provided by FMC Bio Polymer (USA), and Sodium stearyl
fumarate (LubriSanaq™®) was provided by Pharmatrans-Sanaq AG
Pharmaceuticals (Switzerland). Caffeine (PubChem CID: 2519)
originated from BASF (Switzerland), Efavirenz (PubChem CID:
64139) was supplied by Hetero (India), Flurbiprofen (PubChem
CID: 3394) from Sun Pharma (India), Metoprolol tartrate (Pub-
Chem CID: 4171) from Pfannenschmidt (Germany), Midazolam
hydrochlorate (PubChem CID: 43032) was purchased from
Hinseler AG (Switzerland) and Omeprazole (PubChem CID:
4594) 10 mg gastro resistant capsules (Sandoz, France) was bought
in a pharmacy. Sodium lauryl sulfate and hydrochloric acid were
both bought from Roth AG (Switzerland), acetonitrile
Chromanorm™ was purchased from VWR (Switzerland), glacial
acetic acid comes from Hansler AG (Switzerland), sodium acetate,
sodium hydroxide and sodium phosphate monobasic dihydrate
were supplied by Sigma Aldrich (Switzerland).

2.2, Methods

2.2.1. Solvent loading method of Fujicalin

A calculated amount of each drug was introduced in a 250 mL
round bottom flask and dissolved in a solvent mixture of DMSO/
water (Table 1). It was important to not exceed a total liquid
volume (ie. drug solubilized in the solvent mixture) of 25 mL due
to the maximum Fujicalin loading capacity of 1.1 mL/g (“Fujicalin.
The unique DCPA,” 2009). Gentle heating (up to 70 *C) was required
to help the dissolution of CAF, FLU and MID. The resulting solutions
were frozen in liquid nitrogen before 25g Fujicalin powder was
added (Table 1). The round bottom flask was immediately
connected to a vacuum pump for 5 min to evacuate air from the
Fujicalin particle pores. The mixture was subsequently heated to
80°C (under vacuum) to melt the frozen drug solution and to
promote its penetration into the pores of the Fujicalin particles
(Fig. 1). After loading, the drug-loaded particles were dried in a
vacuum oven at 50°C at a reduced pressure of 200 mbars with a
supply of N, for 48 h to remove DMSO from the final product. This
loading protocol was used for all drug formulations with the
exception of OME, which is commercially available in the form of
pellets.

2.22. Scanning electron microscopy (SEM)

To verify the absence of extra-particulate drug crystallization,
SEM pictures were made with an FEI/Philips XL30 FEG instrument
(Philips, Netherlands) (Preisig et al., 2014). Each sample was placed
in a sputter coating apparatus (MED 020, BalTec AG, Liechtenstein)
and was sputtered with a 10nm gold layer prior to imaging.

2.2.3. Preparation of mini-tablets

Each batch of drug-loaded Fujicalin particles prepared as
described in Section 2.2.1 was separately mixed with 2% (w/w)
croscarmellose sodium, 0.5% (w/w) sodium stearyl fumarate, and
0.5% (w/w) fumed silica.

Tablets were produced on the Styl'one tablet press (Medel-
pharm, France)with a 12 mini multi-tips punch(concave, diameter
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5. Drying in vacuum
oven at 50°C
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pressure for 2 days

4. Vacuum + waterbath

Fig. 1. Drug loading of Fujicalin particles,

2 mm, Notter, Germany). Filling depth of the punch was fixed at
8mm and the compression force was set to 4kN. The same
parameters were applied for every drug formulation. The resulting
tablets (containing each a separate individual drug) were
combined and packed together into a hard gelatin capsule size 0
according to the required doses. OME pellets (10mg) were
removed from their original capsule and added to the final
product. This final dosage form is named CombiCap.

2.3. Characterization of mini-tablets

2.3.1. Mini-tablets dimension and weight

Mini-tablets height and diameter (n = 10) were measured with a
digital slide caliper gauge (Matrix-Handels, Germany). Individual
mass(n=10)was measured on an electronic balance (AX 204 Delta
Range, Mettler Toledo, Switzerland ). Measurements were done for
every probe drug formulation (except OME).

2.3.2. Uniformity of mass

The weight and mass uniformity of every mini-tablet formula-
tion were determined following the method described in Ph. Eur
(EDQM, 2012). In brief, 20 tablets were individually weighed on an
electronic balance (AX 204 Delta Range, Mettler Toledo,
Switzerland) and the average mass was calculated.

2.3.3. Drug content and uniformity of content

Drug content of the mini-tablets (n=10) was determined using
HPLC-UV (Agilent 1100 Series HPLC Value System, Agilent,
Switzerland). Ten mini-tablets were independently dissolved in
a defined volume of mobile phase (Table 2), followed by the
filtration of the solutions (0.22 pm PTFE syringe filters, VWR, USA).
The chromatographic measurement was carried out according to
Table 2. The area under the curve (AUC) of the chromatogram was
then correlated to the drug concentration, according to the
calibration curve that was prepared with 5 defined concentrations.
The same C18 column (XTerra RP18, 5pum particle size,
2.1 =150 mm, Waters, Switzerland) was used for every drug; the
column temperature was set to 40°C.

Table 2
HPLC parameters for determination of Basel Cocktail drug content.

Drug content uniformity was determined on 10 mini-tablets,
according to Ph. Eur (EDQM, 2012).

2.3.4. Hardness and tensile strength

A texture analyzer (FMT-310, Force Tester, Alluris GmbH&Co KG,
Germany) was used inorder to evaluate the hardness (n=10) of the
mini-tablets. The sensor travelled at a speed of 0.5 mm/s towards
the mini-tablet until breakage occurred. The value corresponding
to the breakage force was considered to be the hardness of the
mini-tablet (Eberle et al., 2015). The tensile strength was then
calculated using Eq. (1) for convex-faced tablets (EDQM, 2012):

10F [2.84H 0.126H 3.15W !
gx_ml- D — W — D +0.01

where o, is the tensile strength (MPa), F is the breaking force (N}, D
is the tablet diameter (mm), H is the tablet height (mm) and W is
the wall height (mm).

(1)

2.3.5. Friability

A single friability test was carried out on uncoated 20 mini-
tablets at 25 rpm to get 100 revolutions (TA200, Erweka, Germany)
as specified in European Pharmacopeia (EDOQM, 2012). Friability
was calculated for CAF, EFA, FLU, MET and MID mini-tablets with
Eq. (2):

Wi — Wy
-~

where W, is the initial weight (mg) and W is the final weight after
the friability testing.

F (2)

2.3.6. Disintegration of mini-tablets

The disintegration test was carried out in DT2 (Sotax,
Switzerland). One mini-tablet was introduced in each of the 6
tubes with a disc to prevent flotation (EDOM, 2012). Time was
registered manually with a stopwatch.

Drug  Wavelength Mobile phase Flow rate (pL/ Injection volume Retention time Calibration curve
(nm) min ) (L) (min) parameters
Slope  Intercept r?
CAF 273 Acetonitrile/Water (15:85) 400 10 188 70706 155.22 0999
EFA 252 Acetonitrile/Water (60:40) 500 5 197 28146 87.743 0.999
FLU 247 Acetonitile fWaterfAcetic add (35:60:5) 500 10 205 99.216 9,800 0999
MET 21 Acetonitrile/ Phosphate buffer (0.02M) pH 3.5 400 10 128 38161 94.033 0999
(40:60)
MID 227 Acetonitrile/Sodium acetate buffer (0.01M) pH 314 500 10 375 97157 39187 0.999

(35:65)
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Table 3

Dissolution assay conditions (“Dissolution Methods”, 2015) for caffeine (CAF), efavirenz (EFA)( United States Pharmacopeia Convention, 2007), flurbiprofen (FLU), metoprolol

(MET), midazolam (MID).

Drug UV wavelength Medium Calibration curve parameters

Slope Intercept R
CAF 273nm 900 mL water 0.0547 ~0.0042 0.999
EFA 252 nm 2% SLS in 1L water 0.004 0.0045 0.999
FLU 247nm 900 mL phosphate buffer pH 7 0.0488 00076 0.999
MET 221nm 900 mL SGF 0.0084 ~0.0001 0.999
MID 227 nm 900 mL SGF 0.029 0.0137 0.999

2.3.7. Dissolution studies

The drug release from each formulation was performed using
an USP Il apparatus (AT7, Sotax, Switzerland) at 37.0 £ 0.5°C and
according to dissolution conditions listed in Table 3. The
dissolution buffers were: distilled water, 2% sodium lauryl sulfate
(SLS) in water, phosphate buffer (0.05M) pH 7 and simple
simulated gastric fluid (SGE 0.1N HCl). The number of mini-
tablets in a dissolution vessel comprised the final dose of each
drug. Samples were taken at one minute time intervals and were
analyzed with UV-vis spectrophotometer (Ultrospec 3100 pro,
Amersham Biosciences, UK).

2.3.8. In vivo study

The in vivo evaluation of the Combicap formulation was done in
apilot study with 3 healthy volunteers. The procedure was brought
to the attention of the Ethics Committee northwest/central
Switzerland (EKNZ) (notification No. EKNZ UBE-15/17). The study
was based on the protocol described by Derungs et al. (2015) for
the Basel Cocktail with marketed products. Results from this pilot
experiment were compared to results from a previous clinical trial
done in 16 healthy volunteers (ClinicalTrials.gov [D:
MNCT01386593). The 3 participants had to fast for 10 h prior to
the intake of the CombiCap and to fast an additional 4h after the
administration of the capsule. They were not allowed to consume

any caffeine for 48 h before the administration of drugs and until
the end of the study period. The capsule containing mini-tablets
(CAF: 20, EFA: 11, FLU: 4, MET: 3, MID: 3) and pellets of OME
(10 mg) was administered per os with a glass of water. Venous
blood samples for pharmacokinetic analysis were collected into
2.7mL EDTA tubes at 0, 1, 2, 4, 6 and 8 h following the CombiCap
administration.

Blood samples were analyzed using a previously developed
liquid chromatography tandem mass spectrometry (LC-MS/MS)
method (Donzelli et al, 2014) in order to determine the
concentrations of probe drugs and their respective phase |
metabolites. The method was modified to include flurbiprofen,
4-0H-flurbiprofen, and flurbiprofen-d3 (I1S). Chromatographic
separation was performed on a Shimadzu HPLC system (Shimadzu
AG, Reinach, Switzerland) coupled to a triple quadrupole tandem
mass spectrometer (API4000, AB/MDS Sciex, Concord, Canada)
operating in positive electrospray ionization mode, except for
efavirenz, 8-hydroxyefavirenz, flurbiprofen, 4'-hydroxyflurbipro-
fen, and their respective internal standards, which were detected
in negative mode. Total run time was 2.9 min. Inter-assay accuracy
(determined as the% bias) ranged from —8.5 to 6.8 and inter-assay
precision (determined as the CV%) was lower than 139 for all
analytes.

Fig. 2. SEM visualization of Fujicalin particles. (A) Fujicalin particles were loaded with (B) caffeine, (C) efavirenz, (D) flurbiprofen, (E) metoprolol, and (F) midazolam. Scale

bars: 100 pm (A-F), 10 pm (inserts B and D-F), and 5 pm (inserts A and C).
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3. Results
3.1. Qualitative loading of drugs into Fujicalin particles

Fig. 2 shows SEM pictures of Fujicalin before and after loading
with CAF, EFA, FLU, MET and MID. Pictures B-F depict different
surfaces compared to porous pure Fujicalin (A), demonstrating
qualitative loading of Basel Cocktail probe drugs (except OME) into
Fujicalin particles. As it can be seen from the low magnification
images there is no extra-particulate crystallization. This indicates
that the drug substances were loaded into Fujicalin particles only.
After visual inspection, dried drug-loaded particles have similar
flowability as pure Fujicalin particles.

3.2. Preparation and characterization of mini-tablets

3.2.1. Drug content and content uniformity

The measured doses (Table 4) show an average drug loading
efficiency of 94% with the expected doses. Based on these results,
the effective dose in the CombiCap was within 85-115% (w/w) as
specified by the Ph.Eur (EDQM, 2012).

3.3. Characterization of mini-tablets

The data obtained from post-compression parameters for the
mini-tablets of all formulations such as weight, diameter, height,
hardness and tensile strength, friability, and disintegration time
are summarized in Table 5. The dimensions of mini-tablets show a
maximal height difference of 0.8 mm between drug formulations
but reveal very small variations within probe drug formulations.
The diameter of the mini-tablets remains constant.

The weight of the mini-tablets differs from one drug formula-
tion to another i.e. 10.74 mg for CAF mini-tablets and 14.40 mg for
MET mini-tablets. The uniformity of mass requirements (EDQM,
2012) are fulfilled for each probe drug formulation with a
maximum deviation of 4.3% in the case of EFA mini-tablets.

The hardness determined with the texture analyzer gave results
between 8.2 N for FLU mini-tablets and 35N for MET mini-tablets.
Despite the apparent low hardness, the tensile strength indicated
sufficient tablet stability.

The friability of the Basel Cocktail mini-tablets showed values
below 0.4% with a maximum weight loss for EFA mini-tablets.

The full disintegration of 6 mini-tablets for every formulation
was achieved in less than 4 min and was thus in accordance with

Table 4
Drug content in mini-tablets and in a CombiCap capsule size 0.
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the disintegration requirements for uncoated tablets (inferior to
15min) (EDQM, 2012).

3.4. Dissolution and release studies

Fig. 3 illustrates the data obtained from dissolution tests for
mini-tablets and commercial products. The FLU, MET and MID
mini-tablets release profiles were faster than those for the
commercial products Froben® 50mg (Abbott, Switzerland),
Lopressor® 100mg (Daiichi-Sankyo, France) and Dormicum™
7.5mg (Roche, Switzerland) respectively. In all these cases the
complete release of a drug from the mini-tablets is within 10 min.
Despite the differences in release profiles, commercial products
and mini-tablets are considered equivalent as their complete
release is within 15 min time (“Dissolution Methods,” 2015;
“Guidance for industry Dissolution testing if immediate release
solid oral dosage forms,” 1997; “Guideline on the investigation of
bioequivalence,” 2010).

3.5. In vivo studies

Fig. 4 displays the concentration ratios of the 6 probe drugs and
corresponding metabolites obtained with the CombiCap and the
marketed products (A). The data for marketed products, except
from the FLU data that were published from the Geneva Cocktail by
Bosilkovska et al. (2016), were obtained from the clinical trial
(n=16) described by Derungs et al. (2015). The comparison was
done for specific time points defined in the article that are 2 h for
MID, 4 h for CAF and OME and 6 h for EFA and MET. In the case of
MET mini-tablets, the time point was set to 4h as a result of the
mini-tablets having an immediate release whereas Beloc ZOK* isa
retarded dosage form. Fig. 4 also present the plasma concen-
trations of the probe drugs CAF (B), EFA (C), FLU (D), MET (E), MID
(F), and OME (G) with their respective metabolites in the 3 health
volunteers.

4. Discussion
4.1. Loading of Fujicalin particles

Porous Fujicalindi-calcium phosphate particles were used as an
inert drug carrier for probe drugs and as the basis for a simple

formulation amendable to direct compression. A solvent evapora-
tion method was developed applicable to drug loading of five

Drug Expected dose

Average measured dose (mg)/ Required dose in whole

Mumber of mini-tablets needed  Effective calculated average dose in

(mg)/mini-tablet mini-tablet n=10 CombiCap capsule (mg) in CombiCap capsule CombiCap capsule (mg)
CAF 0.54 0.47 £0.02 10 22 987 +0.44
EFA 45 420+ 0.09 50 12 504+ 1.08
FLU 3 3.02+ 002 12.5 4 12.10 £ 0.08
MET 32 3.16 £ 0.08 10 3 948 +0.24
MID 0.65 0.60+ 0.01 2 3 180 +0.03
Table 5
Characteristics of Basel Cocktail mini-tablets (average + standard deviation).
Drug Height(mm)n=10 Diameter (mm) ‘Weight (mg)in=10 Hardness(N)n=10 Tensile strength (MPa)n=10 Friability” Disintegration time (s) n=6
n=10 %)
CAF 261+ 001 2,06 £0.01 10.74 £ 0115 1485+ 1.55 169 £ 018 023 <2
EFA 3.07 £003 2,03 +£001 1216 £ 0.156 1351 £3.26 126 £030 033 71+61
FLU 341 +£0.01 2,05 +001 13.71 £ 0139 824 £ 056 0.70 £005 014 2247
MET 294 +0.02 2,04 £0.01 14.40 £ 0173 35.0+£226 3.38+022 021 67+ 18
MID 282+0.01 2,06 £0.01 1148 £ 0.138 8.65 + 1.67 0.92 £ 018 0.04 <10

* Single measurement with 20 mini-tablets,
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Fig. 3. Release profiles of mini-tablets and marketed product formulations. Dissolution was determined for (A) caffeine, (B) efavirenz, { C) flurbiprofen, (D) metoprolol, and (E)
midazolam. Solid squares: Basel Cocktail formulations, Open squares: Reference formulations of marketed products, Values are means + standard deviation, n=9,

probe drugs of the Basel Cocktail. According to the results, it was
possible to formulate all drugs independently from each other. For
this purpose, the used components, namely Fujicalin, DMSO and
water, have shown excellent applicability. DMSO is essentially
nontoxic when ingested, with a reported oral single-dose LD50
value of 174-283gl/kg (rat) (Robert and McKim, 2008). The
European and US Pharmacopeias are referencing DMSO as Class 3
solvent with low toxic potential to man. Therefore, no health-
based exposure limit is needed (EDQM, 2012). Class 3 solvents have
permitted daily exposures (PDE) of 50 mg or more per day. The
residual amounts of DMSO in the tested mini-tablets (as based on
weight loss during drying) represent a negligible fraction of the
PDE of 50 mg/day. It was possible to apply the same adsorption
process to every drug, while taking care to not exceed the
maximum adsorption capacity defined in the specifications of
Fujicalin (1.1 mLl/g). The uniformity within the five different
formulations was thus assured and the potential risk of
enzyme-excipient interactions with the targeted CYPs was
minimized. The main advantage of this simple formulation is
the speed of processing in a single vessel. Thus, there is no
limitation factor in the lab scale that would impact the scale up for
industrial production. Larger batches can be formulated by
proportionally increasing amounts of drug, solvent and Fujicalin
and by adapting the size of the formulation vessel. In this study the
excess DMSO was removed under vacuum conditions and
therefore can be difficult to scale-up for industrial large volume
demands. In this respect, an alternative solvent removal process
such as reduced-pressure fluidized bed process can be used
(Leuenberger et al., 2006 ).

Basel Cocktail probe drugs belong to different BCS classes. For
instance, caffeine and metoprolol tartrate belong to BCS class |
whereas efavirenz, flurbiprofen and midazolam belong to class Il
(Wu and Benet, 2005). The obtained results show that DMSO/
water mixtures could be used in the loading of all probe drugs. All
five drug substances had a sufficient solubility in DMSO/water
despite their different BCS classes. Visual analysis of loaded

Fujicalin particles by SEM revealed drug deposition either on or
within the Fujicalin particles. The absence of visible drug crystals
after loading (Fig. 2, high magnification pictures) indicates no
extra-particulate crystallization of caffeine, efavirenz, flurbiprofen,
metoprolol and midazolam with average loading efficiency value of
94%. This finding and the inspection of surface morphology of
loaded particles or pure Fujicalin suggest an efficient retention of
Basel Cocktail probe drugs by carrier particles.

The sixth drug used in the Basel Cocktail is Omeprazole, which
was not formulated according to the proposed strategy. Instead a
commercial pellet-formulation was used. In case a pH-sensitive
drug substance such as Omeprazole has to be formulated in a
similar way as the rest of the drugs, an enteric coating can be
applied on the capsule or the mini-tablets to ensure simultaneous
dissolution of the cocktail components.

4.2. Preparation and characterization of mini-tablets

Drug loaded Fujicalin particles mixed with the external phase
were compressed into mini-tablets having a maximum diameterof
2mm and a maximum height of 34 mm. The mechanical
properties of the obtained compacts suggest sufficient stability
and, hence, an applicability for further processing. This offers the
possibility to coat mini-tablets with a protective colored film for
drug differentiation or with a release modifier coating. The weight
of mini-tablets is uniform, in agreement with requirements
defined by the Ph. Eur, indicating a good repeatability of the
compression process and a good flowability of the powder
mixtures in the die of the tablet press. This indirectly supports
the findings from drug loading SEM picture analysis. With the
absence of external deposition or crystallization the carrier
particles retain excellent flowability.

The small tablet size makes this formulation suitable for
children or elderly persons with dysphagia, which fulfills the
patient compliance goal for cocktail formulations.
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Fig. 4. Metabolic ratios and plasma concentrations of Basel Cocktail probe drugs in
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human volunteers, Panel A: Metabolic ratios between caffeine (Caf), efavirenz (Efa),

flurbiprofen (Flu), metoprolol (Met), midazolam (Mid) and the comresponding metabolites paraxenthine (Par), 8-hydroxyefavirenz [ 8 OH-Efa), a-hydroxymetoprolol {OH-
Met), 4 -hydroxyflurbiprofen (4'-0H-Flu), 1'-hydroxymidazolam (1'-0H-Mid), 5-hydroxyomeprazole (5'-0OH-0Ome) were determined . Comparison between CombiCap (grey

bars, n=3) and marketed products({white bars, n=16). *: Clinical data for a commerdal

flurbiprofen formulation as published previously for the Geneva Cocktail { Bosilkovska

et al, 2014). Panel B-G: Average plasma concentration (n= 3)of caffeine and paraxenthine (B), efavirenz and 8-hydroxyefavirenz (C), flurbiprofen and 4'-hydroxy flurbiprofen
(D), metoprolol and a-hydroxymetoprolol (E), midazolam (Mid) and 1'-hydroxymidazolam (F), omeprazole and 5'-hydroxyomeprazole (G). Values are means + standard

deviation.
4.3. Disintegration and dissolution

In accordance with the regulations for uncoated tablets, all
mini-tablets disintegrated in less than four minutes, fulfilling the
requirement for immediate release as intended for the Basel
Cocktail phenotyping studies. The results of dissolution studies of
each probe drug formulation confirm this statement. As it is seen in
Fig. 3, drugs were fully released from mini-tablets in less than
15min supporting the immediate release. As compared with
marketed dosage forms that were previously used in the Basel
Cocktail studies, the dissolution of the mini-tablets shows identical
curves for CAF and EFA whereas mini-tablets of FLU, MET and MID
have a faster release than the commercial products. However,
complete release of these three drugs from the mini-tablets within
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15 min can be considered to be equivalent to the performance of
commercial products. Thus, the goal of obtaining identical release
kinetics between all drug formulations is achieved. This allows for
simultaneous dosage and plasma sampling for all probe drugs, and
therefore simultaneous determination of enzymatic activity for all
CYPs.

The final form consists of a hard gelatin capsule containing the
number of mini-tablets indicated in Table 4, corresponding to the
required doses of the phenotyping cocktail. It should be empha-
sized that the multi-unit formulation allows for an adaptation of
each probe drug dose by simply varying the number of mini-tablets
contained within a capsule. Prior to administration, capsules can
be opened to facilitate administration of mini-tablets to children or
persons experiencing difficulties with swallowing.
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44. In vivo study

The comparison of in vive drug/metabolite ratios and the
corresponding plasma concentration profiles (Fig. 4) shows similar
ranges between the data obtained from the CombiCap trial and the
data oﬂ the Basel Cocktail clinical studies. Despite the limited
number of human volunteers (n=3) participating in this pilot
experiment and the resulting statistical variability, results are
considered to be similar. Interestingly, the total error of the
CombiCap formulation, despite significant difference in population
size, is less in comparison with the commercial products. This can
be explained by a uniform immediate release pattern of the
CombiCap formulation; therefore, the time to C, ., is more uniform
and allows more precise assessment of the metabolic ratios. Such
results indicate that the CombiCap can be implemented for future
clinical studies, while allowing for a simplification of the clinical
procedure and increased patient compliance, especially if the
venous sampling can be substituted by dried blood spot or similar
technologies (Donzelli et al., 2014).

5. Conclusion

MNew standards were defined for the design of cocktail
formulations. The results of the experimental work suggest full
coverage of the initially set study goals and fulfillment of the
requirements on contemporary phenotyping formulations for
different BCS classes of the Basel Cocktail drugs such as:
sufficiently high drug load, separation of drugs from each other
to exclude potential chemical degradation, the use of the same
excipients in identical proportions for all drugs and applicability of
the formulation to all BCS classes, age appropriate formulations,
including persons with dysphagia, with identical release kinetics
for all probe drugs, scalability to enable industrial production and
the possibility of dose change or dose adaptation prior to
application (multi-unit system).

The CombiCap formulation platform for phenotyping cocktails
was developed and successfully validated using the Basel Cocktail
composition. The performance of this formulation is confirmed by
both in vitro and in vivo studies. The novel formulation concept is
versatile, scalable and compatible with identified requirements for
such formulations. This approach is novel and has, to our
knowledge, never been proposed before. We therefore believe
that our formulation strategy will be instrumental to facilitate and
promote the use of patient phenotyping and the development of
personalized medicines.
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4 DISCUSSION



4.1 Importanceofdiagnosisand diagnostic products

Diagnostic products are powerful tools thatare used toreveal a particular
health condition and help physicians in their diagnosis,in order to personalize
the treatment to the patient. Diagnosis is often generalized and tends to
standardize the diseases and the patients, which may lead toadverse effects that
can be fatal in some cases. Despite their added value, only a few diagnostic
products are commercialized. The development of in vitroor in vivo diagnostic
productsis left aside at the expense of therapeutic products. In chapter 3, we
attempted to overcome thislack with the formulation of 2 types of diagnostic
products; the nanoparticles for cellular imaging and the microparticles for

phenotyping.

The development of a diagnostic product must combine several features to
lead to a good quality product. It should be safe, reliable, specific, customizable,
easy to formulate,and easy to use.Inthischapter, we will discuss how our 2
diagnostic products fulfill these conditions and how they can be used in the

objective of personalized medicine.

4.2 Inputofnanoparticlesin diagnosis

Nanodiagnostic products are mostly used for imaging purposes. In the
introduction, we gave an overview of nanoparticlesthatcan be used either for
MRI, X-rays, fluorescence microscopy, SPECT, or PET. Among these nanoparticles,
the QDs are valuable as highly fluorescent nanocrystals. Their optical properties
are interesting and present many advantages such as a very low photobleaching, a
tunable color depending on the size of the QD, and a long and bright fluorescent
lifetime. However, the toxicity of the semiconductor core limits theuse of QDs in

cellular imaging.

In chapter 3, we described how we formulated PDMS-PMOXA polymersomes
toisolate the QDs from the cells to prevent any risk of toxicity. The challenge was
to encapsulate the QDs in the core of the polymersome without altering their
imaging properties. The productis now safe and non-toxic as shown by the result
of the MTT assay (Figure 4 in part 3.1). The stability data over weeks, months and
even year demonstrated the cohesion of the polymer double layer, preventing the

escape of the QDs from the core of the polymersomes, and proving the reliability
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of the product. The advantage of the polymersomes is their synthetic aspect and
the possibility to tune their membrane by diversifying the polymers and their
assembling process, to modify the properties of the vesicles and improve their
biocompatibility as well as their circulation time in vivo. Polymersomes are easy
to formulate and do not need long and complicated proceduresto be prepared. A
simple film rehydration method followed by several extrusions to homogenize the
size of the vesiclesare the onlyneeded steps. The loading of imaging probesis as
simple because theycan be added directly in the rehydration medium. Depending
on their affinity to water, the probes can be included either inside the
hydrophobic membrane, or in the hydrophilic core of the PDMA-PMOXA

polymersomes.

The polymersomes containing QDs are easy to use. A fluorescence
microscope is sufficient for their visualization during in vitro cellular imaging.
Concerning in vivo imaging, Michalet et al.,, demonstrated that the QDs are still
visible through the skin of mice. The visualization of the QDs was done by
microPET and fluorescence (151). In our case, the PDMS-PMOXA polymersomes
were visualized by fluorescence microscopy. They could be internalized by HepG2
cells by passive targeting and forced intake. However, to get a more precise image
of the cells of interest, it is possible to functionalize the bloc copolymers with

several ligands and achieve a specific and active targeting (152-154).

The vesicular structure of the polymersomes offers further opportunities in
the view of personalized medicine. Indeed, the polymeric composition of the
vesicle gives the possibility to include hydrophobic molecules within the
membrane, as well ashydrophilic moleculesin the polymersome cavity. Thus, it is
possible toload a drug and an imaging probe in a single polymersome. Alibolandi
et al. developed a folate receptor-targeted polymersome containing QDs and
doxorubicin for the simultaneous imaging and treatment of breast
adenocarcinoma. They studied the effect invitro andin vivo on mice and could
visualize the cancer cells by fluorescence microscopy. They were able to prove
the inhibitory effect of the folate on the tumor besides the good therapeutic
efficiency of the targeted polymersomes over the non-targeted ones and over the
free doxorubicin (155). This combination of diagnostic and therapeutic

applicationsis called thera(g)nostics,and will be increasingly developed in the
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future, for personalized medicine (132). Thenovelty of this topic has not yet
enable the scientists to decide between the 2 spellings: theranostics and

theragnostics. Both words can be find in search engines.

As mentioned in the introduction, nanoparticules can also be used as labels
in immunoassays to display the result of the test. The example of l ateral flow
assays isinteresting because theyareveryeasy to use as they just need to be
soaked with a liquid sample. The nanolabelsthat are immobilized on the test
migrate by capillarity, react with the test sample, and produce a visible signal to
indicate the result. Only few drops of urine, saliva or tears are enough to give a
fast and reliable result. The lecture of the test can be done withoutrequiring any
analysis equipment and thus can be performed at a point of care. These types of
tests can be adapted for the diagnosis of various health conditions like pregnancy,
infections, or diabetes. They can be improved witha digital lecture window to
eliminate any doubt as to the result of the test. They can even be connected to a
smartphone application, allowing a better monitoring of the results in the case of
a disease requiring a regular follow-up (15). Fornow, the results remain only
qualitative butresearchisdone on othertypes of labeling nanoparticles and
other detection methods to improve LFAs toprovide quantitative results. The
characteristics of the LFAs let us imagine many ways to use these diagnostics
products in the future. For instance, in the detection of molecules like the

biomarkersthatare used in cancer diagnosis.

4.3 Inputofmicroparticulate diagnostic products

Microparticulate diagnostic products are more well-known than
nanodiagnostics because they are commonly used in diagnostic tests, contrast
imaging, and radiopharmaceutics, to geta more accurate diagnosis. But a precise

diagnosisis pointlessif the patient does not respond correctly to the treatment.

Indeed, there is a big inter-individual variability of the different CYP
isoforms and thus a difference in the capacity on the patients to metabolize
certain drugs. To predict the behavior of the patient towards a drug and
personalize his treatment, it isimportant to determine the activity of his CYPs.
This determination is called phenotyping, andis performed with a cocktail of

probe drugs that are metabolized by defined CYPs. Even that many research
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groups tried to develop their own phenotyping cocktail, there is a lack of
clinically tested examples to phenotype the patients prior to the assignment of a
therapy. The Basel cocktail was developedin this intention at the University
hospital of Basel, and is composed of 6 different drugs: caffeine, efavirenz,

flurbiprofen, metoprolol, midazolam, and omeprazole.

Among all phenotyping cocktails described in the literature, none of them
has a dedicated formulation. The CombiCap, that is presented in chapter 3, fulfills
this gap for the Basel cocktail, witha formulation platform presenting many

advantages compared to the actual way of dispensing cocktails.

The CombiCap can be considered as a diagnostic productbecause itis used
to deepen the knowledge on the patient health condition by the determination of
his phenotype. It is a safe product because we used the minimum detectable dose
of each drug, enabling to achieve the diagnostic objectives while limiting the
therapeutic effects. It isreliable since the standardized formulation reduces the
interaction of the excipients. The reliability of the product also rests on the
comparative in vitro and in vivo results that showed the equivalence of the
CombiCap to the 6 individual marketed drugs. The stability of the productis also
guaranteed by the multiparticulate formulation (mini-tablets) that permits the
physicochemical separation of the 6 different active ingredients. The CombiCap is
easy to formulate because the active ingredients are simply dissolved in an
adequate solvent and loaded in the pores of the excipient (Fujicalin®). The critical
step is the drying of the blend under vacuum, to evaporate the remaining solvent.
An insufficient drying can lead to poor flowability of the blend and difficulties to
press the mini-tablets. Itis possible to customize the CombiCap for the needs of a
phenotyping study, by specifically adapting the dosage and the composition of the
cocktail simply, by adding or removing some mini-tablets. And finally, the
CombiCap is easy to use because it is an oral medication. It improves the
compliance of the patient with a single dosage form (compared to 6 in the first
studies on the Basel cocktail). The small size of the mini-tablets give the
possibility for children and elderly to swallow the content of the capsule in

several intakes if they have difficulties with the hard gelatin capsule.

Unlike the genotype that remains the same throughoutlife, the phenotype

can vary depending on the living conditions. Therefore, it would be necessary to
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re-determine the phenotype several times during the patient’s life. The Combi Cap
could be given at every hospital admission, or in the case of a disease involving a
complex medical care with multiple medications leading to drug-drug
interactions. Thus, the physician would be able to personalize a medical
treatment by prescribing drugs and doses adapted to the metabolism of the

patient, atevery stage of hislife.

4.4 Companion diagnostics

Companion diagnostics are in vitro diagnostic teststhatare developed in
parallel of the therapeutic molecule to provide essential information in order to
optimize the safety of a treatment and determine its applicability to the patient
(129). They are powerful tools in the domain of diagnosis and are essentially

based on the detection of specific mutations that are found in some cancers.

As presented in paragraph 1.4.2, only a limited number of companion
diagnostics are approved by the FDA, mainly in the domain of oncology, and they
rely on biomarkers as diagnostic products, but new therapeutic areas are
emerging. With the increasing number of drugs that specifically target cells or
tissues, pharmaceutical companies realized that companion diagnostics can boost
the success of their medications. Companion diagnostics can alsobe a great help
in the selection of the candidates for clinical trials, which decreases the costs of
research, and achieve a faster time tomarket of the drug (157). In this context, it
is probable that more companion diagnostics will be developed in the coming
years. Table 2 shows some current facts about companion diagnostics and let
figure the trend for the future. Itisobvious that the need of new companion
diagnosticsis important and that they should be increasingly developed in the

years to come.

Table 2: Current facts about companion diagnostics. Source: www.genengnews.com

Diagnostic facts

1% of marketed drugs have a companion diagnostic

10 % of marketed drugs recommend genetic testing for optimal treatment

30 % of all treatments inlate clinical development rely on biomarker data

60 % of all treatments in preclinical development rely on biomarker data

50 % of clinical trials collect DNA from patients to aid in biomarker development
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As mentioned above, the companion diagnostics are developed in
combination with therapeutic molecules to ensure a safe and optimized treatment
based onthe information obtained on the patient’s genetic profile. A parallel can
be made with phenotyping cocktails, thatare used to d etermine the patient’s
metabolism regarding drugs and therefore personalize and optimize the medical
treatments. In this circumstances, we can consider the phenotyping as a
companion diagnostic test thatrequires phenotyping cocktails as diagnostic

products.

Generally speaking, diagnostic products can be assimilated to companion
diagnostics because they fit tothe description thatis givenin 1.4.2. Indeed, they
can be used either for the screening or the identification of genetic and
phenotypic markers; and they can monitor the effectiveness andthe dosing of a

therapy.

4.5 Personalized medicine, the future of medical practice

Diagnosis and diagnostic products that have been discussed previously are
unavoidable in the instigation of personalized medicine. This relatively new
discipline gives the potential to customize medical care in order to obtain the
best response to a drugtreatment, whileincreasing the safety of the patient.
Indeed, personalized therapy implies the specific design of a medical treatment

that is compatible with the phenotype of each individual patient.

However, it should be noted that personalized medicine isnot intended to
produce unique medications for every patient. Theidea is rather based on the
classification of the patients suffering from a specific disease, into sub-
populations, depending on their phenotype and their predisposition to respond to
the treatment. Inthe end, the objective is to optimize the effectiveness of the
treatment by adjusting the dose, and to minimize the drug toxicity by selecting

the appropriate therapeutic molecules (158).

Personalized medicine has many advantages and is a great advance in the
therapeutic field. In-depth knowledge of the patient health condition reduces the

prescriptions errors and the prescription of ineffective medications. Thus, owing
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to less drug side effects, the adherence of the patient to the treatment is
increased, and hislife quality is improved. From a financial point of view, the
development costs of a drug can be reduced with the possibility to pre-select the
volunteers and the patients for the clinical trials. Personalized medicine can also
optimize the overall cost of health care due to the individualization of the
treatments thatlimits the prescription of unnecessarydrugs and thereby, their

reimbursement by health insurance.

The research interest on personalized medicine has exponentially increased
as shown in Figure 8. Within 30 years, the number of articles dealing with
personalized medicine rose from 12 to over 6000 references, representing a 500-
fold increase. Based on this results, we can predict an escalation ofthe research
on the topic of personalized medicine, and consequently an increased interest on
the development of diagnostic products to precise the diagnosis. The 21stcentury
brought us in a new medical era, where the trend is on personalization of

therapiesto provide the right drug, atthe right dose to the right patient.
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Figure 8: Numberofarticles referencing the personalized medicine from 1986to 2016.

Source PubMed.
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5 CONCLUSIONAND OUTLOOK
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Diagnosis isan ancestral medical practice that hasundergone a very sharp
evolution from the ancient Egypt tothe presentday. Huge advances have been
done in this filed since the 20t century. Particularly, the progress in technology
and the development of diagnostic products brought an additional source of
information to help determine the health condition of a person, and prescribe the

indicated medical treatment.

Diagnostics products are used in the sampling and the analysis of body
elements to assist the early diagnosis of a disease or a disorder. The precision of
the diagnosis is essential for the personalization of the therapies and for an
improved medical care. Personalized medicine brings a safe and optimal therapy
to patients, while preventing potential drugs side effects. [talso reduces the time
and costs of clinical trials with the possibility to better select the candidates. It
helps to manage a disease from early detection to a response-guided medication.
For thisapplication, proper and accurate diagnostic tools are indispensable.
However, the supply of diagnostic productsis rather low and does not meet the
growing demand for a more accurate diagnosis. We attempted to satisfy this lack

with the 2 diagnostic products that are presented in the chapter 3.

5.1 Particulate material in diagnostics

The first diagnostic product we described is the PDMS-PMOXA
polymersome. Polymersomes are very interesting tools for diagnosis because
their tunable properties and their loading capacities, make them ideal tools for
isolating QDs or otherimaging probes, from the external environment. The strong
stability of the polymeric membrane does not allow the release of the
polymersome content over weeks. Thus, the encapsulation inside the core of the

vesicle limits the toxic effect of the QDs towards the cells.

We assert that polymersomes containingQDs can be used in imaging for
diagnostic purpose because they meet all the previously defined requirements for
the diagnostic products. The physicochemical characteristics of the
polymersomes are also interesting for thera(g)nostics. The polymersomes could
be used as carriers, incorporatinga drug and a screening agent, to monitor the
delivery of the drug at the right site. To achieve this goal, 2 modifications of the
PDMS-PMOXA di-bloc copolymer would be necessary. First, the addition of a

63



linker with a targeting agent to spotthe receptors. Second, the insertion of a
channel ora spacer isnecessary to allow the diffusion of the drug trough the
polymeric vesicle, because of the superior stability of the PDMS-PMOXA

membrane.

The second diagnostic product we formulated is the CombiCap. Thisunique
formulation concept simplifies the phenotyping procedures. Indeed, all 6 probe
drugs of the phenotyping cocktail are formulated according to a standardized
formula, leading to identical pharmacokinetic profiles of the drugs. The dose of
each drug was carefully selected and minimized to stick to the diagnostic
purpose, without inducing therapeutic effects. The phenotyping data obtained
with the CombiCap were equivalent to those obtained with the individual probe
drugs, proving the reliability of our formulation. The formulation platform we
developed for the Basel cocktail can also be applied to other phenotyping
cocktails, due to the versatility of the formula and of the manufacturing process of
the CombiCap. Hence, itis possible to increase the knowledge about CYPactivity
and the metabolizer type of each person, to determine the best therapeutic option
in case of a therapy. Other types of cocktails could also be developed for other
metabolic enzymes like the glucuronyl-transferase that is involved in the

metabolism of deferasirox, the companion diagnostic of FerriScan® (159).

The polymersomes and the CombiCap are 2 different particulate prod ucts
that are safe, reliable, specific, customizable, easy to formulate and easy to use.
We formulated them in the objective of developing new diagnostic tools, to make

personalized medicine accessible to everyone.

5.2 Whatis the future of medicine?

The concept of “one drug fits all”, taking account of large patient
populations belongs to the past. The personalized medicine represents the future
and holds promise for improving health care, by enabling each patienttoreceive
earlier diagnosis, riskassessment and optimal treatment. The clear increase of
the research articlesinvolving personalized medicine confirms the importance of
the individualization of diagnostic procedures with the help of diagnostic

products to achieve a better treatment of the patient.
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Phenotyping cocktails and companion diagnostics deserve to be more
considered and developed by pharmaceutical industries because they provide
essential information on the use and on the utility of drugs. They are particularly
usefulin the case of serious diseases such as cancer, but also HIV, rheumatoid
arthritis, or hepatitis C. The input they provide is huge and increases the
knowledge about the disease and the patient. But such diagnostic products
remain an exception and only a few drugs have a companion diagnostic product.
The expectation for the futureis to provide a companion diagnostic for every
drug therapy. Phenotyping is as well of a great interest because it allows to
anticipate the behavior of a patientregarding certain drugs, and thus, favors the

prescription of a medical treatment while avoiding side effects.

In few decades, personalized diagnosis and treatment will be a common
practicein the field of medicine. The determination of the phenotype will become
a standard procedure integrated to every diagnosis. It could be performed upon
the admission of a patient at the hospital and in case of a treatment involving a
multi-therapy. The phenotyping could also be performed at a point of care, using
LFAs for the detection of the metabolic ratios. Some attempts were done to
facilitate the analysis procedure of phenotyping with breath tests, but no

evidence was pointed out for the usefulness of this method (156).

Furthermore, nanoparticles and microparticles might be combined in a
single diagnosis process. For instance; in parallel of writing the medical
prescription, the doctor would add a phenotyping cocktail dosage form, as the
companion diagnostic of the treatment. One hour after the ingestion of the
cocktail, the patient uses a lateral flow assay thatindicates his metabolizer type
within minutes. He brings this diagnostic test to the pharmacist, who will be able
to deliver the appropriate treatment based on the phenotyping results. The
monitoring of the therapy would be then done by targeted thera(g)nostic
nanoparticles containing an imaging probe, to control the drug release to the

appropriate cellular tissue.
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Abstract

In recent years, uses of engineered nanomaterials have been increased in day-to-day life, especially in
biomedical applications. In this direction, advances in polymer science have significantly contributed to
the development of polymeric nanomaterials for drug delivery applications. Particularly, intensive efforts
have been made to develop new type of nanomaterials through self-assembly techniques. Polymers that
can spontaneously self-assemble in aqueous solution into various nanoscale structures such as micelles,
nanoparticles, and vesicles have huge potential to serve as nanocarriers for various therapeutic applications.
By controlling number of physicochemical parameters that can influence the self-assembly process, it
is possible to tailor the desired morphology of the nanostructures and to engineer different properties of
the nanostructures. This entry reviews the fundamental and physicochemical properties of self-assembled
morphologies like micelles, nanoparticles, vesicles (polymersomes), and layer-by-layer capsules that are
driven by template-directed assembly. We covered formulation characteristics such as loading efficiency,
stability, and release properties of polymeric nanocarrier systems with recent examples. We emphasized the
biological properties of the polymeric nanomaterials and their therapeutic applications from the delivery of
small drug molecules to proteins and gene delivery.

INTRODUCTION

Drug molecules have often unfavorable pharmacokinetic
properties. Encountered problems may include low bioavail-
ability, poor distribution to target tissues, accumulation in
non-target tissues and low metabolic stability. Consequently,
their therapeutic efficiency is decreased and off target toxicity
is more pronounced in conventional approaches. Those issues
raise the pressing need of more sophisticated and smart drug
delivery systems (DDSs) to improve the performance of clas-
sical therapeutics. Nanomaterial-based formulations offer the
possibility to modulate pharmacokinetic properties of deliv-
ered drugs. Unique nanoscale properties of nanomaterials
such as high surface-to-volume ratio due to their nanoscale
size (20-200 nm) and enhanced physicochemical properties
make them an ideal candidate for nanocarriers. They can, for
example, be loaded with a drug of interest. As a result,
increase in the apparent solubility of the administered drug
and change in the pharmacokinetic properties has the poten-
tial to improve the therapeutic efficiency and efficacy.

The main aim of the present review is to discuss the ther-
apeutic use of nanocarriers as DDSs. A wide range of nano-
materials made of organic, inorganic, lipid, polymer, and
peptide-based compounds have been proposed as nanocar-
riers for such therapeutic applications. As compared to clin-
ically established nanocarriers such as liposomal DDSs,
polymeric nanomaterials have recently gained attention due

to their unique properties. First, physicochemical properties
and chemical versatility nature of polymers can be used to
combine polymers with drugs (covalent and noncovalent
approach) that can dramatically improve the drug character-
istics in terms of solubility, stability, and permeability.
Second, polymers can be chemically modified to conjugate
with targeting vectors such as antibodies, peptides, and
aptamers to guide them to specific tissue or cells in the
body. Third, environmental responsiveness such as pH and
temperature of polymers can be used to control the release
profile of the drug in a specified area of interest. It has to be
emphasized that polymers can offer the biological proper-
ties to be nontoxic, biodegradable, and biocompatible.
These are essential requirements for therapeutic applica-
tions. In this entry, we discuss recent developments of poly-
meric nanomaterials forming self-assembled nanostructures
such as micelles, nanoparticles, polymersomes, and
template-directed assembly-forming layer-by-layer (LbL)
capsules for various therapeutic applications (Fig. 1).

POLYMERIC MICELLES
General Characteristics
Polymeric micelles are self-assembled nanostructures con-

sisting of a compact hydrophobic core surrounded by a
hydrophilic corona. Micelles are dynamic structures
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Schematic illustration of different types of polymeric nanomaterial based nanocarriers (A) polymeric micelle, (B) polymeric NP,

(C) polymersome, and (D) LbL capsule. Gray dots represent the transported drug.

composed of amphiphilic block copolymers possessing
both hydrophilic and hydrophobic blocks. Amphiphilic
copolymers begin to self-assemble in solution into micelles
at a specific and narrow concentration range, which is
known as critical micelle concentration (CMC). One of the
main reasons why amphiphilic copolymers self-assemble
themselves in aqueous solution is their tendency to isolate
the hydrophobic blocks from the aqueous environment and
to reach a state of minimum energy. This process is driven
by an increase in entropy of water molecules interacting
with hydrophobic molecules.!! Above the CMC, micelle
structures are thermodynamically stable and below the
CMC, micelles are unstable. The relative size of the hydro-
phobic block of the copolymer is the most important factor
that affects the process of micelle formation.

Amphiphilic block copolymers can form a variety of self-
assembled structures in solutions where the solvent preferen-
tially solvates one of the blocks. The most common structures
formed by these amphiphilic copolymers are spherical
micelles, cylindrical micelles, and vesicles. Depending on the
length of the hydrophobic block, spherical micelles can be
classified as star-like or crew-cut micelles. When the length of
the hydrophilic block is longer than the hydrophobic block, it
forms the star-like micelles. Crew-cut micelles are formed
when the hydrophilic block is shorter than the hydrophobic
block. As the hydrophilic block length decreases, the mor-
phology of the micelles change from spherical to cylindrical
(also called worm-like or rod micelles). Recent approaches
showed that by controlling the self-assembly of the amphiphi-
lic block copolymers different types of micellar morphologies
can be obtained. These types of micellar morphologies
include disk-like, toroidal, bi-continuous, cross-linked, and
Janus micelles. In most cases, polymeric micelles are pre-
pared by two different methods. In the first method. amphi-
philic copolymers are directly dissolved in water. During
spontaneous self-assembly, drugs can be loaded simply by
adding them to the polymers. In the second method, copoly-
mers are dissolved in organic solvent. The solvent is removed
by evaporation resulting in a thin film of copolymers. Drugs
can then be loaded during the rehydration and self-assembly
process of the film exposed to an aqueous solution. These
techniques are referred to as direct dissolution and film
rehydration method, respectively.™!

Formulation Characteristics

Classically, polymeric micelles have been utilized to
improve the solubilization and loading of hydrophobic
drug molecules. When maximum solubilization capacity
of the micelles is achieved, drugs cannot be loaded further
into the micelles. Thus, solubilization and drug loading
efficiency are directly linked parameters."! To improve
drug solubilization, hydrotropic polymers can be used
instead of conventional amphiphilic copolymers.'**
Furthermore, solubilization and loading efficiency can
also be dependent on the hydrophobicity level of the
drugs. For instance, conventional poly(ethylene glycol)—
polylactide acid (PEG-PLA) micelles improved the solu-
bilization of paclitaxel (PTX) by a factor of 50, compared
to the less hydrophobic nifedipine (factor of 20), due to a
higher hydrophobicity level. Similarly, hydrotropic poly-
mer based poly(ethylene glycol)—poly(2-amino-2-methyl-
butyl)acrylamide (PEG-PDMBA) micelles showed the
dramatic solubility enhancement for PTX (6000-fold
increased solubility) compared with nifedipine (60-fold
increased solubility). Interestingly, poly(ethylene glycol)—
poly [2-(4-vinylbenzyloxy)-N,N-diethylnicotinamide] (PEG-
PDENA) micelles showed high specificity toward the
solubilizing properties for PTX (about 9000-fold increased
loading) than for the other drugs.®

Compatibility between drug molecules and the micelle
core is the major determinant of drug solubility and load-
ing efficiency.” In one study, the influence of copolymer
was investigated on the solubilization of PTX. In this study,
PEG-PDENA (hydrotropic polymer) micelles showed the
highest loading capacity of PTX (37.4%) compared to the
conventional poly(ethylene glycol)—polyphosphoramidate
(PEG-PPA) and PEG-PLA micelles that showed 14.7%
and 27.6% of PTX loading due to the compatibility between
PTX and PDENA." In addition to the single drug loading,
micelles offer the possibility to load multiple drugs
into single micelles at clinically relevant doses. PTX, eto-
poside (ETO), docetaxel (DTXL), and 17-allylamino-
17-demethyoxygeldanamycin (17-AAG) were solubilized
in PEG-PLA micelles within the combinations PTX/17-
AAG, ETO/17-AAG, DTXL/17-AAG, and PTX/ETO/17-
AAG. Two-drug and three-drug combinations in micelles
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retained the 94% and 97% of loaded drugs, respectively,
compared to the single drug micelles that retained 16% to
32% of the loaded drugs. The presence of 17-AAG in those
micelles helped to stabilize the formulation and to offer
greater stability of the drugs at the same level of solubiliza-
tion as single drug micelles."

Stability of micelles is crucial for drug delivery applica-
tions. To improve the stability of drug loaded micelles, sev-
eral strategies have been explored such as enhancing the
compatibility between the drug and the block copolymer,
cross-linking of the micelle core/corona, and lowering the
CMC by altering the polymer." Classical PEG-PLA
micelles loaded with PTX showed stability over a period of
4-5 days. To overcome this limitation, hydrotropic poly-
mers have been linked to PEG to develop PEG-PDENA
micelles that increase the micellar stability for a period of
25 days due to the compatibility of PDENA and PTX."
Polymeric micelles cross-linked with ionic cores by using
block ionomer complexes of poly(ethylene oxide)—
poly(methacrylic acid) (PEO-PMA) and divalent metal
cations showed colloidal stability for a prolonged period of
time.®! Moreover, cross-linking of micelles increased the
stability without affecting the drug loading capacity.™

Therapeutic Applications

Polymeric micelles are one of the widely used nano-carrier
systems due to their unique properties, usually ranging from
20 to 200 nm in size for drug delivery application."! High
colloidal stability of polymeric micelles is mainly due to the
low CMC of the polymers that prevents the dissociation of
micelles and offers high stability in biological systems,
where it is diluted after intravenous injection. Polymeric
micelles have better rigidity and stability than phospholipid
micelles due to the covalent link between the polymeric
blocks.™ The hydrophobicity of the micellar core permits
the incorporation and stabilization of wide range of small
drug molecules, such as doxorubicin (DOX), PTX,
amphothericin B, cisplatin, cyclosporine, and hydroxyl
camptothecin.” Hydrophilic corona of the micelle offers
the stealth properties to escape the reticuloendothelial sys-
tem (RES). These properties lead to a significant increase in
the blood residence time of micelles, allow them to perme-
ate the blood vessels, and to accumulate efficiently at the
tumor site."” The nano-size of polymeric micelles may also
facilitate the deep penetration of carrier to tumor tissue and
ease of their uptake by tumor cells.!”!

Anticancer drugs such as DOX and PTX are commonly
used cancer therapeutics. However, low water solubility,
acute toxicity to normal cells, and multidrug resistance are
the major issues that can be surmounted by using polymeric
micelles. For instance, poloxamer micelles [poly(ethylene
oxide—poly(propylene oxide)] loaded with DOX entered
clinical trials in Canada in 1999 and completed phase II
in esophageal adenocarcinoma.""! Pharmacokinetic and
biodistribution of these micelles in healthy mice showed

82

a 2.1-fold increase of area under the curve (AUC), 2.1-fold
decrease in clearance, and 1.5-fold decrease in volume of
distribution compared to the free DOX. In-vivo (in mice)
and at equal dose, poloxamer micelles showed to be more
effective than free DOX in solid tumor models. In another
approach, use of polymeric micelles made of PEO-poly(D,L-
lactic acid) [PDLLA] hamper the unwanted toxic side
effects associated with solubilizing agent, Cremophor EL?,
which is present in the commercial PTX formulations
(Taxol®). Intravenous administration of PTX micelles in
nude mice caused 919% decrease in the tumor volume that
showed high therapeutic efficiency. Additionally, polymeric
micelles offer the possibility of introducing high dose of
PTX without any potential side effects.”"? In another study,
PEO-poly(4-phenyl-L-butanoate)-L-aspartamide) (PPBA)
micelles loaded with PTX (NK-105) showed 87-fold
increase in AUC, 86-fold decrease in clearance, and 15-fold
decrease in volume of distribution compared with marketed
product Taxol® after intravenous injection. Micelles had a
long circulation time in blood and were able to evade
serum protein binding. Enhanced accumulation in the tumor
(25-fold) and stronger antitumor activity in C-26 tumor
bearing mice model at a single administration of NK-105
leads to the efficient tumor regression.!

In addition to the delivery of small hydrophobic mole-
cules, micelles can serve to deliver large therapeutic pro-
teins. Different PEG-PLA diblock copolymer-based micelles
have been investigated for the delivery of recombinant
human erythropoietin (thEPO) in Sprague-Dawley rats.!"
This study showed a twofold increase of AUC with the
micelles (from 23 pg/L-hr to 33 pg/L-hr) compared to the
native thEPO (16 pg/L-hr). Plasma concentration of thEPO
was twofold higher with the micelles (i.e., 39.88 ng/mL)
than with the native thEPO. Micelles increased the half-life
of rhEPO in blood circulation from 2.0 hr (native thEPO) to
4.4 hr due to the stealth property of the PEG."* Micellar
formulation of rhEPO enhanced the pharmacological effect
of the drug (i.e.. increased level of hemoglobin by 48.72%)
demonstrating that micellar delivery of the protein did not
affect protein functionality. In an alternative approach,
human serum albumin (HSA) was loaded into poly(ethylene
glycol)—poly(amino ester) (PEG-PAE) micelles and the
delivery was enhanced by a pH-dependent stimulus at
reduced pH in ischemic tissue. Accumulation of labeled
albumin in ischemic brain areas of rats after IV injection
indicated that this type of formulation can be used for tar-
geted protein delivery in experimental models of cerebral
ischemia (Fig. 2).1'

Polycationic-based polymeric micelles have an ability
to form complexes with negatively charged plasmid DNA
(pDNA). Thus, DNA can be packed into micelles for gene
delivery. DNA is thereby protected from enzymatic and
hydrolytic degradation. Intravenous injection of pDNA/
PEG-poly-L-lysine (PLL) micelles showed circulation of
intact pDNA in the blood circulation for 3 hr when com-
pared to naked pDNA that is eliminated from the
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Fig. 2 Schematic representation of pH-tunable micelles loaded
with a therapeutic protein to implement a drug targeting strategy.
At appropriate pH for noninvasive administration (pH 7 or over),
the protein-loaded micelles are stable. If the pH turns acidic
(pH < 7}, the ionized amino groups of the PAE block forming the
micelles are positively charged. This promotes uptake into a dis-
eased tissue, which is characterized by a low pH (e.g., ischemic
tissue). At low pH. block copolymers from micelles dissolve and
release the transported protein.

Source: Reprinted from Gao et al.."™ © 2012 with permission
from Elsevier.

circulation within 5 min."9 Micelles are also capable of
co-delivering DNA and other drugs. Micelles composed of
copolymer  poly(N-methyldietheneamine  sebacate)-
[(cholesteryl oxocarbonylamido ethyl) methyl bis(ethylene)
ammonium bromide] sebacate (PMDS-CES) were shown
to transport PTX within the hydrophobic core and pDNA
within the corona. Combined delivery of PTX and pDNA
suppressed the tumor growth in a 4T1 mouse breast cancer
model three times more efficiently than the single delivery
of drug and pDNA in micelles.!"” Furthermore, a combina-
tion of small interfering ribonucleic acid (siRNA) and PTX
demonstrated synergistic effects. MDA-MB-231 human
breast carcinoma cells were incubated with micelles con-
taining drug and siRNA. After 4 hr, cell viability decreased
from 78% to 58%. As the siRNA cytotoxicity was only
about 8%, there was a clear synergistic effect associated
with the co-delivery of PTX and siRNA.!"

POLYMERIC NANOPARTICLES
General Characteristics

Polymeric nanoparticles (NPs) are spherical, colloidal par-
ticles consisting of macromolecular materials, in which the
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active pharmaceutical ingredient (API) is dissolved,
entrapped, encapsulated, and/or adsorbed or attached."®
Although NP size ranges from 10 to 1000 nm, the optimal
requirement for drug delivery applications is <200 nm.
Three approaches are used to prepare polymeric NPs:
(1) dispersion of preformed polymers; (ii) polymerization
of monomers for synthetic polymers; and (iii) ionic gela-
tion or coazervation for hydrophilic polymers. Depending
on the method of preparation, nanospheres or nanocapsules
are designed to tune the release profile (Fig. 3). In general,
the process of drug release from NPs is mediated by
(1) drug solubility; (i) diffusion through the NP matrix/
polymer wall; (iii) NP matrix erosion: (iv) desorption of
adsorbed drug; or (v) a combination of all these factors.™

Nanospheres are matrix systems, in which the drug is
physically and uniformly dispersed and released by diffu-
sion and erosion.”" If the erosion of the matrix is faster
than the diffusion process, the release mainly depends on
the degradation kinetics of the material and results typi-
cally in a first order kinetics. Biodegradable polymers have
the advantage that they degrade in vivo either enzymati-
cally or nonenzymatically to nontoxic, biocompatible
products. One of the disadvantages of nanospheres is the
direct contact of the API to the environment at the surface,
which can lead to degradation of the compound and burst
release. From a drug delivery point of view, nanocapsules
can overcome these negative characteristics. Nanocapsules
are vesicular systems, in which the drug is encapsulated in
a cavity surrounded by a polymer membrane.”' Depending
on the inner core liquid, aqueous or lipophilic, variations of
drug solubility are possible. As compared to nanospheres,
nanocapsules have the advantage of: (i) increased drug pro-
tection; (ii) advanced controlled release; and (iii) higher
drug loading capacity. Nanocapsules release drugs by a
zero order diffusion driven process, which is influenced by
the preparation method for these nanocarriers.'

Formulation Characteristics

Two different types of polymers have been employed for
the development of NPs, namely natural and synthetic
materials. The most commonly used natural polymers are
gelatin, alginate, albumin, and chitosan, which are consid-
ered to be biodegradable and nontoxic.* To prepare albu-
min-bound nanoparticles (NAB), the API is mixed with
HSA in a solvent and pressed through a jet to form NPs in
the size range of 50-200 nm. The first polymeric NP prod-
uct, which is used clinically, is the NAB-formulation
Abraxane® (ABI-007) containing the mitotic inhibitor
PTX. This technology is approved for the treatment of
breast cancer and non-small cell lung cancer (NSCLC).
Additional clinical trials are ongoing.=**

Another commonly used natural polymer is chitosan,
which offers additional advantages like increased para-
cellular permeability and excellent mucoadhesive proper-
ties.?"2¥ pDNA-loaded chitosan NPs demonstrated nasal
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Fig. 3 Schematic representation of methods used to prepare dif-
ferent types of NPs (e.g., nanocapsules and nanospheres). Drug is
entrapped within particles or absorbed to the surface. Black dots
represent the transported drug.

Source: Reprinted from Kumari et al.."* @ 2010 with permission
from Elsevier.

mucosal immunization against hepatitis B at low pH.™
However, at physiological pH, the permeation effect by
interactions with components of the tight junctions is lim-
ited due to the decreased charge (pK, of amine groups is
6.2). Therefore, quaternary chitosan derivatives such as
N-trimethyl chitosan (TMC) have been evaluated to over-
come this limitation. This derivative has a positive charge
independent of the pH and is soluble over a wide pH
range, which affects the mucoadhesive and penetra-
tion-enhancing properties.™ Nasal administration of
mucoadhesive and rapid antigen-releasing TMC NPs
demonstrated the promise of noninvasive vaccination.”!!
Furthermore, chitosan has a high loading capacity for
nucleic acids with an encapsulation efficiency of 96.2%,
owing to ionic interactions.!”!

The use of synthetic polymers in place of natural poly-
mers can offer a wide range of chemical versatility. This
includes improved loading efficiency, functionalization
properties, and pharmacokinetic profiles. Synthetic poly-
mers like PLA, polyglycolide acid (PGA), polylactide-
co-glycolide acid (PLGA), poly(g-caprolactone) (PCL),
polyalkylcyanoacrylate (PACA), polyanhydrides, or poly-
methacrylates have been prepared from a great pool of
synthetic and readily available monomers. Depending on
the material, different release characteristics from hours
up to weeks could be achieved."” The polyester PLGA/
PLA and PCL are the most commonly used synthetic
materials since they are biocompatible, biodegradable,
and nontoxic. They are approved for clinical use by the
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Food and Drug Administration (FDA) and European Med-
icines Agency (EMA).”**! In presence of water, the ester
linkages of PLGA and PLA are hydrolyzed and the drug is
released. The metabolites (monomers), lactide acid and
glycolide acid, are not toxic and are removed by endoge-
nous metabolic pathways such as the citric acid or cori
cycle.™ An interesting property of PLGA is its degrada-
tion kinetic, which is a function of the copolymer ratio.
Higher glycolide content lowers the time required for its
degradation.”™ A significant decrease in the release rate
and enhanced entrapment efficiency of estradiol in PLGA
NPs were observed with increase in lactide content and
molecular weight.” However, an acidic microenviron-
ment is generated during degradation that may negatively
affect the stability of the loaded APL"" Common PLGA
copolymer ratios (lactide/glycolide molar ratio) are 50:50
and 75:25.5% To overcome the limitation of hydrolytic sta-
bility of polylactides, PCL is often preferred for long-last-
ing DDSs. A drug release of up to 20 days was achieved
with vinblastin loaded PCL-NPs.*

Therapeutic Applications

During the last decades, polymeric NPs were used to
deliver small molecules, larger peptides and proteins, and
expression plasmids.”” For instance, the natural compound
curcumin has chemotherapeutic activity in cancer but a
poor bioavailability and suboptimal pharmacokinetic char-
acteristics are limiting factors. However, the encapsulation
into PLGA-NPs enhanced the therapeutic efficacy in-vitro
compared to free curcumin.™ The 1C50 of curcumin-NPs
was 9.1 pM in MDA-MB-231 cells compared to 16.4 pM
for the free curcumin. In another study, coencapsulation of
the anticancer drug vincristine and chemosensitizer vera-
pamil into PLGA-NPs showed moderate reversion of mul-
tidrug resistance in breast cancer cells in vitro."** In an
alternative approach, DOX combined with the thermal-
optical agent indocyanine green (ICG) allows dual applica-
tion of chemotherapy and hyperthermia for improved
cytotoxicity. The DOX-ICG-PLGA-NPs resulted in
enhanced cytotoxicity in Dx5 human uterine cancer cells
in vitro.*!

NPs have to be sterically protected in order to prolong
their half-life in the circulation. Using PEG., a hydrophilic
protective layer can be created to block and delay the opso-
nization process.* To further increase the therapeutic effi-
cacy, targeted delivery of the NPs to specific cells is
performed. A aptamer-funtionalized polymeric NP
(BIND-014), which is a PEG-PLGA formulation of DTXL,
currently completed a phase I clinical study (Fig. 4).% In
another study, stealth PEG-PLGA-NPs were used as a
delivery vehicle for cisplatin,”™ resulting in an 80 times
increased toxicity of the cytotoxic agent. Another aptamer-
funtionalized PEG-PLGA-NP containing PTX showed a
significant decrease in tumor growth and an increase in
survival in a glioma xenograft model compared to the
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Fig. 4 Comparative prostate tumor regression study in a xeno-
graft mouse model. The left panel shows mice of each treatment
group. Black arrows indicate the position of the prostate cancer
cell tumor. The right side indicates the tumor size at the endpoint.
In the DTXL-NP-Apt group (i.e., mice treated with DTXL loaded
PEG-NPs with prostate specific membrane antigen (PSMA) tar-
geting aptamers) the tumor was completely regressed compared
with the control treated mice, which received placebo (Saline),
empty nanoparticles (NP), DTXL, or nontargeting DTXL-NPs.
Source: Reprinted from Farokhzad et al.,*") @ 2006 with permis-
sion from National Academy of Sciences.

unmodified counterparts.”*”! Therapeutic proteins and pep-
tides have very limited gastrointestinal bioavailability.
They are sensitive to proteolytic enzymes and do not cross
passively the biological barriers. NPs can be used to over-
come issues associated with peptide and protein delivery.
Oral administered insulin-Eudragit-PCL-NPs showed a
52% reduction in blood glucose level in diabetic rats. Their
mucoadhesive properties were proposed to enhance gastro-
intestinal bioavailability."¥ In another study, erythropoietin
loaded into oligochitosan NPs was investigated in rats for
neuroprotection.***"

Polymeric NPs also have a great potential for the appli-
cation of nucleic acid gene delivery, because they can over-
come the major drawbacks of their viral counterparts like
immunogenicity and toxicity. Additionally, they offer the
possibility of cheaper large-scale production. The natural
polysaccharide chitosan and the noncationic polymer
PLGA are the most commonly used nonviral gene vectors
for siRNA and pDNA. The inhibition of tumor angiogene-
sis and growth by PLGA-NP-mediated p53 gene therapy in
mice was evaluated recently.”! In this study, xenografts of
P33 mutant tumors were treated with a single intratumoral
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injection of p533-gene-loaded NPs. Greater levels of apop-
tosis, antiproliferative activity, decreased angiogenic activ-
ity, and finally improved survival indicate that PLGA has
potential for sustained gene delivery. The effectiveness of
gene silencing with siRNA loaded PLGA-NPs have been
evaluated to overcome tumor drug resistance.™ Silencing
of the multidrug resistance protein 1 (MDR1) gene sensi-
tized resistant tumor cells to chemotherapy, as demon-
strated by increased PTX accumulation. In a recent study,
RGD (Arg-Gly-Asp) peptide-labeled chitosan NPs loaded
with siRNA were used for targeted silencing of multiple
growth-promoting genes.™ An inhibition of tumor growth
(87% reduction, P<0.001) in an ovp3-integrin tumor
mouse model was shown with siRNA targeting plexin
domain-containing protein 1 (PLXDC-1) that is upregu-
lated in ovarian cancer vasculature. A promising approach
for the treatment of NSCLC based on the inhibition of
telomerase in cancer cells was carried out with chitosan-
coated PLGA-NPs. These NPs with a mean size of 160 nm
enhanced the delivery of the antisense oligonucleotide
2’-0-methyl-RNA to human lung cancer cells. Telomerase
inhibition (80%) and telomere shortening (from 5.8 kb to
4 kb) in A549 indicated the potential for in-vivo applica-
tions. The cationic NPs showed no cytotoxicity and could
be easily modified for active tumor-cell targeting.*

POLYMERSOMES
General Characteristics

Polymersomes are artificial vesicles made of synthetic
amphiphilic block copolymers and form via a self-assembly
process. Generally speaking., polymersomes are hollow
spheres, containing an aqueous core that is surrounded by
a bilayer membrane. This membrane is composed of a
hydrophobic layer sandwiched between internal and exter-
nal hydrophilic layer forming coronas.™ Polymersomes
were developed as DDS for the transport of either
hydrophilic and/or hydrophobic molecules. Compared with
liposomes that are lipid analogs, polymersomes have a thick
and strong synthetic membrane, conferring a better physi-
cochemical stability as well as lower elasticity and perme-
ability."”! Polymersomes can be prepared from various types
of block copolymers such as nonbiodegradable polymers,
degradable polymers, and biocompatible polymers.®
Depending on the type of polymerization used for synthesis,
di-block copolymers (AB), tri-block copolymers (ABA,
BAB, or ABC), or even multiblock copolymers can
be designed, allowing to tune different properties of the
polymersomes.” Many factors influence the formation of
polymersomes including hydrophilic/hydrophobic block
lengths of the copolymer, solvent ratios, concentration of
the polymer, and method of preparation. More importantly,
volume ratio of hydrophilic to hydrophobic block copoly-
mer fraction influences the formation of polymersomes.
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It has been reported that hydrophilic to hydrophobic ratio of
less than 1:2 highly favors the formation of polymersomes
followed by the ratio of less than 1:3 and ratio more than 1:1
favor the micelle formation.™ However, the hydrophilic to
hydrophobic ratio is not the only determining parameter for
polymersome formation.

Although several techniques have been employed to
prepare polymersomes, solvent switch and film rehydra-
tion techniques are the commonly used methods. In sol-
vent switch amphiphilic block copolymer is dissolved in
a suitable organic solvent that is slowly exchanged by an
aqueous solution either by adding water to organic poly-
mer solution or vice versa. This technique makes the
hydrophobic blocks insoluble, generating copolymer
self-assembly into polymersomes as a result of increas-
ing interfacial tension between the hydrophobic blocks
and water. In film rehydration, amphiphilic copolymers
are dissolved in an organic solvent that is removed by
evaporation to form a thin film. An aqueous solution is
used to rehydrate the film. Upon mixing, the aqueous
phase permeates through defects in the film layers that
inflate and finally form vesicles upon separation from the
surface."" Different mechanisms have been reported
and proposed for the formation of polymersomes.
Conventionally, copolymers form a bilayer and close-up
to form a vesicular structure. In another mechanism,
spherical micelles are formed and then changed into
rods, which become flattened and form paddle shape
structures. Then these structures transform to circular
lamellae that finally close-up to form polymersomes.!™”

Formulation Characteristics

High loading efficiency is a prerequisite for polymersome-
based formulation in drug delivery. Loading efficiency can
be dependent on preparation method, formation mecha-
nism, and molecular composition of the copolymers. In
one study, PEO- poly(benzyl-L-aspartate) (PEO-PBLA)
and PEO-poly (2.4.6-trimethoxybenzylidene pentaerythri-
tol carbonate) (PEO-PTMBPEC) based polymersomes
were loaded with DOX and showed loading efficiencies of
12% and 8%, respectively.®"! Loading efficiency can be
improved using poly(trimethylene carbonate) if the pH of
the loading solution is raised to a pH above the pK_ of DOX
during the loading process.™ Using direct dissolution of
PEG-polypropylene sulfide (PPS) copolymers, polymer-
somes achieved higher encapsulation efficiencies for larger
protein molecules such as ovalbumin (37%), bovine serum
albumin (19%), and bovine gamma-globulin (15%). This
method requires a short time for encapsulation, is solvent-
free, and simple as compared to methods used for loading
of liposomes and other polymersomes.™ It should be
noted that the hollow core of the polymersomes encapsu-
late the surrounding environment during the self-assembly.
Therefore, encapsulation efficiency can also be dependent
on the formation mechanism of the polymersomes.
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Polymersomes usually exhibit higher stability than
polymeric micelles and liposomes due to their thicker
membrane. For example, polymersomes made of poly(y-
benzyl L-glutamate)-hyaluronan (PBLG-HYA) loaded with
DTXL have shown excellent colloidal stability both at
room temperature and at 4°C for one month. More than
90% of DTXL was recovered after storage of DTXL-
loaded polymersomes and can be readily lyophilized with-
out alternation in loading content of DTXL for a period of
six months storage at 4°C. However, redispersion of lyoph-
ilized polymersomes needed a sonication step to accelerate
the dispersion time and eliminate the few aggregates still
present in solution.'™!

Polymersomes release the loaded drugs through various
mechanisms. Furthermore, recently third generation smart
systems were designed, where release of drugs from poly-
mersomes can be controlled with external environmental
stimuli such as UV light, temperature, and oxidation-
reduction.™ The widely used mechanism for release is
degradation of hydrophobic blocks of the polymersomes
mediated by simple hydrolysis. This type of degradation is
accelerated at acidic pH as found within the endolysosomal
compartments of cells."™ Another possible release mecha-
nism involves the diffusion based permeation of the loaded
drug through the polymersome membrane. PEO-PCL
polymersomes loaded with DOX showed immediate burst
release of 20% of DOX (from 0 hr to 8 hr) by diffusion,
followed by a sustained release (up to 14 days) facilitated
by pH-driven hydrolysis of the polymersome membrane.™
The advantages of using stimuli-responsive polymersomes
for DDSs have been reviewed extensively elsewhere.®"

Therapeutic Applications

Polymersomes can readily accommodate a number of drug
molecules in the aqueous compartment as well as in their
hydrophobic membrane. For instance, to overcome the lim-
itations of DTXL such as low solubility and side effects,
this chemotherapeutic drug was incorporated in PBLG-
HYA polymersomes. New Zealand rabbits received an IV
injection of either polymersome-encapsulated DTXL or
free drug. Comparing the plasma profiles, the DTXL-loaded
PBLG-HYA polymersomes exhibited a higher maximal
concentration (17.97 pg/mL) than the DTXL solution
(11.72 pg/mL). The polymersome formulation significantly
improved half-life and AUC of DTXL (f,, = 19.90 hr and
AUC = 209.32 pg/mL) compared to the DTXL solution
(t,;;, = 479 hr and AUC = 60.6 pg/mL). Hemolysis tests
were performed on human blood and about 30% red blood
cell hemolysis (DTXL side-effect) was observed with
DTXL solution while less than 5% hemolysis occurred with
DTXL-loaded PBLG-HYA polymersomes. Biodistribution
studies showed an accumulation of the polymersome for-
mulation at the tumor site in BalB/c mice, and a signifi-
cantly higher uptake by tumor cells with the polymersomes
than with the free drug.'*¥



In another series of experiments, biodegradable poly-
mersomes based on PEO-PLA block copolymers were pre-
pared. A hydrophobic drug (PTX) was incorporated into
the vesicle membrane. Alternatively, a hydrophilic drug
(DOX) was encapsulated within the vesicle core. DOX-
PTX loaded into polymersomes showed higher maximum
tolerated doses (MDT) of 3 mg/kg for DOX and 7.5 mg/kg
for PTX. which is increased by the factor of two compared
to free DOX and PTX. In-vitro studies in MDA-MB231
human breast cancer cells with DOX-PTX polymersomes
showed a potent antitumor activity without any other toxic
side-effects. Polymersomes loaded with DOX-PTX showed
16-fold increased toxicity in tumor cells as compared to
both free drugs, leading to a high tumor apoptosis and ulti-
mately increased therapeutic efficacy (Fig. 5).1°%

Therapeutic applications of proteins are challenging
due to poor tissue distribution, rapid elimination by renal
clearance, and enzymatic degradation. Polymersomes
may be promising candidate for delivering a wide range of
proteins without affecting their functionality. Polymer-
somes formed by film rehydration are able to incorporate
transmembrane proteins in the bilayer as well as encapsu-
late proteins in the aqueous core without loss of their func-
tional conformation. %%

Recently, polymersomes were utilized to encapsulate
DNA for delivering into cells. Biomimetic, pH-sensitive
polymersomes were prepared using poly[2-(methacryloyloxy)
ethyl-phosphorylcholine]-co-poly[2-(diisopropylamino)
ethyl methcrylate] (PMPC-PDPA) diblock copolymers.™
Under mild acidic condition, pDNA formed a complex with
PMPC-PDPA copolymer by electrostatic interaction and
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Fig. 5 Tissue accumulation profile of DOX loaded polymer-
somes in breast cancer tumors. Fluorescence intensity analysis of
DOX reveals that accumulation of polymersomes in tumors
regions was higher (dark grey) compared to the free drugs
(DOX & PTX). Maximal release and tumor tissue accumulation
of DOX + PTX loaded polymersomes occur within one day.
Source: Reprinted from Ahmed et al.,'® © 2012 with permission
from Elsevier.
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the pDNA was encapsulated into the polymersomes at
pH 7.5." The pDNA-encapsulated polymersomes used the
endocytic pathway to enter the cells and the pPDNA escaped
to the cytosol due to low pH in the endosomal environment.
Experiments with DNA-encapsulated polymersomes
clearly showed that the pH-dependent release of plasmid
and the transfection efficiency was comparable with the
commercially available transfection agent Lipofectamine®
(Fig. 6).19 In addition, the polymeric vesicles exhibited less
toxicity and no proinflammatory response with less leak-
age. The biomimetic surface reduces nonspecific interac-
tions with blood plasma proteins and thereby increases the
half-life in the circulation of the polymersomes.” In
another approach, polymersomes forming diblock copoly-
mer poly(oligoethylene glycol methacrylate)—poly(2-
(diisopropylamino)ethyl methacrylate) (POEGMA-PDPA)
were used to incorporate pDNA into multicompartment
capsules via a LbL technique. By this method, very high
loading (60% efficiency) was achieved due to cationic
amine groups on the PDPA block, which are protonated at
low pH."" In another experiment, siRNA was encapsulated
into PEO-b-PLA and antisense oligonucleotides (AON)
were encapsulated into PEG-b-PCL by a co-solvent method.
Loaded oligos were released and escaped from the endo-
somes by hydrolytic degradation of the polymersomes."
In gene silencing experiments, sSiRNA-(PEO-b-PLA) based
polymersomes showed a knockdown efficiency of 40% and

PMPC-PDPA Lipofectamine™

Primary HDF Cells

CHO Cells

Fig. 6 Delivery of pDNA using pH-dependent polymersomes
made of PMPC-PDPA. Polymersomes showed the efficient
expression of green fluorescent protein in primary HDF cells
and CHO cells and compared with the commercially available
LipofectamineTD.

Source: Reprinted from Lomas et al..,™ © 2007 with permission
from WILEY-VCH.
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the result was similar to that of Lipofectamine 2000. AON
polymeric vesicles were successfully delivered in-vivo to
dystrophin-deficient mice with delivery efficiency above
50% and significantly expressed the dystrophin." It was
also reported that PMPC-PDPA polymersomes loaded with
enhanced green fluorescent protein (EGFP) siRNA showed
significant decrease in the EGFP production in cells. After
48 hr, a 70% EGFP expression silencing was observed
without affecting the proliferation of the cells.™

LAYER-BY-LAYER CAPSULES
General Characteristics

LbL capsules are polymeric multilayer capsules (PMLC)
prepared by alternate adsorption of polymers onto a template
via complementary interactions such as electrostatic interac-
tions, hydrogen bonding, and covalent linkage.” " In brief,
the colloidal template is immersed into an aqueous solution
of polymers to build the first surrounding layer. Subsequently,
the excess polymer is removed and a second layer of an inter-
acting polymer is absorbed.”™ These two steps are repeated
alternately, resulting in a core—shell particle. By altering the
number of layer depositions, the film thickness can be easily
regulated. The template is finally dissolved to form a multi-
layered hollow capsule.™ Dissolution of organic templates
like polystyrene or melamine formaldehyde requires strong
acids or organic solvents that can hamper the applicability
for therapeutics and particularly biomolecules. Moreover,
organic solvents can influence the carrier stability by destroy-
ing the capsule shell.™ To overcome these problems, inor-
ganic templates like silica (0.5-5 pm), calcium carbonate
(3-5 pm), manganese carbonate, or metal particles are pre-
ferred. Inorganic templates are easily dissolved under mild
conditions that do not affect the encapsulated drug.”™'* The
initial template strongly influences size distribution and
shape of the PMLC.

The constituents of the capsule shell can tailor the
chemical and mechanical properties of the PMLCs. For
polyelectrolyte capsules, a large variety of charged com-
pounds like synthetic polymers, polypeptides, polysac-
charides, nucleic acids, or NPs are used."™ ™ The
negative charge of the polyanions is often achieved by
sulfonate or carbonate groups whereas polycations
mostly have amino or imino groups.”®™ Thus, the selected
buffer for the synthesis should maintain a high degree of
ionization. Phosphate-buffered saline at pH 7.4 offers the
maintenance of the charge as well as the physiological
condition for many biotherapeutics. Well-studied poly-
anion/polycation systems for multilayer assembly are
polystyrene sulfonate (PSS)/poly allylamine (PAH),
PSS/chitosan, heparin/albumin, heparin/poly(ethylene
imine) (PEI), dextran sulfate (DS)/chitosan, DS/poly
(L-arginine), DS/PEI, and alginate/PLL. To avoid cyto-
toxic effects of some polycations, hydrogen bonding
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offers an alternative interaction for LbL assembly. PEI
and PLL showed mitochondrial-mediated cell death in a
range of human cell lines in-vitro.*"* Therefore,
poly(N-vinylpyrrolidone (PVPON) as hydrogen-bond
acceptor and PMA as hydrogen-bond donor have been
successfully used. At the end of the production process,
it is necessary to cross-link the capsule shell to pre-
vent its destruction at physiological pH and to entrap
the drug inside the NP cavity. Carbodiimide chemistry
and thiol oxidation are commonly used methods for
cross-linking.*?"

Formulation Characteristics

Drugs are encapsulated into the carrier mainly by two pro-
cedures: (i) postloading or (ii) preloading (Fig. 7). Capsules
can be prepared without a compound and the capsule shell
can be permeabilized for a postloading process."" The cap-
sule wall can be opened by changing pH, ionic strength,
solvent polarity, or temperature to allow the diffusion of
therapeutics into the capsule interior.™ " Returning to the
original medium conditions can entrap the drugs inside the
capsules. For example, the permeability of biodegradable
dextran/chitosan capsules for protein encapsulation can be
regulated by variations in pH. At pH values >8, electro-
static repulsion of the polymers leads to an opening of the
capsule wall. However, in acidic conditions, the membrane
tightens and drugs of interest are entrapped inside the
micron-sized hollow capsules.”" In general, the encapsula-
tion efficiency of the postloading procedure is low.
Additionally, the conditions for inducing pores may not be
suitable for many biomolecules. An improved variation of
this technique is the preloading of the capsule with a
sequestering agent, which has a high affinity to the drug.
Therefore, the loading process during the diffusion can be
increased. Examples include the use of dextran sulfate to
increase the encapsulation of DOX."

In contrast to the postloading procedure, porous inor-
ganic templates like mesoporous silica particles offer the
possibility of drug preloading due to their large surface
area. The polymeric layers adsorb onto the preloaded tem-
plate."™!% Drug crystals as initial template have attracted
attention owing to their high encapsulation efficiency."*'"
For instance, proteins can be directly encapsulated by LbL
assembly onto protein crystals."™ Moreover, other tech-
niques are reported for the drug incorporation. Hydrophobic
association is an encapsulation strategy, which was success-
fully used for natural polyphenols. The anticancer com-
pounds were incorporated into gelatin-based 200 nm NPs
surrounded by a 5-20 nm thick LbL shell of polyelectro-
Iytes. The polyphenol loading varied from 20% to 70%.11%!
Apart from single drug delivery, polymeric capsules offer
the possibility to formulate a DDS, which can release two or
more incorporated drugs gradually from a single carrier.'®
Encapsulation of two proteins in separate positions of the
capsule showed a time-modulated release. One protein was
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Fig. 7 Different encapsulation methods for loading drugs into LbL capsules: (A) postloading procedure of a preformed capsule,
(B) encapsulation of drug crystals, and (C) preloading of porous templates. Gray dots represent loaded drug.
Source: Reprinted from Johnston et al..*” © 2006 with permission from Elsevier.

incorporated inside the cavity and the second one between
the layers of the shell.""

Therapeutic Applications

A versatile spectrum of therapeutics can be incorporated
into LbL capsules. Recently, the effect of anticancer drug-
loaded capsules has been investigated. Gold NPs coated
with a PAH/PSS multilayer were modified with
N-(2-hydroxypropyl)methacrylamide (HPMA) and a pro-
drug of DOX was linked onto the surface.!"'"! Specific
cleavage of the peptide linker by cathepsin B could release
DOX from the stealth core-shell-particle after endocytosis
in-vitro. Another successfully used encapsulation strategy
for DOX is emulsion templating.!"'? DOX/oleic acid-
loaded PMA capsules (500 nm) demonstrated an enhanced
toxicity in a human colorectal cancer cell line in vitro as
compared to the free drug. A further improvement of LbL
capsules is the smart system that releases the payload by
environmental stimuli."¥ Different formulation tech-
niques and polymer combinations can trigger drug release
depending on pH or reducing conditions. Redox-responsive
capsules demonstrated a novel release method for DOX
PMLCs. The disulfide cross-linked shell was stabilized in
an oxidizing environment but disrupted under reducing
conditions releasing an anticancer drug into the cytoplasm.
By this technique, the cytotoxicity of the drug was increased
5000 times compared with the free drug." In a pH-
triggered release study LbL-containing quantum dots with

a pH-responsible layer were passively navigated to hypoxic
regions of solid tumors in vivo and showed a pH-triggered
response.'"") PEG was linked to the PLL layer using an
iminobiotin-neutravidin  interaction, which can be
destablized at low pH.I"'%

Macromolecules like proteins can also be loaded into
PMLCs. Biodegradable multilayered capsules loaded with
the cytokine bFGF prolonged the proliferation of 1929
fibroblast cells due to sustained release.””™ In general, the
LbL technique used for proteins results in micrometer-sized
particles. This size is big compared to other nanoparticulate
technologies and therefore not suitable for intravenous
application.""” The delivery of nucleic acids like pDNA and
siRNA with multilayered capsules is a promising research
area. The first successful gene transfection using functional
DNA-loaded PMLCs was demonstrated with silica-assisted
LbL assembly of dextran and protamine.''¥! Recently,
single-polyelectrolyte capsules were investigated for the
transfection of melanoma cells with pDNA in vitro.!'"”!
Cross-linked PLL particles were co-loaded with pDNA of
a nuclear transcription factor and alpha-melanocyte-stimu-
lating hormone as a reporter hormone. The gene expression
was significantly increased (70%). In another study. RNA
interference was studied by incorporating siRNA into PEI
layers on gold NPs.""* The production of EGFP in CHO-K1
cells was knocked down to about 28%. The versatility and
modularity of LbL assembly can be used to introduce mul-
tiple functionalities. Drug encapsulation, triggered release,
active targeting. and imaging could be achieved with one
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single carrier."?") Furthermore, polymer capsules containing
liposomal subcompartments, so-called capsosomes, can co-
encapsulate different drugs and trigger the release by
encapsulated enzymatic catalysis."*'* Nevertheless, the
production of capsules <1 pm without aggregation is quite
challenging and would be not acceptable for various appli-
cations."** Further improvements are necessary to produce
capsules less than 200 nm in diameter, which is a common
size used in DDSs.

CONCLUSION

Over the last two decades, considerable efforts were paid to
the development of self-assembling and template-directed
copolymer-based nanostructures. These new and innovative
nanomaterials can be used for different types of therapeutic
drug delivery applications. Polymeric nanomaterial-based
DDSs including micelles, NPs, polymersomes and LbL
capsules have been extensively studied. Mechanistic studies
of the self-assembly process of different types of copoly-
mers have demonstrated the possibility to modulate the
physicochemical properties and morphology of resultant
nanostructures. Numerous strategies have been explored to
improve drug loading, to control drug release, and to
improve the stability of nanocarriers in biological systems.
Advanced technologies include the design of polymeric
nanomaterials with the possibility to introduce multifunc-
tionalities, responsiveness to environmental stimuli, active
targeting, biocompatible, and biodegradable properties.
Although numerous studies have been reported using poly-
meric nanomaterials, the clinical realization of drug target-
ing strategies remains a challenge.
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