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SUMMARY

. SUMMARY

Drug delivery systems (DDS) have the capacity to overcome biological barriers limiting
the bioavailability of inhaled anti-infectives. This is important to eradicate bacterial
infections and to prevent the development of bacterial resistance. Despite substantial
efforts in the field, the current state-of-the-art often fails to achieve those goals, and we
still observe an increase in bacterial resistance. In the context of drug delivery of
pulmonary anti-infectives, this work proposes three novel strategies (i) polyplexes based
on natural polysaccharides (starch, chitosan and cyclodextrin), (ii) self-assembly of
amphiphilic excipients (farnesylated chitosan, squalenyl hydrogen sulfate), (iii) innovative
excipient-free nano-assemblies of aminoglycoside antibiotics and farnesyl quorum
sensing inhibitors. The latter invention allows an exceptional 100% co-loading capacity of
established antibiotics and innovative pathoblockers without the need of any additional
excipients. The biofilm eradicating efficacy of such DDS increased 16-fold compared to
free actives. Finally, the interaction between the DDS and some important pulmonary
biological barriers, such as biofilm, mucus, and macrophages, was also investigated. The
knowledge gained in this thesis advances the research in pulmonary anti-infectives
delivery beyond the state-of-the-art.
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ZUSAMMENFASSUNG

Il. ZUSAMMENFASSUNG

Drug Delivery Systeme (DDS) haben die Fahigkeit, biologische Barrieren zu tberwinden,
welche die Bioverfugbarkeit inhalierter Antiinfektiva begrenzen. Dies ist wichtig, um
bakterielle Infektionen zu beseitigen und die Entwicklung bakterieller Resistenz zu
verhindern. Trotz erheblicher Anstrengungen auf diesem Gebiet werden diese Ziele vom
derzeitigen Stand der Technik oft nicht erreicht, und wir beobachten immer noch eine
Zunahme der bakteriellen Resistenz. Im Rahmen der pulmonalen Wirkstofffreisetzung
von Antiinfektiva werden in dieser Arbeit drei neue Strategien vorgeschlagen: (i) Polyplexe
auf der Basis naturlicher Polysaccharide (Starke, Chitosan und Cyclodextrin), (ii) Selbst-
organisations-Partikel aus amphiphilen Hilfsstoffen  (farnesyliertes  Chitosan,
Squalenylhydrogensulfat), und (iii) innovative Hilfsstoff-freie Nano-Assemblys aus
Aminoglycosid-Antibiotika und Farnesyl-Quorum-Sensing-Inhibitoren  (QSI). Die
letztgenannte Erfindung ermoglicht eine bemerkenswerte 100 %-ige Beladung, da sowohl
das Antibiotikum als auch der Pathoblocker QSI Wirkstoffe darstellen und keine Hilfsstoffe
mehr bendtigt werden. Ein solches DDS verbessert die Biofilm-Elimination 16-fach im
Vergleich zur Behandlung mit freien Wirkstoffen. Abschlieend wurde die Interaktion
zwischen den DDSs und einigen wichtigen biologischen Lungenbarrieren, wie Biofilm,
Schleim und Makrophagen, untersucht, was die Forschung im Bereich der Verabreichung
von pulmonalen Antiinfektiva weiter Uber den Stand der Technik hinaus vorantreibt.

Vil



ABBREVIATION

lll. ABBREVIATION

MIC Minimum inhibitory concentration

PA Pseudomonas aeruginosa

QsSl Quorum sensing inhibitor

APls Active pharmaceutical ingredients

NPs Nanoparticles

DDS Drug delivery systems

LC Loading capacity

EE Encapsulation efficacy

MBEC Minimum biofilm eradicating concentration
PLGA Poly lactic-co-glycolic acid

PVA Polyvinylalcohol

Sq Squlenenyl Hydrogen Sulfate

SgNPs Squlenenyl Hydrogen Sulfate nanoparticles
QsSl Quorum sensing inhibitor
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FDA US Food and Drug Administration
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INTRODUCTION

1. INTRODUCTION

1.1. Antibiotics utilities in combatting infection and benefits of local delivery

Bacteria are present all around us. Most of them, e.g. bacteria in the intestines, are
harmless and actually helpful; while others can cause infections, once they enter and
colonize the host. Bacterial infectious diseases in humans, caused by dangerous
pathogens, e.g. Staphylococcus (1,2), Enterococcus (3), Pseudomonas aeruginosa (PA)
(4,5), etc., account for a significant proportion of global mortality (6—9). In most cases,
infected patients are treated with powerful antibiotics that are generally safe in fighting
infectious diseases. Antibiotics are most preferably administrated orally and/or
intravenously (10,11). For the treatment of chronic infection, in particular, administration
pathways with the high doses of antibiotics are frequently employed. Despite good
therapeutic efficacy against infection, systemic delivery of antibiotics has some
disadvantages:

(i) Adverse drug effects as well as cumulative and acute toxicity might occur with
repeated use of antibiotics at high doses (12,13). The effects are unexpected
reactions of living systems to antibiotics, e.g. repeatedly administering high
doses of tobramycin could cause acute/chronic toxicity, a reduction in
glomerular filtration (14—-16).

(i) Taking and/or accumulating antibiotics unnecessarily in body sites without
infection could lead to the development of antibiotic resistance, which further
causes the impotency of antibiotics against bacteria (17).

(iif)  Most importantly, the poor bioavailability of antibiotics in the infected region,
which leads to sub- minimum inhibitory concentration (MIC), would cause fast
resistance development (17,18).

While adverse drug effects could be avoided by careful prescription of antibiotics
(17,19), antimicrobial resistance has become one of the most pressing health threats.
Infections from resistant bacteria are now too common, and some pathogens have even
become resistant to multiple classes of antibiotics (7,17,20). Table 1 summarizes the
timeline of the discovery, introduction and observed resistance for antibiotic classes used

to treat infections. Few new drug classes have been discovered and approved for clinical
9



INTRODUCTION

use since the discovery of penicillin, a member of the R-lactams class. In most cases,
antimicrobial resistance has been observed shortly after the discovery of antibiotics, in
some cases even before the year of introduction (21-23). This problem might be primarily

caused by incorrect and uncontrolled utilizations of these antibiotics.

Table 1. Timeline of the discovery, introduction and resistance observed of antibiotics
(17,22,23)

Antibiotic class Year of discovery Year of Year of resistance
introduction observed
R-Lactams 1928 1938 1945
Sulfadrugs 1932 1936 1942
Aminoglycosides 1943 1946 1946
Tetracyclines 1944 1952 1950
Chloramphenicols 1946 1948 1955
Macrolides 1948 1951 1955
Fidaxomicin 1948 2011 1977
Glycopeptides 1953 1958 1960
Oxazilidinones 1955 2000 2001
Rifamycins 1957 1958 1962
Quinolones 1961 1968 1968
Streptogramins 1963 1998 1964
Lipopetides 1986 2003 1987
Diarylquinolines 1997 2012 2006

Amongst the bacterial resistance problems, gram-negative pathogens are
particularly vexatious. The most severe gram-negative infections and common pathogens
are Enterobacteriaceae, Pseudomondas aeruginosa (PA), and Acinetobacter, as these
strains are becoming resistant to nearly all anti-infective drugs that would be considered
for treatment (7). The same holds true, at least to some extent, for some of the gram-
positive pathogens, e.g. Staphylococcus and Enterococcus (6). The challenges in

combatting gram-negative pathogens are: (i) they are, in particular, highly efficient at

10



INTRODUCTION

keeping out drugs using their naturally sophisticated cell-wall structure. On the one hand,
the outer membrane is a barrier for amphiphilic compounds which are usually necessary
for water-solubility and penetrating the cytoplasmic membrane (24,25). The multidrug-
resistant pumps, in addition, extrude any compounds that cross the outer membrane and
chemically recognize unrelated molecules based mainly on polarity, preferring amphiphilic
molecules (26,27). On the other hand, the penetration of hydrophilic actives is restricted
by the inner membrane (25,28). (ii) Moreover, bacterial mutations which change the
targeted hits of antibiotics cause inactivation of antimicrobial agents (29) and the possible
production of antibiotic-degrading and/or antibiotic-inactivating enzymes which could also
account for resistance development (20,30). Consequently, these naturally biological
properties result in tight barriers that help gram-negative bacteria becoming resistant.

As indicated in Figure 1, the site of action of currently approved antibiotics is either
located at the bacterial cell envelope or somewhere in the bacterial cytoplasm (9,22,31).
It is hence important that the antimicrobial molecules reach their target at high
concentration to possibly overcome the low drug susceptibility. As a result, topical delivery
of antibiotic, such as e.g. in case of inhalation aerosols for the treatment of pulmonary
infections, may be postulated to have two major advantages: First, higher drug
concentrations at the infected body site will lead to more effective bacterial killing and
decrease the risk of resistance development. Secondly, a reduced exposure at non-
infected body sites will reduce the risk of adverse drug effects, in particular compared to
systemic drug delivery (32—-34).

11
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Figure 1. Targets of antibiotics: The three most successful antibiotics hit targets including
(i) the ribosome (which consists of 50S and 30S subunits), (ii) cell wall synthesis, (iii) and

DNA gyrase or DNA topoisomerase. Reprinted with permission from Reference (22)
1.2. Challenges in pulmonary infection treatment and in finding solutions

Considering pulmonary infection, in particular, Pseudomonas aeruginosa — the
opportunistic bacterial pathogen, is one of the leading causes of nosocomial infections
worldwide (35). This pathogen is ranked the second most prevalent among the gram-
negative pathogens reported to the National Nosocomial Infection Surveillance System
(17,36). Besides causing acute infections, PA is also accountable for debilitating chronic
lung infection in immunocompromised patients, and is the most commonly isolated
pathogen in cystic fibrosis sufferers, and is considered the leading cause for morbidity and
mortality in such patients (37,38). Inhaled therapy has been reported as the most effective
treatment for those mentioned respiratory bacterial infections due to the locally increasing
relevance of drug bioavailability (34,37). As a result, inhalation of antibiotics has been
reported to reduce the frequency of exacerbations, decrease significantly airway bacterial

density, recover pulmonary function, and most importantly improve quality of life for
12
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patients with pulmonary infection (39). However, the current inhaled antibiotics are not

showing the maximum therapeutic efficacy to eradicate bacterial infection entirely, as they

still face some limitations and challenges:

(i)

(iif)

Enhancing drug bioavailability in the lungs by inhalation, however, still requires
sufficient water solubility (40). This is especially true if we consider that the total
volume of the pulmonary lining fluid is rather small (approx. 150ml) and
distributed as a rather thin liquid film, (not more than 30 ym) over the rather
large epithelial surface area (140 — 160m?) (41-43). At the same time, the
relative low potency of inhaled anti-infectives requires the delivery of rather high
doses (up to several 100mg) in comparison to e.g. broncholdilators or
corticosteroids for the inhalation therapy of asthma or COPD. For this reason,
the water solubility of inhaled anti-infectives is essential and highlights the need
to design strategies to enhance water solubility significantly. This objective is
the subject of ongoing discussions in the context of a pulmonary
biopharmaceutics classification systems (PBCS) (40).

While increasing drug solubility in the pulmonary lining fluid is a problem on its
own for poorly water-soluble antibiotics, it is also essential to maintain the
concentration of drug in this compartment above the MICs as long as possible
(44). This again, however, is restrained by systemic absorption across the air-
blood barrier, in addition to the efficient clearance mechanisms of the lungs,
e.g. mucociliary (45) and macrophage clearance (46). Furthermore, the
repeated use of high doses of antibiotics without controlled release and
nonspecific targeting at the lung site would also induce toxicity to healthy lung
cells (47,48).

In the past years, clinical studies have revealed that the current inhaled
antibiotic formulations could only be fully proficient in termination of the spread
of the pathogen and reduction in the demolition of the airway tissues (49). As a
gram-negative pathogen, PA is naturally resistant to many antibiotics due to the
reasons mentioned above. Moreover, pulmonary PA infections are complicated
by the formation of PA biofilms. The latter are multiple-cellular surface-attached
and spatially oriented bacterial communities (described in Figure 2), composed

13
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of bacterial cells in high metabolic outer regions and low metabolic/persister
central regions which are crucially accountable for the development of PA
resistance (50-52). As discussed in Figure 1, the antibiotics exert their
mechanism of actions most efficiently on metabolically active bacterial cells
(22); as a result, the persister bacterial cells in the dormant regions of biofilms
foster the survival of biofilm and the recurrent infection. Furthermore, the
structure of extracellular matrix in a biofilm, which is mainly composed of
alginate, extracellular polymers, lipids and DNA, displays a significant barrier to
the penetration of antimicrobial agents (53-55). For instance, the effectiveness
of aminoglycosides, in particular tobramycin — a positively charged antibiotic,
which is widely used as a first-line therapy in the cystic fibrosis infections — is
provenly decreased by the strong interaction between the drugs molecules and
the biofilm materials, causing slow and incomplete penetration of the drug into
the biofilm matrix (55,56). Besides, the low pH in the surrounding infected
environment and in the biofilm would promote the drug molecules, e.g.
ciprofloxacin, to interact with alginate by charge interaction, which further
causes the remarkable reduction in drug concentration at the action site (57).
Consequently, the antibiotic concentrations will be hardly above the MIC,
promoting mirco-environmental pressure and further fostering the biofilm

formation, as well as generating drug-resistant bacterial sub-populations.

%
E @%ﬁg .

Figure 2. Biofilm development (A) Planktonic bacteria attach reversibly to surface (B)

irreversible adhesion to the surface, and effect of quorum sensing begins (C) Maturation

14
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phase: micro colony formation (D) extracellular matrix synthesis and biofilm maturation to
reach maximum thickness (E) Dispersion/Migration of planktonic bacteria from biofilm
matrix. Reprinted with permission from Reference (50).

In the pulmonary air space, the epithelia are covered with a layer of mucus
which has hydrogel-like structure mainly composed of water, mucins
(glycoproteins), DNA, proteins, lipids, and cell debris (58). This mucosa
represents the first landing spot and the primary site of entry for pathogens to
interact with and colonize the host tissues (59). Despite its barrier functions,
mucus only insufficiently protects the exposed epithelia from external threats
like pathogen colonization (59,60). Neutrophils, macrophages, dendritic cells,
natural killer cells, e.g. T and B lymphocytes, glycoproteins, effector peptides
and proteins, e.g. defensins, complement, C-reactive protein, as well as pro-
inflammatory chemokines and cytokines, which are of the innate and adaptive
immune systems, are usually contained in mucosal epithelia to serve as host
immune response to infections (59). Once the pathogen, however, surpasses
these naturally defending systems, the mucosa is in part hypothesized as a
possibly superior environment for bacterial infection and resistance
development (61). Notably, the thick and sticky mucus build-up in the lungs
makes cystic fibrosis sufferers more apposite to the fast development of
bacterial infections that could last for a long time. Although it is recognized in
the clinic, the understanding of mucosal biofilm structure and behaviors of
bacteria persist in mucosal biofilms are not fully revealed. Nevertheless, it has
been recognized that mucus-embedded biofilms persist for decades and cannot
be wholly eradicated (62). One might simply hypothesize that the naturally
negatively charged matrix of mucus in addition to the extracellular matrix of
biofilm would form a physically stronger barrier which might highly prohibit the
penetration of antibiotics to the site of action (56,62,63). As a result of such
embedment, the mucosal biofilm is an even harder-to-treat infection that
conventional inhaled therapy could not completely eradicate.

15
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(iv)  Despite a variety of available potent antibiotics, the attraction of clinical benefits
as well as the aggressive therapeutic development and drug discovery, there is
only a limited number of antibiotics that are approved as inhaled therapy for the
treatment of pulmonary infections (34,44,64). Considering PA infections
associated in cystic fibrosis patients which are considered as a severe disease,
there are just four inhaled antibiotics which are approved for clinical use in
Europe, including colistin (and its prodrug), tobramycin, levofloxacin, and
aztreonam (their structures are depicted in Figure 3) (64,65). Moreover, there
is just a finite number of drugs undergoing clinical trials for treatment pulmonary
infections in general. This slows down the progress in developing novel anti-
infectives (22), although the fact that clinical studies need tremendous efforts,
supports and time, is accepted. As a consequence, it remains challenging to
combat with infection considering the limited portfolio of alternative antibiotics

once pathogens become resistant to one drug (64).
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Figure 3. Structure of approved inhaled antibiotics for treatment of pulmonary infection in
cystic fibrosis patients in Europe: colistin, tobramycin, levofloxacin, aztreonam.

Ciprofloxacin has been being studied in clinical trials.
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INTRODUCTION

Having considered the recognized challenges and knowledge gaps in combatting
antimicrobial resistance pathogens, scientists have proposed and been working on
different approaches to discover effective strategies to overcome or at least slow down
the resistance development, which in overall means to improve the life quality of the
patients. There are significant efforts in finding new antimicrobials and strategies for

therapeutic improvement of the approved antibiotics which are summarized in Figure 4.

— Strategies for combatting antimicrobial resistance

Phage therapy Prodrug approach

Immune therapy & vaccination Combined therapy based on
existing anti-infectives

Discovery of new anti-infectives
Enhancing the drug bioavailability
at the site of infection

New antibiotic analogs

New antibiotic discovery
Anti-infective: virulence factors
Antimicrobial peptides

Needs of delivery strategies

Figure 4. Flow chart indicates different strategies for combatting antimicrobial resistance,

and the needs of delivery strategies.

On the one hand, the new antimicrobials have been discovered by using a variety
of advanced approaches, including phage therapy, immune therapy, and vaccination, as
well as discovery and synthesis of new anti-infectives based on newly discovered and
existing platforms. In general, these pathways mainly aim to obtain more potent agents
which could have better drug bioavailability at the site of action by better penetration
through the bacterial cell wall and the surrounding environmental barriers, e.g. biofilm,

cellular membrane (22,66-69). These discovered actives also aim to have species-
17
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specific targets that would be selective and sensitive to specific bacteria, and be safe to
the healthy tissues, in agreement with the pioneering concept postulated by Erlich in 1906
who had referred to targeted drugs as ‘magic bullets’. Nevertheless, as stressed by R.
Duncan (1997), the development of targeted drugs is inevitably lengthy process, and
breakthroughs are more frequently a dream rather than reality’ (70). One of the important
reasons is that there is a limited number of exploited targets, out of nearly 200 conserved,
vital proteins in bacteria, has been discovered and considered effective targeting for
antibiotics (22), described in Figure 1.

Despite the intensive focus on the discovery of new antimicrobials, the therapeutic
value of such agents still has to be demonstrated clinically (22). And it is true that there is
a very finite prospect of successfully discovering and bringing an antimicrobial from
leading agent identified in preclinical studies (22). In most of cases, the antimicrobials
have been designed to eradicate infection by interfering with bacterial growth, which
intrinsically will put stress on bacteria and therefore might quickly lead to resistance
development (71). Consequently, the approach would again have to deal with the existing
challenges recognized from approved antibiotics. Taking a different view, the concept of
pathoblocker such as e.g. quorum sensing inhibitors (QSI) may be considered as a
promising strategy to overcome the growing and challenging resistance problem. The QSI
would not interfere with bacteria growth and therefore avoid the stress caused by
antibiotics that leads to resistance. Instead they just would prevent the biofilm formation
by inhibiting the bacterial communications via quorum sensing and signal transduction
systems which are suggested to mediate drug resistance (72). Upon being treated with
QSI, the biofilm structure would not grow strongly. The bacteria would thus be prevented
to form persister cells, and be more sensitive to antibiotics. The approach has shown
some promising results in previous studies, especially when combining with approved
antibiotics the efficacy against bacterial biofilm has been increased significantly (73,74).
Still, however, most of the discovered QS| compounds have poor water-solubility which
limits the bioavailability and thus therapeutic efficacy of these molecules, and also
impedes their administration, also by way of inhalation (75).

18
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On the other hand, being attracted by the obvious clinical benefits of the availably
approved antibiotics, scientists have been trying to improve the therapeutic efficacy of
those compounds to overcome the bacterial resistance. Based on the approved agents,
prodrugs which would only act in the targeted site have been synthesized (22,76). This
approach has been expected to prevent the toxicity caused by the antibiotic itself, like e.g.
for colistin and some of its prodrugs (77,78). The reduction in resistance development
has, however not been convincingly proved. Alternatively, combining antibiotics which
would hit different targets is hypothesized to overcome the significant antibiotic tolerance
that individual antibiotic therapy often fails, is another strategy to eradicate a broad
spectrum (79—-82). Moreover, to enhance the drug concentration directly at the action site,
breaking the biological barriers such as mucus by using mucolytic N-acetylcysteine has
been also considered and successfully applied (83,84). These approaches require the
concurrent administration and action of such compounds. However, these aims remain
challenging to achieved due to the differences in physiochemical properties and
pharmaceutical characteristics of the actives pharmaceutical ingredients (80).

Taking together the discussions above, there are a variety of approaches, progress
and remaining limitations in the discovery and development of strategies against antibiotic
resistant bacterial infection. Either focusing on the discovery of new antimicrobials or
improving the therapeutic effects of the available, approved compounds, one crucial factor
to move forward in combating bacterial resistance is enhancing the bioavailability of the
drugs at the infection site. Thus, there is a need for efficient delivery strategies which could
accomplish the correctly sustained distribution of antimicrobials in the infected regions at

a high concentration.

1.3. Drug delivery systems aim for pulmonary infections treatment
1.3.1. Advantages of drug delivery systems in pulmonary infections treatment

As discussed above, the pulmonary delivery of antibiotics has shown increasing
relevance for the treatment of respiratory bacterial infection compared to the conventional
administrations of antibiotics, including oral and intravenous administrations. The method
also offers less risk of systemic serious adverse effects and an improvement of the

antibiotics bioavailability and bio-distribution in the targeted lung sides. The hypothesis
19



INTRODUCTION

seems to be promising, but the pulmonary delivery of drugs is in general challenging due
to the mentioned reasons. To address those problems, appropriate formulations of drugs
with pharmaceutical excipients, which are later considered as drug delivery systems
(DDS), are hence required.

The drug formulating strategies are wusually defined depending on the
physiochemical properties of drug molecules and their intended application. In general,
the delivery systems would first address the limitations in therapeutic efficacy observed in
many currently used and discovered active pharmaceutical ingredients (APIs) which are
due to (i) the poor water-solubility, (ii) problem in delivering the molecules to biological
environment (e.g., reduced in vivo half-life/stability), and (iii) the potential to induce high
toxicity (85,86). In the field of drug delivery, nanotechnology has particularly attracted
remarkable attention, which means to engineer drug-loaded nanostructures and
nanomaterials with a size range between 10 and 1000 nm for the improvement of APIs
performance (87). As a consequence, this “tiny-technology” would increase the water-
solubility of poorly water-soluble drugs, and also protect unstable molecules from
degradation in the presence of enzymes, as well as minimize the possible adverse effects
by encapsulating the drugs into small vehicles (88). Considering pulmonary
administration, the utility of nanotechnology for antibiotics delivery would not only increase
the drug solubility of poorly water-soluble drugs in the thin pulmonary lining fluid, but also
prevent the fast drug-clearance. The latter is of particular impact for hydrophilic drugs due
to the systemic absorption across the air-blood barrier, and moreover the efficient
clearance mechanisms of the lungs, including mucociliary clearance and alveolar
macrophages (89). Thus, the drug bioavailability at the site of infection is improved. The
binding properties of drug molecules to the pharmaceutical excipients and thus release
from the nanocarriers would be tuned by linkages between drug molecule-materials,
chemically designing the structure of the excipients, and method of preparing the drug-
loaded carriers. In addition to the achievement of temporal and spatial site-specific
delivery, nanomedicine hence allows the administration of a sustainably sufficient dose in
a controlled release manner (90-92). Especially for the delivery of antibiotics, their
concentration would be maintained above the MIC values for longer time (44). The design

and engineering of excipients used in nanomedicine would further offer better affinity

20



INTRODUCTION

towards the bacterial cell envelope. More importantly, despite the controversy and lack of
clinical evidence, nanomedicine is believed to improve drug transport across biological
barriers, e.g. biofilm and/or mucus, to deliver drugs more directly to the persister bacteria,
which would possibly improve their antibacterial activity, and reduce the potential of
bacterial resistance and recurrent infections (93,94). Lastly, nanomedicines could be
designed to efficiently deliver established or emerging drug molecules, or even a
combination of different functional actives in a targeted manner, which is so-call
multifunctional carrier systems (an example of the carrier structure is shown in Figure 5).
This flexibility of nanotechnology in drug delivery offers additional possibilities to combat
bacterial resistance, and in particular pulmonary bacterial infections. The advantages of
using DDS is summarized in Figure 5.

) Hydrophilic agents

Hydrophobic agents
‘X Enhance drug
bioavailability
Delivery to the / Reduce adverse
targeted site J effects
Promote interaction 4 | NN
with (bacterial) cell- Locally sustained
membrane, and D D drug release with a
possibly cross controlled manner

biological barriers

Improve drugs
delivery capacity
(Types and amount)

Figure 5. Advantages of drug delivery systems.
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1.3.2. Requirements in preparation of drug delivery systems

The approach of using DDS is to improve the therapeutic efficacy of drugs which
would further aim to transfer the technology closer to clinical use. Thus, it is important to
firstly develop strategies that have capacity to improve drug bioavailability, which means
that the carrier systems can encapsulate drug at high loading capacity (w/w ratio, the
calculation is shown in equation (i)) and good encapsulation efficacy (the calculation is
shown in equation (ii)). Furthermore, the carrier systems should also allow the
simultaneous delivery of diverse active cargoes which would provide complementary
therapeutic effects (95,96). The flexibility for further modification of the systems should
also be enabled to potentially enhance the interaction and affinity with the targeted sides
of infections (88,97). Those kinds of functionalization are also good approaches to even
more reduce the risk of adverse effects. Most importantly, the materials that are used for
the preparation of such carriers should be nontoxic and biodegradable which are cleared
after it fulfilled the function in vivo (83,98-102). As have been discussing, there are many
challenges in pulmonary delivery of drugs, and using DDS would help to solve those
pronounced problems. As a consequence, the more sophisticated systems should be
developed to fulfill all requirements that would finally help improve the therapeutic effects
of drugs. Although nanotechnology is in general one such avenue — a scientifically diverse
discipline that encompasses engineering, materials science, physics, chemistry, and the
biological sciences, its use in the field of drug delivery has been remarkably developing,
which has proposed plenty of strategies for preparing DDS (103,104). Remarkably, the
focus in this field has been shifted from making just simple drug-loaded carriers to
engineer the carriers with new desired properties to better control the delivery profile and
overcome biological barriers, have specific targeting action and even for imaging, thus
rendering them attractive for treating applications. However, the number of
nanomedicines that are marketed is indeed finite, as those sophisticated systems often
fail to move closer to preclinical studies due to the complexity of the producing procedure.
In addition to that, the reproducibility of multi-functionalization of the carrier system, which
would offer a better therapeutic efficacy, is hard to achieve at large scale production. And
it is no doubt that the price for such advanced development could not be competitive
compared to the established therapy (105,106). Figure 6 depicted the general
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requirements in the development of DDS. To have good DDS, there should be a
compromise between the pharmaceutical and engineering requirements in the selection
of materials. Thus, the search for the pharmaceutical excipients used in DDS which qualify
all requirements still remained challenging. Especially, it is even harder in the
development of anti-infectives delivery systems, as the high dose of such drugs are
frequently required (106). Therefore, it is necessary to have the facile strategies that use
conventional materials for developing high antibiotic loading capacity carrier systems, and
that sill allows the further modification for the advanced therapeutic improvement.

The advantages of DDS would profoundly improve the therapeutic effect once the
drug loading capacity of such carriers is achieved at a high level. Having in mind that the
active cargos should be delivered not materials, the optimization of drug loading capacity
is critical to consider in the process of developing DDS.

The drug loading capacity (LC%) and encapsulation efficacy (EE%) are calculated
as the equations below:

Weight of encapsulated drug in NPs )
EE% = — , x 100 ()
Initial weight of used drug

LCY = Weight of drugin NPs 100 y
0T Weight of NPs X (i)

“Weight of NPs” was calculated as (Weight of NPs = Weight of polymeric materials

+ Weight of encapsulated drug in NPs).

On the one hand, the EE% indicates the efficiency of the drug loading procedure,
which is important in planning the amount of drug used in loading procedure so that the
amount of un-loaded and thus wasted drug would be minimized. On the other hand, the
LC% demonstrates the actual drug amount in comparison to the actual total weight of the
whole DDS, which is needed in calculating the dose when using the drug-loaded DDS in
treatment. Notably, the LC% is crucial in pulmonary delivery, since only a finite dose can
be applied to the lung, e.g. by inhalation of dry powder. While EE% is rather easy to
maximize by optimizing the initial in-put drug amount, the achievement of LC% at high
value remains challenging resulting in less chance to move on in preclinical studies. Thus,

LC% is one of the first factors that need to be improved to obtain a good DDS.
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Requirements
in development of drug delivery systems

Aim to improve the treatment efficacy Aim to move forward to preclinical studies

Capacity to improve the drug bioavailability Facile and reproducible method

Possible scale-up production
High drug loading capacity &
Encapsulation efficacy Competitive price

Capacity to carry diverse bioactives

Flexibility to allow further modification

Biocompatible and Biodegradable

Figure 6. General requirements in development of drug delivery systems.

1.3.3. Recent development of anti-infective delivery systems for pulmonary

infections treatment

Recognizing the advantages of local delivery, inhaled antibiotic therapy has been
used to treat chronic respiratory infection since the 1940s (107). The earliest formulation
was not explicitly designed for inhalation, so it caused significant bronchial irritation. A
major advancement of such development took place in 1997, when the FDA first approved
a designed formulation for inhalation, which was tobramycin for use in PA infected patients
with cystic fibrosis (108,109). The approach has shown significant clinical benefits.
Subsequently, dry powder formulations, which are kinds of DDS, were developed to
enhance the delivery of antibiotics to the lungs sites (110). This strategy allowed to
notably decrease the dose of antibiotic per application (111). This development has been
considered as a very promising approach to have a safer profile when using antibiotics
and also avoid the fast resistance development. And the interest in the use of such
formulation has been not only for infections associated with cystic fibrosis, but also for

other lower respiratory tract infections (112,113).

In this thesis, only respiratory PA associated infection and strategies for the
treatment of such diseases will be focused on. The most common dry powder inhalation
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antibiotics considered for PA infection are tobramycin (110) and colistin (113). The dry
powder form of ciprofloxacin has also been investigated in a phase Il randomized study
and appeared to be favorable for the treatment of pulmonary PA infections (114).
However, in many severe and resistant infected cases, e.g. infections associated with
cystic fibrosis patients, the efficacy of the dry powder, in particular tobramycin dry powder,
is still limited by the ability to achieve sufficient concentration levels at the site of infection
(115). It is noted that the drug loading capacity of the dry powder antibiotic, in particular
in the case of tobramycin, is really high at ~50% (w/w ratio) (116,117). Hence, this
consequence can be attributed by rapid clearance of the drug as well as the poor mucus
and biofilm penetration and inactivation of the drug through binding interactions in these
environments. Those problems could be explained by the typical particles size of dry
powder antibiotics produced mostly by spray-dry technology which is frequently in micron
range (1-10 ym) and not uniform (116). Therefore, novel strategies for improving antibiotic
delivery could enhance the activity of those vital antibiotics. In addition to developing the
delivery systems for those available, potent antibiotics, there are chances to combine into
the delivery systems novel anti-infectives by taking advantages of recent drug delivery
techniques to even better enhance the therapeutic effects of the established antibiotics.

As discussed above, although nanotechnology has been aggressively pursued in
drug delivery, simple approaches for drug delivery should still be advanced with the aim
to achieve higher and faster rate of translation into clinical use. There is an uncountable
number of studies aiming to prepare the vital antibiotics loaded carrier systems. The
popular carrier systems used are (i) liposome (118,119); (ii) microemulsions and
nanoemulsions (118); (iii) solid lipid NPs (23,120); (iv) polymeric particles, including
particles made from synthetic polymers, e.g. silica particles, poly lactic-co-glycolic acid
(PLGA) particles, as well as made from natural polymers, e.g. chitosan derivatives,
alginate (89,121-123). Metallic NPs, e.g. silver, gold, titanium dioxide NPs, are known to
have antimicrobial properties, and also widely developed and applied to prevent the
bacterial colonization and eradicate biofilm infection (117). Considering the long-term
administration, especially for inhaled therapy, these non-biodegradable materials are,
however not preferred. Table 2 summarizes representatives of antibiotic-loaded liposomal
and particulate systems that are developed for inhaled therapy to treat PA associated
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infections. There is a vast number of publications concerning the preparation of antibiotic-
loaded carrier systems, in which the EE% was reported carefully. LC%, one of the
essential factors deciding the success of a DDS, was, however not explicitly reported.
Thus, there are just some representatives shown in Table 2 with LC% presented as the

maximum obtained values in the corresponding publications.

Table 2. Summary of representative delivery systems of inhaled antibiotics aimed for PA
infections treatment. Drug, production method, major excipients and loading capacity
(LC%) are highlighted. LC% is presented as the maximum value reported in the
corresponding publications.

Summary of representative liposomal delivery systems of inhaled antibiotics
aimed for PA infections treatment
Production ] o
Drug Major excipients LC% Ref.
method
Amikacin
. N/A®) N/A ~60% (124)
(Arikace®)
_ Membrane 1,2-Distearoyl-sn-glycero-3-
Tobramycin _ . ~60% (125)
extrusion phosphocholine, cholesterol
Ciprofloxacin Polysorbate 20, 0.4% (w/v),
Lipoquin® Membrane hydrogenated SO 16-
(Lpod | erosenat ’ (126)(127)
and extrusion phosphatidylcholine, 33%
Pulmaquin®) cholesterol
o 1,2-dipalmitoyl-sn-glycero-3-
Sonication/ .
o phosphocholine, cholesterol, | 12-
Colistin Membrane . (128)
_ 1-palmitoyl-2-oleoyl-sn- 55%
extrusion _
glycero-3-phosphocholine
Summary of representative polymeric delivery systems of inhaled antibiotics
aimed for PA infections treatment
Production ] o
Drug Major excipients LC% Ref.
method
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Levofloxacin

Lipid-coated
nanoparticles via
an
emulsification-
solvent-
evaporation
method followed

by spray drying

PLGA, PVA,
phosphatidylcholine, L-

leucine

<1.1%

(129)

Tobramycin

Nanoparticle
suspension by
the
emulsion/solvent
diffusion method

followed by spray
drying

PLGA, PVA,
alginate, lactose

chitosan,

<2%

(130)

Tobramycin

Polyplexes

Alginate, chitosan

<9%

(115)

Gentamicin

Emulsion/solvent

diffusion

PLGA, PVA

<2%

(131)

Ciprofloxacin

Polyplexes

Chitosan, tripolyphosphate
of sodium salt

<5%

(132)

(@N/A: not available

It is undoubted that liposomal carrier systems which could be prepared by

conventional techniques actually capable of loading the high percentage of antibiotic,

at maximum nearly to 60%. Such loading capacity is promising to improve the antibiotic

bioavailability in the targeted sides which as a result benefits the therapeutic effect

against infections. In addition to the better bioavailability, reported data pronounces that

the adverse effects caused by antimicrobials in the lungs cells significantly reduced

when using the drug loaded liposomes compared to free drugs inhaled as a solution.

However, the antibiotic loaded liposomal formulation could only improve the therapeutic
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effect slightly considering the decrease in MIC values. The retention time in the infected
regions was not remarkably improved, which could be explained by the fast release of
antibiotics from the liposomal formulation. In most cases, the cumulative antibiotics
reached 100% in a biologically relevant medium in a short time ranged from 10 minutes
to 2 h (133,134). This burst effect is often seen in most of the drug-loaded liposome
due to the non-specific binding of drug molecules and liposomal excipients. A further
modification, e.g. surface coating and/or crosslinking, would possibly prevent such
problem. The approach in turn sometimes affects the stability of the system and actually
complicates the mean of this conventional method (135,136). The same holds true for
the antibiotic-loaded systems produced from microemulsions and nanoemulsions as well
as solid lipid NPs technologies, but the LC% in these cases are not as high as ones

obtained from liposomal formulations.

Polymeric NPs appear to be promising candidates to better prevent the burst
effect as the binding between drug and excipients either covalently or noncovalently
could be flexibly tuned by changes of polymer properties and particles preparation
methods. The approach does show better controlled release profile of encapsulated
drugs. Furthermore, polymeric carrier system would allow further modification with more
desired properties of delivery systems, thus rendering them attractive for
nanomedicines. Nevertheless, the LC% is a considerable limitation when using these
DDS, which is in most cases lower than 5% (133). Consequently, the DDS based on
this technique has still mostly remained in research.

Furthermore, the particle size is also a design parameter which can affect
therapeutic effect of DDS. The importance of LC% is recognized, so optimizing such
value might also increase the size of the carrier systems. Thus, while true nanomaterials
are considered smaller than 100nm in size, the so-called submicron range (i.e., 100 —
900nm) is defined as size range for nanomedicine, which appears to provide the better
opportunities to carry higher amount of drug (87). For such reason, the maximum
recorded drug LC% in liposome and polymeric particulates usually have the sizes larger
than 500nm, which is actually not favorable for crossing biological barriers, but at the
same time becomes the target for the natural clearance mechanism (87,137). Thus, the
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site-specific delivery of therapeutics will remain a distant reality unless drug carrier
systems cross through the biological barriers, which is, in the case of extracellular
infections, biofilm. Such biological barrier significantly contributes to the fails of those
DDS.

Most importantly, those single antibiotic loaded carrier systems could in general
not decrease the dose of antibiotic used in the treatment of infection, in some cases the
dosage should even be increased. Thus, the recent status of antibiotic delivery would
just decrease bacterial susceptibility, but it is still challenging to overcome the bacterial
resistance development. Despite the pronounced limitations, the developed carrier
systems have shown promising results in decreasing the viability of bacteria in biofilm,
and such efficacy is better than the treatment with free antibiotics. Thus, there is the
need to develop the better antimicrobial delivery systems for combatting with bacterial

infections.

Taking advantages of DDS, the advanced development in nanotechnology, and
the discovery of novel anti-infectives, some researches have been focusing on
advancing the carrier system and/or developing strategies for efficiently co-delivery of
diverse active agents, which consequently achieve the enhancement in complementary
therapeutic effects. Among many research, there are some that could be highlighted
including: (i) polymyxin B containing polyion complex nanoparticles in which polymyxin
B was complexed with different molecular weight poly(styrene sulphonate), shown
10,000 times improvement in inhibitory effect against PA (138); (ii) the combination of
tobramycin and mucolytic agent, dornase alfa (DNase) were achieved in a chitosan-
alginate polyplexed system, such simultaneous delivery of the two active compounds
improved the therapeutic effect of tobramycin in the contact with cystic fibrosis sputum
(115); (iii) Bismuth-ethanedithiol, a biofilm reducer, and aminoglycoside tobramycin
were co-loaded in a liposome system which shown a decrease of CFU counts in vivo in
comparison to ones treated with free drug (125); (iii) Incorporation of farnesol, a natural
quorum sensing inhibitor, and ciprofloxacin in a liposomal formulation exhibited a very
interesting outcome. The minimum biofilm eradicating concentration (MBEC) value

obtained by using the co-delivery system was reported at 0.128 ug/mL of ciprofloxacin

29



INTRODUCTION

which is actually same as the reported MIC value of ciprofloxacin for planktonic bacteria
at 0.125 pg/mL (73). The results of these studies were promising and shown the
possibility to reduce the use of antibiotic when applying them in a combination with
other complementary agents, which is important to further prevent antimicrobial
resistance. However, more relevant in vivo data which proves the complete infection
eradication has been not reported yet. Furthermore, despite having a promising concept
to combat with bacterial biofilm, those formulation characteristics, including the
particulate characteristics (importantly the size and charge surface) and drug release
profile, were actually not best optimized. Thus, such specific research area in
developing nanotherapeutics has been recently attracting more attention in combatting
resistant bacterial biofilm, which will be focused on this thesis.

1.3.4. Interaction between drug delivery systems and pulmonary biological barriers

Having discussed that the successful accumulation of either drug molecules or
nanotherapeutics specifically at the diseased sites, thus restricting effective responses
in disease processes is prevented by biological barriers. Particularly considering
respiratory bacterial biofilm infection, the means of biological barriers that limit the drug
transport are bacterial cell membrane, biofilm, mucus, mucosal biofilm, and the
pulmonary immune regulators (139). The crucial biological barriers to inhaled DDS are
depicted in Figure 7. As the ultimate aim is to treat biofilm infection and overcome the
antimicrobial resistance, the antibiotic drug molecules should travel through all
aforementioned barriers and be accumulated either in the bacterial membrane or in
bacterial cytoplasm. However, the free drug molecules usually fail to fully accomplish
the aim, the DDS is thus needed. Although considerable research efforts have focused
on incorporating multiple surface functionalities and moieties within the overall NP
design and preparation, many of these strategies fail to successfully address these
barriers successfully. A reinterpreting of conventional drug delivery systems is thus
needed to successfully negotiate these impediments to a single carrier system. By
successively understanding and addressing each of these biological barriers,
appropriate design features of drug delivery systems could be rationally incorporated
that will create a successful generation of particulate-based drug delivery systems.
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In drug delivery system features design, particulate size, surface properties and
morphology and particles shape of are frequently tuned to aim for better penetration
through the biological barriers (93). Ideally, the particles would successfully penetrate
through such obstacles would have the characteristics, including (i) small size, the
smaller the better for the transport. The destiny of the particulate system is to carry drug
which as a consequence could not be too small, so the appropriate size range is in most
of the cases considered below 200nm; (ii) anti-fouling surface which is covered with
polyethylene glycol (PEG) or zwitterion materials; (iii) smooth surface morphology. With
these requirements, spherical PEGylated NPs with size range below 200nm are known
to have a high rate in transportation through biological barriers including mucus and
biofilm. Moreover, the small size range and neutral charge surface would also be
responded slowly by the immune systems, the systems would hence have a prolonged
in vivo residence time (93). However, having PEGylated or zwitterionic surface would
simultaneously lose or decrease the potential of drug loading on the surface. In addition
to that, the small size range would limit the drug loading capacity in the core side of the
particles. Hence, the design of biological barriers penetrating NPs should find a
compromise with the loading capacity of such systems.

Considering more carefully, the mucosal epithelia, e.g. airway epithelia, are
covered with a retentive viscoelastic mucus layer, a three-dimensional macromolecular
network with the ability to entrap and remove NPs in a size-dependent manner and
mucociliary clearance (58,140). Additionally, such mucus layer together with
biofilm/mucosal biofilm could also interact and adsorb the particles as well as molecules
via electrostatic interactions (58). Instead of fighting and overcoming these natural
characteristics of mucus and biofiim/mucosal biofilm, those have been exploited as a
method to prolong the residence time of DDS, in particular for positively charge NPs,
e.g. chitosan based NPs as DDS in mucosal surface (141,142). The natural clearance
is, in turn, inevitable when applying foreign particulate materials in vivo. The clearance
rate is another important factor which decides in vivo residence time of the DDS. For
those DDS used the as inhaled therapy, the key regulators of pulmonary immunity, e.g.
lung macrophages and dendritic cells, should be carefully taken into consideration
(137,143). Therefore, the dependence of macrophage uptake efficiency on particle size
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and surface properties should be investigated and predicted in vivo. Thus, the future

use of the drug-loaded carrier systems would be accurately recommended.
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Figure 7. Biological barriers to inhaled anti-infective-loaded drug delivery systems.
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2. RESEARCH STRATEGIES, WORKING HYPOTHESIS AND AIMS OF
THE THESIS

The overarching purpose of this thesis is to develop the existing strategies further
and to discover novel platforms for anti-infective DDS aiming for the treatment of
pulmonary bacterial infections. These DDS are devoted to the delivery of clinically relevant
antibiotics for inhalation, including tobramycin, colistin and ciprofloxacin, as well as
exploited the simultaneous co-delivery of diverse anti-infectives. It is hypothesized that
such DDS would address the significant problems in utilization of the aforementioned
drugs, overcome biological barriers and improve drug bioavailability at the infection site.
Moreover, the DDS would also allow the simultaneous delivery of antibiotic and quorum
sensing inhibitor as a complementary therapy against bacterial biofilm infection. Hence,
the antimicrobial efficacy of the antibiotics could be enhanced, eventually allowing to
reduce the dosage of the used antibiotics and avoiding the development of bacterial

resistance.

To achieve those goals, this thesis aimed to design and synthesize the DDS which
hold an optimized balance between the ability to overcome biological barriers and the drug
loading capacity. This thesis also aimed to propose facile strategies for the synthesis and
preparation of such DDS, which are suitable for large scale production and more relevant
for the future potential clinical studies. Additionally, materials structural design and
synthesis (e.g. degree of oxidation in starch, length of hydrophobic moiety and degree of
hydrophobic substitution in amphiphilic chitosan derivative, the amphiphilicity of squalenyl
derivatives) and conventional chemistry were carefully employed in tuning the DDS
characteristics, maximizing the drug loading capacity, and controlling the drug release
profile.

In the first part of the thesis, the simple polysaccharides-based polyplexes
technology was reinterpreted which aimed to produce versatile DDS holding high drug
loading capacity. In the subsequent studies, the novel farnesylated chitosan derivative,
and amphiphilic squalenyl derivatives were designed and synthesized, with which | aimed
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to prepare DDS based on self-assembling technology. Such DDS were hypothesized
having core-shell structure, which was aimed to host a diversity of actives without
scarifying the colloidal stability and characteristics. The drug loading capacity of such DDS
would be improved compared to that could be achieved by using the polyplexes technique.
This hypothesis was proposed to potentially reduce the use of the excipients in DDS, while
the drug bioavailability would be maximized in the targeted site. Hence, the novel self-
assembled systems would be nominated as the versatile platforms for drug delivery.
Notably, | aimed to go beyond the current state-of-the-art to design and synthesize the
nano-assemblies of aminoglycoside antibiotics and farnesyl quorum sensing inhibitors as
a dual-functional DDS that would completely avoid the use of any additional excipients.
Such innovative DDS would thus reach 100% drug loading capacity, while its

characteristics, in particular the size, are optimized to overcome the biological barriers.

Finally, this thesis further investigated the interaction between DDS and biological
barriers, such as macrophages, mucus, and biofilm to be able to evaluate the advantages
as well as the limitations of proposed strategies for anti-infective delivery.

In this context, the major steps to achieve the aims are followed:

(i) Structural design, synthesis and characterization of novel pharmaceutical
excipients: the biocompatible and biodegradable materials based on carbohydrate
polymers (starch, cyclodextrin, and chitosan derivatives), and natural lipids
(terpenyl derivatives: squalenyl derivatives, and farnesyl derivatives) were
employed in this work. The structure of the synthetic/modified excipients was
designed to produce stable and uniform DDS, and to maximize the future loading

of anti-infectives.
(i) Optimizing the preparation of delivery systems based on different techniques

e Facile polyplex technology
e Self-assembling technology
v" Amphiphilic polymer-based nano-assemblies

v" Amphiphilic lipid derivatives-based nano-assemblies
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v Innovative excipient-free nano-assemblies

(iif) Optimizing the loading of clinically relevant antibiotics (tobramycin, colistin,
ciprofloxacin), and a novel anti-infective QSI, as well as the co-loading of an
antibiotic and a QS| as a complementary therapeutic formulation.

(iv) Characterization and in-vitro safety studies of the novel DDS.

(v) Investigation of the interaction between DDS and some important pulmonary

biological barriers, such as macrophages, mucus/mucin and biofilm.

(vi)Investigation of the efficacy of drug-loaded and drugs co-loaded delivery systems
against bacterial biofilm infection.
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3. MAIN FINDINGS

In this thesis, the main findings section presents the significant results from three
peer reviewed publications, a manuscript still in preparation for submission, and an
international patent application. A summary about all the research discussed in this thesis
will be in the following text, while detailed information of each publication and the summary

of the invention will be presented in the scientific output, section 6.

The first two publications present researches which aim to develop versatile drug
delivery systems for pulmonary anti-infectives delivery based on biodegradable
polysaccharides (starch, 3-cyclodextrin (3-CD) and chitosan) using a facile method. The
systems could encapsulate a variety of clinically relevant anti-infectives including highly
water-soluble aminoglycosides, antimicrobial peptide, or poorly water-soluble quinolone.
The materials used in these researches are biodegradable and biocompatible for
nanomedicine applications, they are moreover suitable for large scale production as its
environmentally friendly properties, and adaption to facile production procedures.
However, the carrier systems produced from such natural polymers still confront some
limitations including (i) in the controls of NPs characteristics and their physicochemical
stability; and (ii) the reproducibility. These two issues are usually accounted for the
heterogeneous properties of natural polymers, especially the molecular weight which is
somehow not consistent in different batches; (iii) the lack of advanced multiple
functionalization of the NPs due to the poor selectivity for further physical and chemical
modification on particles surface (144). In these two chapters, the preparation of the
anionic starch and anionic 3-cyclodextrin was revisited to have better control in molecular
weight and degree of oxidation of resulting products. The products were then used for the
complexation with chitosan derivatives to assemble NPs. The NPs characteristics (size
and C-potential) could be easily tuned to befit the future application as drug delivery
systems. Notably, the NPs size was ranged from 150 — 900nm. The system based on
starch-chitosan polyplexes exhibited good drug loading capacity for hydrophilic
tobramycin and colistin. The highest loading capacity of colistin in such simple system
was nearly 23%. The [3-cyclodextrin-chitosan polyplexes significantly improved water-
solubility and shown controlled release profile of ciprofloxacin with the drug loading
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capacity ~10%. The NPs systems proposed in these two chapter are stable in biologically
relevant medium and non-toxic (up to 1 mg/mL concentration) on human cell lines. The
encapsulation of antibiotic into the complexation of these polysaccharides did not
compromise the intrinsic antimicrobial efficacy of either compound. In the subsequent
study, the dependence of NPs size on macrophage binding and uptake was investigated
for the R-cyclodextrin-chitosan particles having sizes ranged from 400 — 900nm. The
overall research scheme carried in these chapters is depicted in Figure 8, and the detailed

information of each research is presented in section 6.1 and 6.2, respectively.
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Figure 8. Overall research scheme discussed in section 6.1 and 6.2.

In the next publication, the preparation of self-assembled nanocarriers based on a
novel synthetic amphiphilic chitosan derivative, farnesylated glycol chitosan, is proposed.
Having discussed that the majority of currently available, developed and discovered
antimicrobial agents suffer from poor drug bioavailability due to their (i) poorly water-
solubility; (ii) short in vivo half-life in biological environment; and the potential adverse
effects (86,145,146). Moreover, the co-delivery of diverse bioactive compounds is
essential to enhance the therapeutic effects, in particular against bacterial infection (80).
In chapter 6.3, in addition to the promising biocompatibility and biodegradability of the
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used excipients, the core-shell structure of the assembled NPs is moreover expected to
capable of carrying both hydrophilic and hydrophobic molecules which is the major
limitation in loading capacity of the delivery systems composed by polysaccharides
polyplexes. | proposed in this chapter a facile and high isolated yield method with one-
step synthetic reaction to prepare the farnesylated glycol chitosan. The uniform and stable
NPs would be self-assembled in aqueous media at the relatively low degree of
farnesylation (~11%), and was tuned in the size range of 200 — 500nm. The NPs drug
loading capacity was investigated with different model compounds. And we convincingly
proved the co-loading of both hydrophobic Nile red and hydrophilic fluorescent albumin
protein in such NPs by CLSM, with reasonable drug loading capacity. Furthermore, the
NPs exhibited excellent physiochemical stability in a wide range of biological relevant pH
environment. Finally, the potential use of such nanoassemblies as mucosal drug delivery
systems was investigated by studying the interaction between mucus-particle. An overall
research scheme carried in this chapter is briefly summarized in Figure 9, and the detailed
information of this chapter is presented in section 6.3.

Self-assembly cationic core-shell NPs Particles Tracking on Human Tracheal Mucus

o’ N # ’
\% s, VS g PEGylated NPs

NH ]
NHy “ma- L 0 V.S —

I Muco-adhesive Muco-inert
Farnesylated Glycol Chitosan
Figure 9. Overall research scheme discussed in section 6.3. Reprinted with permission

from Reference (142)

The subsequent chapter is presented in section 6.4, Squalenyl Hydrogen Sulfate

NPs (SqNPs) for simultaneous delivery of tobramycin and alkylquinolone quorum sensing

inhibitor to combat PA biofilm infections. This chapter pays more attention to the limitation

of anti-infective penetration through bacterial biofilm, and bacterial communication via
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quorum sensing systems which are suggested contributing to the fast resistance of PA
biofilm infections. Furthermore, the influence of mucus/mucin on pyocyanin production
level from PA was studied. Because such a layer is always present in the airway adding
more challenge to the treatment of such infectious diseases (80). While drug-loaded
nanocarrier is a promising strategy enhancing local drug delivery by crossing bio-barriers,
a complementary to antibiotics, quorum sensing inhibitors (QSl), has been discovered
capable to interfere with the biofilm formation (74,80). The dual-delivery of antibiotic and
QSl is hypothesized to improve biofilm eradicating efficacy (73). Taking advantage of the
self-assembling property of the newly synthesized anionic amphiphilic lipid, Squalenyl
Hydrogen Sulfate (Sq), this chapter describes a dual-delivery nanocarrier with high
loading capacity for both a lipophilic QSI (~10%) and the hydrophilic antibiotic tobramycin
(~33%). The co-loaded system is expected to show actions on different stages of PA
infection. Especially, the influence of mucus and mucin on the production of pyocyanin
level from PA, as well as the function of QSI both in free form and loaded-SqNPs were
also carefully investigated and reported. The novel platform in this study shows a
significant therapeutic effect on eradicating PA biofilm infection. The tobramycin
concentration used for a complete biofilm eradication is around 12.5 pg/mL when using
dual-loaded carrier systems, while more than 200 pg/mL tobramycin alone is needed to
show the same efficacy. Furthermore, the transport of the carrier system through biofilm
was studied by live CLSM to clearly prove the improvement of therapeutic effect against
PA biofilm infection. Figure 10 summarizes the hypothesis and research strategies in

section 6.4.
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Figure 10. Overall research scheme discussed in section 6.4.

Finally, the last chapter, summarized in section 6.5, presents an innovative
excipient-free nano-assemblies of aminoglycoside antibiotic and farnesyl quorum sensing
inhibitors for combatting bacterial biofilm infections. The present invention relates to
conjugates of aminoglycosides and terpenoids, in particular, sesquiterpenoids.
Furthermore, the present invention relates to nano-assemblies formed by the inventive
conjugates and to a method for producing the conjugates and/or the nano-assembilies.
The present invention also relates to the inventive conjugates and nano-assemblies for
use in therapy, in particular for use in the treatment of infectious diseases. Particularly
preferred embodiments of the present invention relate to farnesylated aminoglycosides
and nano-assemblies thereof, in which farnesol and its derivatives do not only function as
a carrier for the aminoglycosides but do themselves have pharmaceutical activity upon
cleavage of the conjugate, in particular quorum sensing inhibitory activity. Such nano-

assemblies of tobramycin and farnesyl quorum sensing inhibitor significantly enhance the
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Pseudomonas aeruginosa biofilm eradicating efficacy 16-folds compared to the treatment

of free tobramycin.
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4. CONCLUSIONS AND OUTLOOK

This thesis proposes different innovative strategies and platforms for the improved
delivery of anti-infectives, especially for the treatment of pulmonary infections. The
described delivery systems are biocompatible and biodegradable, and are manufactured
using facile operations. They are stable in biologically relevant media and their
physiochemical properties can be designed to fit the intended use. Materials structure
design and conventional chemistry were successfully employed to explore and maximize
the drug loading capacity and the potential of co-loading diverse agents in all studies with
the aim to combat bacterial infection and to prevent the development of bacterial
resistance. The efficacy against bacterial infection at different stages was evaluated in
different biologically relevant environments (e.g. presence/absence of mucus or biofilm).
Moreover, studying the interaction of these carrier systems with biological barriers, such
as biofilm, mucus, and macrophages, allows to design and to prepare the drug delivery

systems to overcome these barriers as needed for future therapeutic applications.

In the first two chapters, section 6.1 and 6.2, the results clearly demonstrate that
by overcoming the shortages of natural polymers properties, stable NPs could be formed
by anionic polysaccharides based on starch or -cyclodextrin polyplexes with chitosan
derivatives using a facile method. The technique allows to flexibly tune size and surface
characteristics, and the encapsulation of various types of anti-infectives without
compromising their anti-microbial function. In addition, the size dependence of
macrophage uptake recommended the use of the sub-micro carriers for the treatment of
extracellular infections. Moreover, the research in these chapters also show the potential
of flexible surface modification of those carriers with hydrophilic enzymes or nucleases
(e.g. deoxyribonuclease 1) to enhance drug penetration through biofilm or mucus. This
approach has good prospects for developing inhalation nanomedicines against pulmonary

infections.

In the next chapter, section 6.3, the natural polymer chitosan was chemically
modified by coupling to a hydrophobic farnesyl moieties resulting in a novel amphiphilic
polymer. The latter shown an interesting self-assembling to core-shell particles, capable

to overcome the limitation of natural polysaccharides carrier systems in various ways: (i)
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allowing the encapsulation of the hydrophobic compounds, (ii) enabling the simultaneous
delivery of a second active with different structure and physiochemical properties, (iii) and
allowing the further surface modification to render the system more flexible to various
applications. In this chapter, the interaction of the particles with mucus as a biological
barrier was explored in more detail, and the novel system appeared as a versatile DDS

for various mucosal routes of application.

The last two chapters describe two novel carrier systems, capable to
simultaneously deliver antibiotics and QS| molecules as high efficiency and loading
capacity. The first system was formed by the simultaneous self-assembly of squalenyl
hydrogen sulfate, aminoglycoside antibiotics, and QS| molecules. The second system is
the excipient-free nano-assembly of an aminoglycoside (tobramycin) and farnesyl QSI. In
study the efficacy against PA infection, it was surprisingly found that the presence of
mucin/mucus increased the production of the virulence factor pyocyanin. Both DDS
systems shown impressive effects against biofilm forming PA bacteria, indicating a
remarkable improvement in bioavailability of both active compounds at the site of infection
and in particular inside the biofilm, which was also supported by CLSM images. Based on
these promising results in vitro, in vivo studies on infection relevant models are currently

ongoing.

Altogether, this thesis describes some novel strategies for anti-infective delivery
systems, their advantages and limitations, and the understanding gained from
investigating the interaction of such systems with various biological barriers. The author
is convinced that these data will provide valuable information for the comprehensive
investigation and development of novel therapeutic modalities to better combat bacterial

infections in the future.
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Abstract: Despite the enormous potential of nanomedicine, the search for materials from renewable
resources that balance bio-medical requirements and engineering aspects is still challenging.
This study proposes an easy method to make nanoparticles composed of oxidized starch and chitosan,
both isolated from natural biopolymers. The careful adjustment of C/N ratio, polymer concentration
and molecular weight allowed for tuning of particle characteristics. The system’s carrier capability
was assessed both for anti-infectives and for nucleic acid. Higher starch content polyplexes were
found to be suitable for high encapsulation efficiency of cationic anti-infectives and preserving
their bactericidal function. A cationic carrier was obtained by coating the anicnic polyplex with
chitosan. Coating allow ed for a minimal amount of cationic polymer to be employed and facilitated
plasmid DNA loading both within the particle core and on the surface. Transfection studies showed
encouraging result, approximately 5% of A549 cells with reporter gene expression. In summary,
starch-chitosan complexes are suitable carriers with promising perspectives for pharmaceutical use.

Keywords: polymeric nanoparticles; renewable polysaccharides; anionic starch; cationic anti-infectives;
transfection

1. Introduction

Nanoparticulate carrier systems nepresent a well established platform for vaccination and
meatment of severe diseases, such as infection and cancer, by protecting active agents, preventing burst
nelease kinetics, providing the potential to enhance crossing of biological barriers and improving local
drug delivery [1-4]. However, the selection of materials or excipients for nanomedical applications
remains challenging due to strict requirements of the field. Such materials should be biccompatible
and biodegradable, safe and at the same time provide good drug loading capacity as well as a
potential to carty diverse bicactive agents [3]. Moreover, for large scale production, the used materials
should be environmentally friendly, and able to be manufactured by facile processes. In necent
years, a variety of polymeric materials derived from natural biopolymers have been synthesized
and investigated to formulate vehicles to deliver bioactive molecules. These molecules have been
embedded inside the polymeric matrix or adsorbed onto the colloidal surface [5] by either physical
interaction (e.g., electrostatic complexation) or chemical modification. Nevertheless, the number of
biodegradable and biocompatible polymers which are further compatible with water (as a solvent
suitable for pharmaceutical use) and can form nanoparticles with a high and vemsatile active agent

Polymers 2018, 10, 252; dot 10.33%0/ palym 10030252 www.ndpl com/ journal/ palymers
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encapsulation capacity are still limited. Hence, the production of excipients for nanomedicine with a
balance between pharmaceutical requirements and engineering aspects as well as a tunable potential for
drug delivery has gained considerable attention. In particular, natural and modified polysaccharides
such as chitosan, alginate, starch and dextrin, and their synthetic derivatives, have been considered
as efficient candidates for drug carrier systems [1,6,7]. However, achieving a consistent and robust
production of polysaccharide nanoparticles is challenging due to the heterogeneous physicochemical
properties of natural and synthetic polymers. In addition, depending on the actives to be delivered
and the route of administration, different protocols are needed [8] to prepare polysaccharide-based
polymeric nanoparticles [9,10]. Thus, the chosen polymers need to be appropriately tailored, chemically
modified and optimized to qualify for targeted applications [1].

Among natural polysaccharides, starch and chitosan have many promising properties. Starch is a
biocompatible and biodegradable polysaccharide, which is degraded by x-amylase, and available at
relatively low cost. It has been widely used in tablets and capsules, e.g., as a binder or diluent [11].
Slightly modified derivatives of starch with fractional molecular weights have previously been studied
as a platform to formulate homogenous carrier systems for gene delivery [12]. Other researchers
have also studied starch-based particulate systems for drug delivery [13-15]. Chitosan is similarly
biodegradable and biocompatible, and has been investigated and widely used in pharmaceutical
research for drug [16,17], protein [18] and nucleic acid delivery, and for vaccination purposes [19-21).
It has also been used as a biomedical material for artificial skin and wound healing bandages [22]
as a biodegradable polysaccharide [23]. Moreover, chitosan has good biocompatibility as tested in
humans [24). Yamada et al. [12] has reported the preparation of anionic starch derivatives by mild
chemical modification, and the separation of different molecular weights by a fractional cut-off protocol,
which was later aimed for transfection study. The research showed promising perspectives of starch
derivatives as drug carrier system. However, the charge mediated complexation of fractional starch
derivatives was not fully explored in that study; the carrier capacity of such system thus remains to
be investigated.

In light of these advantages, the aim of this work was to produce versatile and flexible
nanocarriers using both starch and chitosan, with a facile and organic solvent-free preparation method
combining the advantages of these two polymers into a carrier system. The investigated systems were
composed of starch derivatives of molecular weight (M,,) >100 kDa or with M,, range of 30-100 kDa,
and oligochitosan Mw 5 kDa or Protasan My 90 kDa as chitosan derivatives. A wide range of
molecular weights was used to achieve complex stability. We also explored the design space of the
system to obtain particles with high colloidal stability as well as tunable surface charge and size. Thus,
the varied production parameters of starch-chitosan polyplexes (Scheme 1A) were: (i) molar ratio of
carboxylate and amine functional groups (C/N ratio) of starch and chitosan, respectively; (ii) polymer
concentration; and (iii) counter polymer type. The loading capacity and versatility of these simple
carriers was then investigated using tobramycin and colistin as clinically relevant models of small
molecule and peptide anti-infectives respectively [25,26], as well as nucleic acids (plasmid DNA).
Furthermore, to improve encapsulation capacity, we coated the starch-chitosan polyplexes with an
additional chitosan (Protasan) layer (Scheme 1B), and explored the loading capacity of the resulting
nanoparticles. Coating the polyplexes enabled drug loading on the surface of particles, which led
to a better encapsulation particularly in the case of the utilized nucleic acids. This approach also
creates the further potential for formulating a multifunctional delivery system. The novel approach of
starch-chitosan-based complex-coacervation suggested in this study is a straightforward and promising
technique to prepare versatile carrier systems with potential in nanomedicine applications. Therefore,
we undertook preliminary studies of design, synthesis, and formulation of such carrier systems,
and explored their flexibility and capacity for encapsulating selected model macromolecular drugs.
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A) Preparation of anionic starch-chitosan core polyplexes (anCP)

anionic starch Mw > 100kDa oligo chitosan Mw ~ 5kDa

“

combination
—

in aqueous
solution

NI

B) Preparation of Protasan coated CP (cCP)

anCP Protasan Mw ~ 90kDa
+ PVA

Scheme 1 Illustration of drug-free (plain) starch-chitosan polyplex-preparation.
2. Experimental Section

2.1. Materials

As raw material, partially hydrolyzed potato starch (M,, of 1300 kDa), which was a kind gift from
AVEBE (Veendam, The Netherlands), was used. Selective oxidation of the primary alcohol on starch
was performed to increase water solubility and obtain an anionic charge. The oxidation procedure
and molecular weight fractionation of three My samples (5, 30-100, and >100 kDa) was conducted in
accordance with the protocol of Yamada et al. [12]. The obtained starch derivatives had an oxidation
degree of 45%. The Mw fraction >100 kDa is used unless stated otherwise and is termed “anionic
starch” in all further descriptions.

Chitosan oligosaccharide lactate (oligochitosan; My 5 kDa), polyvinyl alcohol (PVA; Mowiol® 488),
sodium hydroxide, trifluoroacetic acid (TFA), acetonitrile and acetic acid were purchased from
Sigma-Aldrich (Darmstadt, Germany). Tobramycin sulfate salt and colistin sulfate salt were used
as received also from Sigma-Aldrich. Ultrapure chitosan chloride salt (Protasan UP CL113; M,,
~90 kDa, deacetylation degree 75-90%) was obtained from FMC Biopolymer AS NovaMatrix (Sandvika,
Norway). Purified water was produced by a Milli-Q water purification system from Merck Millipore
(Darmstadt, Germany). O-Phthalaldehyde (OPA), 2-mercaptoethanol, phosphotungstic acid (PTA) and
boric acid were used as purchased from Sigma-Aldrich.

Agarose SERVA for DNA Electrophoresis of research grade was bought from Serva (Heidelberg,
Germany). Ethidium bromide solution (10 mg/mL), heparin sodium salt from porcine intestinal
mucosa, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) (MTT reagent), Triton™ X-100,
dimethyl sulfoxide (DMSO) and Dulbecco’s phosphate buffered saline solution (PBS) were obtained
from Sigma-Aldrich. Gibco Hanks’ balanced salt solution (HBSS) buffer was purchased from Thermo
Fisher Scientific (Darmstadt, Germany). A549 cells (human lung carcinoma cell line, No. ACC 107)
were obtained from DSMZ GmbH (Braunschweig, Germany). Cell culture medium (RPMI 1640) was
purchased from PAA laboratories GmbH (Pasching, Austria) and supplemented with 10% fetal calf
serum (FCS, Sigma-Aldrich). Plasmid DNA (pDNA) encoding for the fluorescent protein AmCyan was
bought from Clontech Laboratories, Inc. (pPAmCyan 1-N1, Mountain View, CA, USA). The plasmid
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was propagated in Escherichia coli DH5«x and isolated with Qiagen EndoFree Plasmid Mega Kit
(Qiagen, Hilden, Germany) to obtain pDNA of cell culture quality. jetPRIME™ transfection reagent
was purchased from Polyplus-transfection (Illkirch, France). Rhodamine Ricinus communis agglutinin
(RGA I) was obtained from Vector Laboratories. 4’,&diamidino—2-phenylindole (DAPI) was purchased
from Life Technologies (Darmstadt, Germany).

2.2. Preparation, Optimization and Characterization of Starch—Chitosan Core Polyplexes

2.2.1. Preparation and Optimization of Starch-Chitosan Core Polyplexes (CP)

Starch-chitosan core polyplexes (CP) were prepared by self-assembly of anionic starch derivatives
and chitosan derivatives in aqueous medium. CP characteristics, including their: (i) surface properties;
(ii) size; and (iii) physicochemical stability were varied by: (i) the molecular weight of utilized anionic
starch and chitosan derivatives; (ii) polymer concentration; and (iii) molar ratio of carboxylate (COONa)
to amine (NH;) groups (C/N ratio) in oxidized starch and chitosan, respectively. The polyplex
formulation procedure is described in Scheme 1A. Briefly, a solution of anionic starch was prepared
in Milli-Q water at a defined concentration, while the utilized chitosan derivative was solubilized in
0.02 M acetic acid, followed by pH adjustment to 5.5. The assembly into CP of oxidized starch and its
counter excipient occurred by the addition of an appropriate amount of starch polymer solution into
the pre-warmed solution of chitosan derivative, followed by 2 min of vortexing and 1 h incubation
at room temperature. To prepare anionic core polyplexes (anCP), anionic starch (M,, of >100 kDa)
and oligochitosan (M,, of 5 kDa) were employed at various C/N ratios, ranging from 50:1 to 10:1 and
further to 1:1, designed to optimize the formulation and stability of the polyplexes. Cationic core
polyplexes (cationic CP) were prepared by co-assembly of negative starch (M,, of 30-100 kDa) and
Protasan (M,, of 90 kDa) having a higher amount of positively charged amine groups. The optimal
C/N ratio was identified by investigating the ratios of 1:30, 1:10 and 1:1. All samples with a solvent
pH-value of 5.5 were characterized by dynamic light scattering (DLS), using a Zetasizer Nano from
Malvern Instruments (UK) to obtain hydrodynamic size, polydispersity index (PDI), and using laser
Doppler velocimetry to obtain {-potential All samples were prepared at least in three different batches.

2.2.2. Preparation and Optimization of Protasan Coated CP (cCP)

Another approach taken to further improve the loading capacity of starch-chitosan carriers was
to prepare coated polyplexes with a further layer of Protasan on anCP. The optimized coating method
is described briefly as following: anCP were prepared as described and then coated with an additional
layer of positively charged Protasan, by an association of amine functional groups of the chitosan and
the anionic surface of the anCP (Scheme 1B). The coating solution was prepared by dissolving 3 mg of
Protasan in 1 mL PVA 2% (w/v) solution, which was then diluted with Milli-Q water to a 1.5 mg/5 mL
concentration for coating. A 500 pL volume (6.6 mg/mL) of anCP was added dropwise to the prepared
Protasan solution, which was continuously stirred for 30 min at 150 rpm. This was followed by
incubation at room temperature for 3 h prior to characterization. The resulting Protasan-coated anCP
(cCP, c= 0.87 mg/ mL) were kept for further studies. Samples were prepared in at least three different
batches. All particle samples were characterized for their hydrodynamic size, PDI and Z-potential.
This method was also applied to investigate the physicochemical stability of anCP and cationic CP
under storage conditions of 4 °C for 27 days.

2.2.3. pH-Stability of Drug-Free CP and cCP

The colloidal stability of anCP and cCP at different pH values was investigated by incubating
particle suspensions at pH values of 35, 4.0, 4.5, 5.5, 6.0, 7.5 and 8.0, all within the physiologically-relevant
range. Samples were analyzed to obtain hydrodynamic size, PDI, and {-potential, after predetermined
incubation times (30 min, 1 h, 3 h and 24 h). The pH-value was adjusted following polyplex preparation
at pH 5.5 (as described above) by using either 0.02 M acetic acid solution or 1 M NaOH solution.
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All experiments were conducted in triplicates with n = 3, and results expressed as mean =+ standard
deviation (SD).

2.2.4. Morphology

The morphology of all produced polyplexes was visualized by transmission electron microscopy
(TEM, JEM 2011, JEOL, St Andrews, UK). Before the TEM visualization, 8.7 pug/10 pL of polyplexes
were added on a copper grid (carbon films on 400 mesh copper grids, Plano GmbH, Wetzlar, Germany)
and incubated for 10 min to allow an adhesion of polyplexes to the surface. The excess was removed,
and polyplexes were further stained with 0.5% (w/v) PTA to improve the contrast of TEM images.

2.25. Cytotoxicity Study: MTT Assay

A549 cells were seeded in a 96 well plate at a density of 1 x 10° cells per well, in 200 L. of RPMI
cell culture medium supplemented with 10% FCS. Cells were grown for 4 days prior to the conduction
of the assay to allow for approximately 95% cell confluency. On Day 4, CP and cCP samples were
diluted with a suitable amount of RPMI medium (without FCS) to achieve test concentrations of 5, 10,
40,70, 100, 200 and 500 ug/ ml. Cells were then washed twice with 200 ul. HBSS buffer (pH 7.4), and
polyplex samples were added to cells in triplicate. Cells incubated with only RPMI medium were used
as a negative control (determined to result in 100% cell viability) and cells treated with 1% Triton™
X-100 in RPMI medium were used as positive control (designated as 0% cell viability). All samples
were incubated with cells for 4 h, on a horizontal shaker with careful shaking at 150 rpm at 37 °C and
5% CO;. Subsequently, the supernatant was removed, and cells were washed once with HBSS. Then,
200 uL of the MTT-reagent (5 mg/mL) in HBSS was applied to each well and further incubated for
4 h with gentle shaking. The supernatant was then removed and DMSO was immediately added to
achieve cell lysis. Cells were incubated in DMSO for 15 min under careful shaking and protected from
light. The absorbance of each well at 550 nm was then measured with a plate reader (Infinite® 200 Pro,
TECAN, Minnedorf, Switzerland). The percentage of viable cells was calculated in comparison to
negative and positive controls as described by Nafee et al. [27].

2.3. Cationic Anti-Infective Loaded anCP
2.3.1. Preparation and Optimization of Cationic Anti-Infective Loaded anCP

Isothermal Titration Calorimetry

Two relevant anti-infectives were used to test the loading capacity of anCP. Tobramycin was
used as an example of a cationic small molecule antibiotic having a molecular weight of 467.5 Da,
and colistin (polymyxin E) was used as an example of a peptide antibiotic with a molecular weight of
1267.5 Da (Scheme 2A).

Interaction between anionic starch and the cationic anti-infectives tobramycin and colistin
was investigated by isothermal titration calorimetry (ITC) using a NanoITC 2G (TA Instruments,
New Castle, DE, USA). The purpose of such measurement was to optimize excipient to cargo ratio
in drug loaded carrier production. Briefly, all drug and anionic starch solutions were prepared in
milli-Q water. A 25 mM solution of tobramycin or colistin was prepared in a 250 uL. syringe and used
to saturate 1.5 mL of anionic starch at a concentration of 0.1 mM filled in the sample cell. Following
an initial delay of 300 s, 250 pL of drug solution was repeatedly injected into the sample cell with a
spacing of 500 s between injections, and at a reference power of 10 pCal/s. The final thermogram and
thermodynamic parameters were produced by subtracting the heat of dilution of either tobramycin
or colistin (25 mM in 1.5 mL milli-Q water), followed by fitting using the One Set of Sites model in
the data analysis software NanoAnalyze. The free energy of binding (AG) was calculated using the
equation AG =AH — TAS, where AH is the enthalpy change, T is temperature (Kelvin), and AS is the
change in entropy. All measurements were performed at 25 °C.
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Preparation and Optimization of Cationic Anti-Infective Loaded anCP

Both tobramycin and colistin were loaded using the same procedure, during formation of anCP,
employing various C/N ratios, as follows: (i) 1 mg tobramycin or 3 mg colistin was incubated with an
appropriate amount of anionic starch solution for 2 h; and (ii) pre-warmed chitosan solution at pH 5.5
was added, and coacervation was achieved by vortex mixing (2 min).

The anti-infective loaded anCP suspension was then centrifuged at 13,000x g and 4 °C for 20 min
at least twice and allowed to equilibrate at 4 °C overnight before conducting further experiments. In all
experiments the supernatant produced by centrifugation was collected for drug loading quantification.

Loading Quantification

The degree of anti-infective loading in anCP was determined using an indirect quantification
method (drug amount inside anCP = initial drug amount — drug amount in the supernatant). Colistin
was quantified by high-performance liquid chromatography (HPLC), while tobramycin was quantified
based on a protocol for detection of aminoglycosides [28], as detailed below.

HPLC Analysis

The HPLC analysis was performed on a Dionex UltiMate 3000 system (Thermo-Fischer Scientific,
Dreieich, Germany) equipped with LPG-3400 SD pump, WPS-3000 autosampler, DAD3000 detector,
and TCC-3000 column oven. Chromeleon software (Chromeleon 6.80 SP2 build 9.68, Thermo Scientific
Dionex, Dreieich, Germany) was used for data analysis. A column set of LiChrvospherQ 100 RP-18 (5 um)
LiChroCART® 1254, consisting of a 125 mm x 4 mm LiChrospher 100/RP-18 column (Merck-Hitachi,
Darmstadt, Germany) with a LiChrospher 100/RP-18 guard column (5 um) (Merck-Hitachi, Darmstadt,
Germany) at 30 °C was used as stationary phase for all substances. A gradient method was used
starting with 20% A, increasing to 50% A within 2 min, and holding for 1.5 min (A = acetonitrile,
B = 0.1% TFA solution in water). Before injection, the samples were filtered through a cellulose acetate
0.2 pm membrane. The flow rate was 1.0 mL/min, and the injection volume was 50 ul.. A calibration
curve was constructed using eight different concentrations of colistin in water, ranging from 0.2 mg/mL
to 0.005 mg/mL (r? = 0.9955). All 8 standards were measured 5 times, and a percent relative standard
deviation (% RSD) of less than 3.9% was calculated. The run time was 6 min, and a retention time of
3.6 min and 3.9 min was observed for colistin A and colistin B, respectively. As colistin is a mixture
of two main fractions, colistin A and colistin B, both were quantified to determine colistin loading.
The detection wavelength was 210 nm for colistin A and 214 nm for colistin B.

Aminoglycoside Detection Protocol

The product fluorescence of tobramycin reacted with a fluorescent reagent was measured at
344/450 nm (Ex/Em) using a Tecan microplate reader following a published method [28]. To prepare
the reagent solution, a 0.2 g amount of OPA reagent was dissolved in a mixture of 1 mL methanol,
19 mL boric acid 0.4 M at pH 104, and 0.4 mL of 14.3 M 2-mercaptoethanol. A 2 mL of the resulting
mixture was then diluted with 16 mL methanol before use. A calibration curve was constructed using
five different concentrations of tobramycin in water (0.04-0.005 mg/mL, r? = 0.9976).

In both cases, the encapsulation efficiency (EE) and the drug loading rate (LR) were calculated
according to the following equations:

Weight of encapsulated drug in nanoparticles

Initial amount of drug in the system
LR — Weighl.ofdxug in nano?axticles % 100

Weight of nanoparticles

where “weight of nanoparticles” was calculated as weight of polymeric material + weight of
encapsulated drug in nanoparticles.

EE = x 100

(1)
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Each sample was assayed at least in triplicate, and results are reported as the mean + SD.

Drug Release Study

Tobramycin or colistin release profiles from tobramycin loaded anCP or colistin loaded anCP was
performed in PBS (pH7.4) at 37 °C. Briefly, either tobramycin loaded anCP or colistin loaded anCP was
diluted in PBS to have final tobramycin or colistin concentration at 10% (w/w) and loaded into dialysis
membrane (MWCO 1 kDa, Spectrum Labs, Rancho Domiguez, CA, USA) in the case of tobramycin,
or dialysis membrane (MWCO 3.5-5 kDa, Spectrum Labs, USA) in the case of colistin. After that,
the whole system was put into 20 mL PBS and placed on a shaker at 400 rpm at 37 °C. The concentration
of released drug was analyzed by collecting samples from the supernatant during the period from
1 h to 24 h. The amount of colistin and tobramycin were determined by HPLC and aminoglycoside
detection protocol, respectively. The volume was kept constant by refilling with an identical volume
of PBS. The cumulative released drug (%) was calculated (mean =+ SD of n = 3). Three independent
experiments were conducted in triplicates, and results expressed as the mean =+ standard deviation (SD).

2.3.2. Minimum Inhibitory Concentration (MIC) Assay

The antimicrobial properties of anCP, anti-infective loaded anCP, and free drugs were performed
by standard microbroth dilution assays with Escherichia coli (DH5«) and Pseudomonas aeruginosa
(PA14) in 96 well plates. A suspension of E. coli or P. aeruginosa prepared from mid log cultures in
Mueller-Hinton broth or Lysogeny Broth medium (at 25 °C) was first diluted to ODggg (absorption
at 600 nm) 0.01, which corresponds to approximately 5 x 10° CFU/mL (CFU, colony-forming units).
Polyplex samples (anCP, drug-loaded anCP), free drug solution and PBS as control were then added
to bacteria-containing wells by serial dilution over a range of 0.03-64 ug/mlL. After incubation for
16 h at 37 °C, inhibitory concentration (IC) ICgq values were determined by sigmoidal curve fitting of
absorption values (600 nm) that were measured on a Tecan microplate reader. The experiments were
conducted in duplicate.

2.4. Preparation of pPDNA Loaded cCP

Plasmid DNA pAmCyan was incorporated into the polyplexes to evaluate the potential of the
carrier system with respect to nucleic acid actives. A ratio of amine groups (chitosan) to phosphate
groups (pDNA) of 20/1 was chosen and is referred to as N/P ratio. The preparation was performed
in three steps: first, an appropriate amount of pAmCyan was added to a solution of anionic starch
and mixed thoroughly. A 1 mL volume of this pAmCyan-starch solution was added to 1 mL of
oligochitosan solution (650 ug/mL) and mixed immediately by vortex for 15s. A further incubation for
1 hat room temperature was then carried out, leading to the formation of pAmCyan-loaded anCP. In the
second step, the pAmCyan loaded anCP were coated by Protasan as described in Section 2.2, to form
pAmCyan-loaded cCP. In the third step, a further layer of pAmCyan was applied to pAmCyan-loaded
cCP (1:30 w/w) resulting in pAmCyan double loaded cCP (Scheme 2B). The pDNA encapsulation
efficiency of each step was analyzed by pelleting the samples down and measuring the absorbance of
unbound pDNA (at 260/280 nm with NanoDrop Spectrophotmeter) remaining in the supernatant after
centrifugation for 30 min at 24,400 x g. Thus, the amount of bound pDNA was examined indirectly.
The products of each step were characterized to obtain hydrodynamic size, PDI, and {-potential,
and their morphology was observed by TEM.

2.4.1. Determination the Complexation of pAmCyan in Starch-Chitosan Poly plexes

Complexation and stability of pAmCyan in starch-chitosan polyplexes was evaluated by a
gel retardation assay using agarose gel electrophoresis. Further, to facilitate DNA fragmentation,
the endonuclease BamHI was used, which linearizes the plasmid, and heparin addition to cause
the release of pDNA from the complex. Polyplexes containing 500 ng of pDNA per sample from
each step of the formulation process were first digested with 0.5 uL. BamHI for 2 h at 37 °C with

65



SCIENTIFIC OUTPUT

Polymers 2018, 10, 252 8of21

shaking. Afterward, 3 ul. (30 mg/mL) heparin was added to solutions of digested polyplexes,
incubated for 15 min at room temperature and then mixed with 2 uL. of orange DNA loading dye
(6x; Thermo Fisher Scientific, Waltham, MA, USA). These mixtures were then loaded into 0.75%
(w/v) agarose gel containing 5 L of ethidium bromide and run for 60 min at 50 V in 0.5 x TBE-buffer.
The visualization of the bands was performed with a UV illuminator, Fusion FX7 imaging system from
Peglab (Erlangen, Germany).

2.42. In Vitro Transfection Studies in A549 Cells

To test the effidency of the pAmCyan loaded polyplexes, in vitro transfection studies were
performed in A549 cells. Briefly, A549 cells were seeded in 24-well plates, at a density of 25 x 10 cells
per well in 500 ul. of RPMI cell culture medium with 10% FCS. Cells were grown for 2 days
to reach a cell confluency of 60-70%. Polyplexes of the pAmCyan double loaded carrier system
(see Section 2.4) containing 1 ug of pAmCyan (polyplex concentration ~60 pg/mL) were prepared
with a ratio of 1:30, 1:50 and 1:100 between pDNA:polyplexes in 500 ul. of HBSS buffer. Then,
cells were washed twice with HBSS buffer and incubated with the polyplexes for 6 h. After 6 h
of incubation, polyplexes were removed and replaced with RPMI containing 10% FCS. Cells were
further grown for 2, 3 and 4 days to identify the time point of maximum reporter gene expression.
For comparison, the commercially available transfection reagent jetPRIME® was used as positive
control. Cells treated with pAmCyan-free cCP and cell culture medium alone were used as negative
controls. For confocal laser scanning microscope (CLSM; Leica TCS SP 8, Leica, Wetzlar, Germany)
visualization, cell membranes were stained using RGA I (15 ug/mlL), and cell nuclei were stained
with DAPI (0.1 pg/mL). Samples were then fixed with 3% paraformaldehyde and stored at 4 °C until
analysis. All images were acquired using a 25x water immersion objective at 1024 x 1024 resolution
and further processed with LAS X software (LAS X 1.8.013370, Leica Microsystems, Leica, Germany).
The percentage efficiency of transfected cells was quantified using flow cytometry (BD LSRFortessa™
Cell Analyzer, Biosciences, Heidelberg, Germany). Fifty thousand cells per sample were counted by
the cytometer and data were analyzed using FlowJo software (FlowJo 7.6.5, Flow]Jo LLC, Ashland,
OR, USA). Three independent experiments were performed in triplicates, and results expressed as the
mean =+ standard deviation (SD).

A) Model drug-loaded anCP

Tobramyein . Colistin Tobramycin/Colistin loaded anCP
[T anionic Starch
m A (-
Y AR NN }
N PO . + ©oor
R NN : B
LAY a) oligo chitosan

B) Preparation of pDNA (pAmCyan) loaded cCP as model nucleic acid cargo

pAmCyan pAmMCyan loaded anCP
R =

N - .
N

e

pAmMCyan loaded cCP pAmCyan double loaded cCP

Scheme 2. [llustration of starch-chitosan polyplex-preparation for drug-loaded polyplexes.
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3. Results and Discussion

3.1. Preparation and Characterization of Drug-Free Starch-Chitosan Polyplexes

This study represents an extension in comparison to the particle preparation approach of
Barthold et al [29], in which the large poly dispersity index modified starch was employed for colloidal
formation. Furthermore, the chemical modification in that reported study, which was used to produce
cationic starch derivative, resulted in unfavorably additional synthesis step. Although the particle
preparation was well established, the lack of cationic strength due to an obviously low converting yield
of cationic starch synthesis limited the carrier capacity for anionic net charge actives of such system.
Thus, we used fractionally modified starch derivatives to have better control of colloidal stability,
and different molecular weight chitosan derivatives as strong counter excipient for the polyplexes
produce. Both excipients are polysaccharides and therefore have favorable characteristics with respect
to biological safety, biocompatibility and biodegradability. The simple production of polyplexes using
these excipients has the perspective to be readily up-scaled. In the first series of preparations, we
studied the plain polymeric complexes by combining both excipients in aqueous solution, with the
electrostatic interaction between opposite charges of the individual polymers resulting in polyplex
self-assembly. During the optimization of this process, various combinations of types of polymers,
C/N ratio, and initial polymer solution concentration were investigated to find a stable and narrow
size distribution of the produced colloidal structures (details of the optimization can be found in
the Supplementary Materials, Tables S1 and S2). The best of several stable polyplex formulations
was produced using a C/N ratio of 10:1, utilizing anionic starch and oligochitosan. Starch-chitosan
polyplexes were obtained with an anionic surface charge evidenced by a -potential of around —30 mV.
The size of polyplexes could be varied from 150 nm to 350 nm by changing of polymer concentration,
with a narrow PDI (<0.3) in all cases. The impact of polymer concentration on polyplex size was
expected and already described for comparable systems [30,31]. Spherical polyplex morphology was
visualized using TEM (Figure 1A).

Drug-free anCP

Figure 1. Transmission electron microscope (TEM) images of drug-free starch-chitosan polyplexes
stained by 0.5% phosphotungstic acid solution: (A) drug-free anCP; and (B) drug-free cCP.

Reversing the C/N ratio to 1:10, and using starch (Myw 30-100 kDa) and Protasan (M ~90 kDa)
resulted in a switch of the surface charge from anionic to cationic (further termed as cationic CP),
with a {-potential of around +40 mV. The size of particles varied from 214.3 nm to approximately
400 nm depending on the polymer concentration and C/N ratio (Supplementary Materials, Tables S1
and S2). As both anCP and cationic CP systems formed as a result of attractive forces of polymer
functional groups, further aggregation of systems over time may potentially occur; the physical
stability of the polyplexes was therefore studied over a time course with storage at 4 °C. The colloidal
characteristics of both, anCP and cationic CP, remained stable for 27 days with a PDI of ~0.18 and a
{-potential of —30 mV and +35 mV for anCP and cationic CF, respectively (Supplementary Materials,
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Figure S1). Consequently, the utilized preparation process represents a straightforward approach for
the formulation of versatile nanoparticles.

The possibility to control the surface charge of a nanocarrier is advantageous for both improving
the interaction with the drug to be encapsulated as well as in a later stage the interaction with the
target cell [32]. Therefore, the ability to tune surface charge by changing the C/N ratio and molecular
weight of starch and chitosan derivatives is a distinct advantage of this novel type of carrier. The ability
to load drug molecules of differing structure size and charge, such as e.g., low-M,, anti-infectives
as well as high-M,, plasmid DNA, into these carriers was then investigated. Furthermore, a simple
coating process was employed to minimize the use of cationic polymer, while still allowing for
positive surface charge tuning of particles. The anCP were coated with an additional layer of Protasan
(M,, of 90 kDa) resulting in cationic coated polyplexes, cCP. The organic solvent-free procedure was
performed in aqueous solution in the presence of PVA as a stabilizer, and led to stable cationic particles
with a {-potential of +27.1 mV, and a spherical morphology (Figure 1B). The hydrodynamic size
and PDI decreased in comparison to anCP (Table 1, Supplementary Materials Table S3) due to the
improved electrostatic interaction between the excipients. Furthermore, the anionic, cationic and
coated polyplexes overall indicated -potential values of around £30 mV at which the value ensures
improved colloidal stability [33-35], giving the polyplexes the possibility to survive and overcome
various biological barriers and reach a specific site of interest.

Table 1. Summary of characteristics of representative drug-free (plain) polyplexes. All measurements
were conducted in triplicates. n = 3, mean =+ SD.

Polyplexes Size (nm) PDI C-potential (mV)
Drug-free anCP 287.9 + 50 0.22 =001 297 +04
Drug-free ¢<CP 2054 +39 0.14 £ 002 271+ 10

3.1.1. Colloidal Stability of Drug-Free anCP and cCP

To explore the potential to administer anCP and c¢CP by various routes, the physicochemical
stability of these systems was investigated at pH values ranging from 3.5 to 8.0, as relevant for various
drug administration pathways. The stability of the polyplexes in different conditions of pH was
investigated following 30 min, 1 h, 3 h and 24 h of incubation. As the assembly of the polysaccharide
nanoparticulate systems was based on electrostatic interaction, stability of such systems mainly
depends on its surface properties which are, in turn, influenced by surrounding environmental factors,
e.g., ionic strength and pH values [35,36]. anCP showed stable characteristics regarding size, PDI and
(-potential, even at the lowest investigated pH value of 3.5 after 3 h incubation (Supplementary
Materials, Figure S2). In agreement with the results of Yamada et al. [12], the relatively high M,
(>100 kDa) of the anionic starch clearly aids in stabilization of the particles.

However, the possible dissociation of carboxylate groups on particle surfaces may have eventually
led to colloidal aggregation [36] at pH 3.5 and hence destabilized the polyplexes, as indicated by
stability data after 24 h of incubation. By contrast the anCP remained stable at all other, higher,
pH values after a 24 h incubation (Figure 2), which could be explained by an enhanced repulsive force
among anionic particles due to increasing deprotonation of surface carboxylate groups at high pH
values. The stability test performed on cCP revealed a stable particle size and PDI at all pH values
after 24 h, however a reduction in ¢cCP {-potential was seen from pH 3.5 to 8.0 (Figure 2). This behavior
is explained by protonation of chitosan molecules, which, being a weak polyelectrolyte with a pK,
of approximately 6.5, has a changing protonation degree depending on the pH of the surrounding
solution [37]. An increase in pH value up to 8.0 resulted in a diminishing protonation degree of
the chitosan polymer [37,38], thereby resulting in a decrease {-potential. Nevertheless, a continued
stability of cCP at all tested pH values, especially at pH 7.5 and 8, which are higher than the chitosan
pK. value, could be conferred by the presence of PVA, as a stabilizer that interrupts colloid interaction
and aggregation. The stability of both anCP and cCP over a broad range of pH values clearly indicated
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flexibility in the potential application of such a tunable carrier system, for drug delivery via various
routes of administration. The system could be considered for use in pulmonary delivery, where the
local pH is nearly neutral; for gastrointestinal and vaginal delivery, where a low pH environment is
encountered [39-41]; and in other applications.
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Figure 2. Characteristics of anionic core polyplexes (anCF, A1, A2 and A3) and Protasan-coated core
polyplexes (cCF, B1, B2 and B3) after 3 h and 24 h incubation in pH conditions ranging from 3.5 to 8.0.
The pH-values changed accordingly starting from an initial pH-value of the samples of 5.5 n= 3, mean £ SD.

3.1.2. Cytotoxicity Assessment

A549 cells were used in our study as a model cell line to test the potential of our carrier system.
Figure 3 shows the viability of A549 cells exposed to anCP and c¢CP with concentrations up to
500 ug/mL, with the light grey area marking the concentration used for later MIC assays and the dark
grey showing the concentration employed in subsequent transfection studies. The anCP demonstrated
almost no cytotoxicity over the tested concentration range, with an observed cell viability of nearly
100% at all concentrations. However, in contrast, cell viability decreased markedly following treatment
with increasing concentrations of cCP. This may be due to their cationic surface charge [42], which,
on the other hand, could potentially facilitate a higher cellular uptake of cCP [43], as is particularly
relevant for pDNA delivery applications. Ultimately, the cationic surface charge of such pDNA
polyplex must be carefully tuned towards an acceptable compromise between transfection efficacy
and biocompatibility.
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Figure 3. Cell viability assayed by MTIT after 4 h incubation (mean £+ SD, n = 9 from three
independent experiments).

3.2. Loading of anCP with Low-Mw Anti-Infectives

3.2.1. Optimization of the Preparation Process and Drug-Loading

To explore the potential of anCP as a carrier for diverse drug cargos, the aminoglycoside
tobramycin (M,, = 467.5 Da), and the oligopeptide colistin (M,, = 1267.5 Da) were chosen as low
molecular weight cargos. Tobramycin and colistin are active against Gram negative bacteria, and are
two of the four drugs specifically approved in Europe for application as inhaled therapies for chronic
bronchopulmonary P. aeruginosa infection in cystic fibrosis patients [25,26,44]. Fast elimination and
poor permeability however often limit the delivery of hydrophilic anti-infectives, such as tobramycin
and colistin, requiring frequent and high dosing with the risk of adverse drug effects and the
development of bacterial resistance. Approaches to encapsulate these essential anti-infectives within
drug carrier systems to avoid such delivery problems and preserve their activity have therefore been
described [30,45]. Tobramycin and colistin both have net positive charges at a neutral pH value due
to the presence of amine functional groups in their structures. Thus, it was hypothesized that their
properties would be conducive to incorporation into anionic starch-based particles. Consequently,
the interaction of further applied chitosan molecules and anionic starch would be affected, which
would eventually lead to unstable colloids and aggregation of the resulting system. Therefore,
before coacervation, the potential binding of anti-infective molecules to oxidized starch polymer
(Myw of >100 kDa), was investigated by isothermal titration calorimetry (ITC), which revealed the
thermodynamics of the binding and helped to estimate the optimal drug amount for loading in
anCP. Tobramycin and colistin respectively were injected as aqueous solutions to saturate an anionic
starch solution, as shown in Figure 4. Values in the inset tables were calculated by the software
NanoAnalyze, yielding the same Gibbs free energy (AG) for the interaction of around —17.12 kJ /mol
for both tobramycin and colistin respectively with the anionic starch polymer. Moreover, based on
the thermograms from the ITC analysis, the amount of tobramycin or colistin needed to completely
saturate the anionic starch polymer is known. To completely saturate the fixed amount of anionic
starch (e.g., 5 mg), there is a need of 1 mg tobramycin, while the needed amount of colistin is 3 mg.
The interaction between drug molecule-anionic starch, as well as the number of amine groups on each
drug molecule are similar; their molecular weight, however, are nearly three times different. Thus, the
amount of the used colislin was three times higher than that of tobramycin. With the aforementioned
optimization, the amounts of drugs were selected and for further investigation of drug-loaded anCP.

Having illustrated a clear interaction of tobramycin and colistin with anionic starch, preparation
of drug-loaded anCP using chitosan as a counter polymer was investigated. Anionic starch and
the selected anti-infective were first incubated, followed by the addition of an appropriate amount
of pre-warmed chitosan solution, leading to the formation of polyplexes by self-assembly of these
polyelectrolytes. A comparable particle preparing procedure was described by Deacon et al. for
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tobramycin and alginate [30]. The C/N ratio and the initial concentrations of the three components
(anionic starch, chitosan, and tobramycin or colistin) were varied, and the characteristics of the
resulting polyplexes were investigated in order to achieve an optimal formulation. The results of
this optimization work are highlighted in Table 2, with additional data shown in the Supplementary
Materials (Tables S4 and S5).
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Figure 4. Isothermal titration calorimetry (ITC): (A) titration of tobramycin (25 mM) into anionic
starch derivative (Mw of >100 kDa) (0.1 mM); and (B) titration of colistin (25 mM) into anionic starch
derivative (M,, of >100 kDa) (0.1 mM).

The loading capacity of tobramycin and colistin in anCP was then evaluated. Encapsulation of
these molecules into anCP was based on the association of anionic ions of oxidized starch and cationic
ions of drug molecules. Hence, by using a fixed amount of drug molecules, and varying the C/N ratio
(by varying the amount of added chitosan derivative) as well as the initial concentration of polymer
solution, stable drug-loaded colloids could be produced. As shown in Table S4, tobramycin-loaded
anCP ranging in size from 165.8 + 0.8 nm to 375.9 + 1.8 nm with a homogenous distribution (PDI < 0.3)
were formed. The {-potential of tobramycin-loaded anCP generally increased from nearly —30 mV
to average —17 mV, which suggested the presence of cationic drug molecules not only within the
polyplex matrix, but also on the surface of polyplexes. An increasing C/N ratio also resulted in a
tendency for decreasing particle size from 375.9 + 1.8 nm to 175.2 £ 2.8 nm. This decrease in size could
be due to a condensing effect when using a higher amount of starch, which introduced an excess of
available anionic ions for interaction with chitosan, even after incubation with tobramycin. As a result,
the colloidal characteristics of tobramy cin-loaded nanoparticles were not significantly different to
those of unloaded systems. To obtain colistin-loaded anCF, an amount of colistin three times higher in
comparison to tobramycin was employed for pre-incubation with anionic starch, due to the molecular
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weight difference between the two drugs. Colistin-loaded anCP were prepared again using varying
polymer concentrations. As the final concentration decreased, while C/N ratio was maintained at 40/1,
the particle size decreased from 324.4 & 3.6 nm to 266.3 + 6.5 nm (Table S5). The colistin loaded systems
were also stable and homogenous with PDI values lower than 0.3. The results, therefore, clearly show
that a reduction in polyplex size resulted from a decrease in employed polymer concentration; this is
also in accordance with observations in previous studies [31]. Overall, there was an increase in the
(-potential of drug loaded carriers as compared to unloaded, which is evidence for the presence
of positive net charge anti-infective molecules on carrier surfaces. The size of colistin-loaded anCP
was generally larger than the corresponding tobramycin-loaded anCF, which could be explained
by the possible formation of colistin micelles during incubation with starch solution. This is made
possible by the amphiphilic molecular structure of colistin, which possesses a lipophilic fatty acyl tail
and a hydrophilic head group [46]. Consequently, the addition of chitosan supported the colloidal
stability of the polyplex system. The morphology of anti-infective loaded anCP was spherical as
investigated by TEM (Figure 5A,B). The encapsulation efficiency (EE) and loading rate (LR) of colistin-
and tobramycin-loaded anCP are highlighted in Table 2 and Tables S6 and S7. The EE and LR
values were indirectly calculated by collecting supernatants after two washing steps. As determined
using HPLC, colistin encapsulated within anCP showed maximum values of 96.57 + 0.19% and
22.70 £ 0.33% for EE and LR, respectively. Incorporation of tobramycin, determined by product
fluorescence at 344/450 nm, also showed an EE higher than 98% in all cases, but comparatively
lower LR values (2.9 &+ 0.0% maximum). The high EE of both model drugs (>90% in all cases) was
a result of pre-determination of the interaction between drug molecules and anionic starch, which
allowed estimating the amount of used drug in encapsulation and thereby maximization of the
encapsulation efficiency. The LR of tobramycin-loaded anCP showed a rational loading capacity for
polymeric nanoparticles with a size of approximately 200 nm, while the LR of colistin-loaded anCP was
surprisingly high. This might be due to the aforementioned micelle formation of colistin molecules,
stabilized by the starch polymer solution. Hence, colistin could be localized in the core of nanoparticles,
covered by starch polymer molecules, and could also be loaded on the surface of the system due to
charge interaction. The results clearly demonstrate the capacity of the anCP carrier system to be loaded
with either type of low-M,, anti-infectives.

Table 2. Summary of characteristics of drug-loaded anCP, %EE = encapsulation efficiency and
%LR = loading rate. All measurements were conducted in triplicates. n = 3, mean £ SD.

Polyplexes Size (nm) PDI ¢ potential (mV) %EE %LR
Tobramycin loaded anCP 1752428 018000 168210 987+ 01 29200
Colistin losded anCP 2663+ 65 027001 ~146205 966402 172401
PAmCyan losded anCP Z18+24 0251001 298206 766406 030002
pAmCyan loaded cCP 2140435 Q17 +001 280406 @7+141 021006
pAmCyan double losded P~ 2046435  0.16< 002 255406 939445 3310150

Furthermore, the cumulative release profile of both tobramycin and colistin from drug-loaded
anCP were studied in PBS at 37 °C, the results are shown in Figure S3. Clearly, the controlled release of
anti-infective in PBS could be observed in both cases, with over 40% and 20% of drug released over
the period 16-24 h for tobramycin and colistin, respectively. The initial burst after 4-6 h incubation
was recorded as on average nearly 30% for tobramycin and 20% for colistin. The percentage of initial
anti-infective released from the anCP would represent the amount of drug molecule loaded on the
particles surface. Interestingly, the release of colistin at all time points are relatively lower than that
of tobramycin, which would again be explained by the aforementioned micelle formation of colistin
molecules that are stabilized and maybe then embedded inside the polymeric polyplex. The release
results would help predict the drug carriers behavior in further in vitro experiments. To evaluate
the release of the anti-infectives from drug-loaded anCP, and have better insight into the controlled
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release in vitro or in vivo, in which other components exist, e.g., bacteria, would require more complex
biologically simulated tests that were beyond the scope of the present study.

Tobramycin loaded anCP
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pAmMCyan loaded cCP  pAmCyan double loaded
cCP
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Figure 5. Transmission electron microscope (TEM) images of drug-loaded starch-chitosan polyplexes
stained by 0.5% phosphotungstic acid solution: (A) tobramycin loaded anCP; (B) colistin loaded anCP;
(C) pAmCyan loaded cCP; and (D) pAmCyan double loaded cCP.

3.2.2. Efficacy of Anti-Infective Loaded anCP

While anCP have the capacity to load different types of anti-infectives including small molecule
and peptide drugs, it is important that the particle excipients do not interfere with action of
active agents which might confound the further evaluation of drug delivery systems. Hence,
the anti-microbial activity of blank anCP and anti-infective loaded anCP were studied against E. coli
and P. aeruginosa in comparison to the use of free drugs. As shown in Table 3, the antibacterial
activity of drug-loaded anCP was relatively similar to that of the corresponding free drug. MIC values
obtained show that blank anCP were not active against E. coli and P. aeruginosa at the highest tested
concentrations, which means the formation of polyplexes with anCP did not compromise the intrinsic
anti-microbial efficiency of either antibiotic. To demonstrate a superior safety and efficiency profile of
such nanocarriers in comparison to the free drug would require some more complex biological test
systems that were beyond the scope of the present study.

Table 3. MIC assay results against E. coli and P aeruginosa.

Samples 1C90 against E. coli (ug/mL) 1C90 against P. acruginosa (ug/mL)
Tobramycin 02-03 156
Tobramycin loaded anCP 02-03* 156+
Colistin 04-05 3.125
Colistin loaded anCP o0s* 3.125-625°
an(CP >64 >64
* Drug content in anCP.
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3.3. Loading of anCP with High-Mw pDNA

A model plasmid DNA encoding a fluorescent dye (pAmCyan) was further incorporated into the
carrier system in a three-step procedure (core formation, Protasan coating and pDNA complexation),
to demonstrate the ability of the polyplexes to deliver a broad spectrum of cargos. The three-step
procedure also lead to an increase of nucleic acid encapsulation within the polyplexes, protecting
nucleic acids from enzy matic degradation. Produced pAmCyan loaded polyplexes were again found
to have a spherical structure (Figure 5C,D). The physiochemical characteristics of all intermediate
and final polyplexes in this stepwise production can be found in Table 2. Each subsequent step
in the preparation procedure results in a denser complexation, with the pAmCyan double loaded
cCP showing the smallest size and most narrow size distribution (lowest PDI value). Furthermore,
the {-potential was observed to switch from negative to positive after coating with Protasan, with
a further slight decrease after complexation with negatively charged pAmCyan. The additional
complexation with pAmCyan resulted in a 15% higher encapsulation efficiency in comparison to the
intermediate step 2 (Table 2). Additionally, agarose gel electrophoresis (Figure 6, left) elucidates that
no pDNA could run through the gel, which indicates that pDNA is strongly complexed within the
polyplexes. Only further treatment with BamHI and heparin causes pDNA release as seen through
the bands (Figure 6, right). Furthermore, pDNA loaded anCP and pDNA associated on the surface of
polyplexes (pDNA double loaded ¢CP) allow an easier intercalation of EtBr and faster release with
heparin, whereas pDNA loaded cCP is densely packed impeding pDNA release as no free pDNA
bands can be observed in the gel.

1. Marker 5. pDNA loaded anCP 8. pDNA + BamHI

2. Naked pDNA 6. pDNA loaded cCP 9. pDNA loaded anCP + BamH| + Heparin

3. Plain anCP 7. pDNA double loaded cCP 10-pDNA loaded ¢CP + BamHI + Heparin

4. Plain cCP 11.pDNA double loaded cCP + BamHI + Heparnn

a 9 10 n

7
4

Figure 6 Gel retardation assay using agarose gel electrophoresis of plain and pDNA (pAmCyan)
incorporated polyplexes for all three preparation steps in comparison with naked pDNA (undigested
pDNA) and digested pDNA (pDNA + BamHI).

Potential of Polyplexes for pDNA Delivery

Using nanoparticles as a non-viral delivery system for gene therapy represents a significant
challenge, as nanocarriers need to cross several biological barriers while preserving the functionality of
carried pDNA. pDNA condensed inside the nanocarriers must survive the acidic conditions inside the
lysosomes and escape the lysosomal compartment in order to cross the nuclear membrane [43]. Current
knowledge of polymeric transfection systems suggests that a good pH-buffering capacity (a process
known as the “proton sponge effect”) [47] is an important factor in the achievement of endosomal
escape. Here, the potential of starch—chitosan polyplexes for nucleic acid delivery was explored
by in vitro transfection studies using A549 cells. Three different ratios between pDNA:polyplexes
have been studied to investigate the best transfection rate. While 1:50 and 1:100 show no significant
transfection (data not shown), 1:30 mediated successful transfection, with the highest reporter gene
expression observed after 48 h with 5% of transfected cells. In comparison, jetPRIME® as positive
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control had a higher transfection efficiency (45%) after 48 h, which rapidly decreased to 30% after
72 h and to 25% after 96 h (Figure 7). The comparatively lower transfection efficiency of the
polyplexes may be due to a high stability of condensed pDNA, leading to an incomplete release
of pDNA inside the cytoplasmic compartment [48,49). Further improvement of the transfection
efficiency would presumably be achievable by addition of endosomal escape moieties [50,51], or with
chitosan derivatives (e.g., trimethylation or amino acid conjugation) [52,53]. However, such efficacy
improvements often impact the biocompatibility. Thus, optimization between safety and efficacy
should be performed for a selected nucleotide type, target application, and delivery route, since carrier
stability, cellular uptake, and functional efficacy are highly dependent on all these factors.

A After 48 h After72h After 96 h
=
s
3
o
=1
8.2
a
2
S5 0
2%
53
Q
g8
<
a
—é -- -
1
=]
Qo
®
=
®
=]
L)
=z
B C After 48 h After 72 h
e @m 48h
L R W 72h
- 30 F 9%h
3 i ,
e
I :
£ | byt ey
olaz ZH T is After 96 h
o & o Q = Negative control
066 \Qs' 0*9 & mm Positve contral
& & & .b'b (etPRIMES)
o \\‘ & N | N ~
& & & 056” Jaked pAmCyan
‘Pf 06 pAMCyan double
& & loacked cCP

Figure 7. (A) Representative confocal images of A549 cells transfected with pAmCyan double
loaded pAmCyan by using jetPRIME® as positive control and only cell culture medium as negative
control. Transfection was analyzed with CLSM after 48 h, 72 h, and 96 h. Green fluorescence reveals
cells successfully transfected with the polyplexes while their morphology remains consistent with
non-transfected cells (red: cell membrane; blue: cell nucleus; scale bar 50 um). (B) The transfection
efficiency was further quantified using flow cytometry, which indicated the highest amount of
transfection after 48 h for pAmCyan double loaded cCP. (C) Representative graphs obtained with
flow cytometer.
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4. Conclusions

In this work, we produced a flexible, straightforward and organic solvent-free procedure for
the manufacture of nanocarrier systems based on the natural, biodegradable and biocompatible
polysaccharides starch and chitosan. Starch and chitosan derivatives of different M,, ranges were
combined by adjusting the molar ratio of carboxyl and amine functional groups, polymer concentration
and counter polymer type to obtain a delivery system with tunable properties including surface charge
and size. Core polyplexes (CP) were built by complex coacervation of anionic starch (M,, ~100 kDa)
with positively charged chitosan derivatives (M,, ~5 kDa) in aqueous solution. The polyplexes with
the best colloidal properties were obtained at a molar ratio of carboxyl and amine groups of 10:1.
The negatively charged core polyplexes remained stable on storage for over 27 days. We further focused
on optimizing anionic CPs by coating them with an additional layer of chitosan (Protasan, My ~90 kDa).
Cell viability testing of anCPs and ¢CPs indicated a low level of cytotoxicity acceptable for use in
biological systems, and colloidal stability at different tested pH values. The developed anCP system
further showed good carrier properties, allow ing for high encapsulation efficiency (>90%) of cationic
peptide (colistin) and small molecule (tobramycin) anti-infectives without compromising antimicrobial
activity. Moreover, the cationic polyplexes, cCF, allowed for double encapsulation of plasmid DNA
(pAmCyan) for intracellular delivery as confirmed by gel retardation assay, and facilitating in-vitro
transfection in A549 cells.

Starch-chitosan polyplexes show high flexibility for designing multifunctional carriers, in which
for example the core polyplexes can encapsulate anti-infectives, while the outer coating layer could
be used to incorporate other components like enzymes or nucleases (e.g., deoxyribonuclease I) to
enhance drug penetration through biofilms or mucus [30]. For gene therapy purposes the inner
polyplex can be used to carry and protect plasmid DNA, while the surface could be decorated with a
second polynucleotide.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2073-4360/10/3/252/ 51,
Figure S1: Physicochemical stability of starch-chitosan CF, in which anCP was produced with C/N ratio 10/1,
and catCP was produced with C/N ratio 1/10, upon storage (4 °C). The particles were diluted into Milli-Q
water at each time point for the measurement of size, PDI and {-potential N =3, n = 3, mean = SD); Figure S2:
Physicochemical stability of starch-chitosan anCP and cCP at different pH values ranging from 3.5 to 8.0, after
30 min and 1 h incubation. The initial pH-value of the samples was 5.5. N = 3, n = 3, mean + SD; Figure S3:
Cumulative rel of tobramycin from tobramycin loaded anCP, and colistin from colistin loaded anCP performed
in PBSat 37 °C. N = 3, n = 3, mean =+ SD); Table 51: Summary of starch-chitosan CP characteristics obtained by
varying polymer types, polymer concentration, and C/N molar ratio. N > 3, n= 3, mean =+ SD; Table S2: Summary
of starch-chitosan CP characterization with optimal C/N ratio varied by change of polymer concentration. N > 3,
n = 3, mean =+ SD; Table S3: Summary of anionic CP (anCP) and Protasan coated anCP (cCP) characteristics,
in which anCP was produced with parameters, namely C/N ratio 10/1, and polymer concentration at 6.5 mg/ml.
N > 3, n=3, mean % SI); Table S4 of tobramycin-loaded anCP characteristics achieved by variation
of C/N ratio and polymer concentration. N' > 3, n = 3, mean + SD; Table S5: Summary of colistin-loaded anCP
characteristics resulting from variation of polymer concentration. N > 3, n = 3, mean + SD; Table S6: Summary of
drug loading quantification of tobramycin-loaded anCP. N > 3, n = 3, mean + SD); Table 57: Summary of drug
loading quantification of colistin-loaded anCP. N > 3, n = 3, mean =+ SD.
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ABSTRACT: The majority of the currently used and
developed anti-infectives are poorly water-soluble molecules
The poor solubility might lead to limited bioavailability and “
pharmacological action of the drug. Novel phmem'cd

materials have thus been designed to solve those problems and

improve drug delivery. In this study, ropose a facile

method to produce submicrocarriers (sMngby electrostatic LI | |
gelation of anionic Bcydodextrin (a8-CD) and chitosan. The ~ A <~ © ~/ 2. : “
average hydrodynamic size ranged from 400 to 900 nm by s L e ‘
carefully adjusting polymer concentrations and N/C ratio. The Peacy oehie Biosnh iatusion .o s

distinct host—guest reaction of cydodextrin derivative is

considered as a good approach to enhance solubility, and prevent drug recrystallization, and thus was used to develop sMC
to improve the controlled release profile of a poorly soluble and clinically relevant anti-infective ciproflaxacin. The optimal molar
ratio of ciproflaxacin to aB-CD was found to be 1:1, which helped maximize encapsulation effidency (~90%) and loading
capacity (~9%) of dprofloxacin loaded sMCs. Furthermore, to recommend the future application of the developed sMCs, the
dependence of cell uptake on sMCs size (500, 700, and 900 nm ) was investigated in vitro on dTHP-1 by both flow cytometry and
confocal microscopy. The results demonstrate that, regardless of their size, an only comparatively small fraction of the sMCs were
taken up by the macrophage-like cells, while maost of the carriers were merely adsorbed to the cell surface after 2 h incubation.
After continuing the incubation to reach 24 h, the majority of the sMCs were found intracellularly. However, the sMCs had been

designed to release sufficient of drug within 24 h, and the subsequent phagocytosis of the carrier may be considered as an
efficient pathway for its safe degradation and eimination. In summary, the developed sMC is a suitable sy with promising
perspectives rec ded for pulmonary extracellular infection therapeutics.

KEYWORDS: aprofloxacin, pobmharidc, macrophage uptake, cydodextrin, chitosan, drug delivery, pubmonary delivery

1. INTRODUCTION administered in rather high doses of 100 mg and more."’ While

Drug bioavailability is often limited by poor water solubility.'~ increasing drug sdubility' in 'the MOM lining fluid is one
This not only holds true for systemic bioavailability after oral part of ‘?" problem',. it is 'ko important to keep the
administration, but also for drug delivery to the lungs, which is concentrations of anti-infective in this compartment abm’rf
of increasin, ng re relevance for the treatment of respiratory bacterial d"‘ mmj.m.ally lnhlh.to‘ry concentration as long » possible.”
infections. " While the total epithelial surface area of the ~ This again, however, is impeded by the rather efficient dearance
lungs is quite large (approximately 140160 m?), the amount mechanisms of the lungs which besides systemic absorption
of liquid covering the air space of the lungs as a rather thin across the air-blood barder also includes mucociliary
lining (not more than 30 um) is not mare than approximately
40 mL.*"'° The problem of poor drug solubility has already Received: November 3, 2017
been recognized in the contexts of a so-called inhalation Revised:  February § 2018

biopharmaceutical classification system (iBCS), and is, in Accepted: February 9, 2018

particular, relevant for anti-infective, which must be typically Published: February 9, 2018
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Scheme 1. General Description of Experimental Design: Anionic 8-Cyclodextrin (a8-CD) Synthesis, Drug-Free Submicrocarrier
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clearance." For particulate matter, for example, drug carrier
systems, dearance by alveolar macrophages is of additional
importance.'* For these reasons, novel pharmaceutical materials
are needed, which allow on the one hand to significantly
enhance the solubility of poarly water-soluble drugs, and on the
other hand to prepare carrier systems capable to control drug
release over a longer period of time, and at the same time
capable to escape from premature mucociliary or macrophage
clearance.'® While true nanoparticles (<100 nm) might be too
small for such purposes, the so-called submicron range (ie,
100-900 nm) appears to provide the best opportunities.'® In
the end, it must not be ignared that for effident deposition in
the respiratory tract, such carriers need to be formulated as
phamaceutical aerosols with adequate aerodynamic properties,
that is, typically an aerodynamic diameter between 1 and $
um."” Nevertheless, as a plethora of nowel technologies to
convert nanoparticles into respirable aerosol powders, ' as well
as novel dry powder inhaltion (DPI) devices, have been
described in the recent yws,w'“ we have dedded to focus on
the two aforementioned biopharmaceutical problems. First, we
investigated pharmaceutical exdpients that can not only
significantly improve the water solubility of poody soluble
antibiotics, but also allow the fabrication of submicron sized
carriers, capable to provide good loading capacity (~10%) and
encapsulition efficacy (>90%) as well as controlled release of
the active over a period of 24 h. Second, such material should
be nontaxic and biodegradable to be safely eliminated from the
body once its task has been accomplished. Cyclodextrins (CDs)
are interesting amphiphilic molecules, which have a unique
structure consisting of a lipophilic cavity and hydrophilic
moieties.”* Such particular structure helps enhance the
solubility of poorly soluble or even insoluble low molecular
weight (Mw) molecules by forming host—guest complex
inclusion.”** The induson complex is also considered as a
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good approach to prevent the polymoghkm and crystallization
for some particular drug molecules.”™™ Hence, CD derivatives
have already been widely wsed in many pharmaceutical
applications to improve solubility and thus bioavailability.*~**

However, application of the drug-CD inclusion still suffers
from the problem of rapid release and burst effect. Hence,
formulation of CDs into nano- and microsize carriers has been
studied to further improve drug delivery by CD indusion
complexes for various route of administration including
pulmonary delivery.*** For the latter study, we have chosen
ciprofloxadn, which is the drug of choice for the treatment of
pulmonary infections by Pseudomonas aeruginosa,”’ but for
which, as a consequence of the aforementioned problems,
pulmonary delivery is still challenged, and a marketed
formulation is still not available.

Chitosan, in turn, has many good promising properties for
medical applications. It has been studied and applied in drug
delivery research, induding small drug molecules, proteins, or
nudeic adds delivery, as a biodegradable polysaccharide. ™™
Furthermore, the safety of chitosan appears to be favorable as
the result from several triak.*'~** A moderate cationic net
charge of the polymer and formulation thereof might lead to a
favorable bioadhesive interaction with mucosal surfaces.™*’

In this study, we propose a novel submicrocarrier (sMC)
compaosed of B-cydodextrin and chitosan. To form a colloidal
charge mediated complex with chitosan, some anionic #-
cydodextrin (a8-CD) derivative was prepared by complete
oxidation of primary alcohol groups (the preparation strategy is
described in Scheme 1). Stable submicrocarriers (sMCs) could
be easily obtained by simply assembling the two polymers in

q lution. This simple but flexible partide preparation
method allowed generating particles with average hydro-
dynamic size in the range from 400 to 900 nm. The process
was optimized and varied by changes of (i) initial polymer
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Figure 1. (A) Chemical structure of Cipro; (B) mokar ratio of a8-CD to Cipro versus A plot; (C) isothermal titration calorimetry (ITC): titration
of 38-CD into Cipro; (D) comparison of solubility of Gipro_a8-CD inclusion to Cipro solubilized in addition of HCI IN, and to Gipro erystal, at
10% concentration (w/w) in PBS, at 37 °C; (E) SEM image of Gipro crystal obtained from Cipro Q1% (w/w) solution, scale bar 30 um; (F) SEM
image of Cipro_a8-CD powder obtained from lyophilization of inclusion complex after keeping solution at 4 °C for ovemight, scale bar 300 nm.

concentration and (i) molar ratio of amine and carboxylate
groups (N/C ratio) in chitosan and aB-CD, respectively. Poody
water-soluble drug loading capacity of the sMCs was
investigated with a medical relevant anti-infective, dprofloxacin
(Cipro). Drug-loaded sMCs having similar colloidal character-
istics as drug-free sMCs could be obtained by performing the
same process with Cipro_aB-CD inclusion complex.

In subsequent studies, we could demonstrate that these
sMCs could significantly enhance the solubility of dprofloxacin
in a physiologically relevant liquid, and improve its controlled
release profile, as well as show good biocompatibility with
human cell lines (macrophage-like cell differentiasted THP-1
(dTHP-1) and lung epithelial cell NCI-H411). Furthermare,
the size-dependence of cellular binding and uptake for sMC
was investigated by flow cytometry (FC) and confocal
microscopy (CLSM) using the macrophagelike cell line
dTHP-1 as a model.
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2. MATERIALS AND METHODS

2.1. Materials. Ultrapure chitosan chloride salt (Mw of ~90
kDa; Protasan UP CL113 with a deacetylation degree of 75—~
90%) was obtained from FMC Biopolymer AS Novamatrix
(Norway). B-Cydodextrin (8-CD) (CAVAMAXW7) was
obtained from Wacker Chemie AG (Germany). Ciproflaxacin,
4-chloro-7-nitroberzofurazzan (NBD-C1), 2,2,66-tetramethyl-1-
piperridinylaxy (TEMPO), sodium hypochlarite solution (12%
(w/w)) (NaO), D,0, acetic add, ethanol, sodium hydroxide,
sodium borchydride (NaBH,), and phasphotungstic acid
(PTA) were purchased from Sigma-Aldrich and used as
received. Purified water is produced by Milli-Q water
purification system (Merk Millipore, Billerica MA). RPMI
1640 with Lglutamine 0.05% (v/v) and Trypsin EDTA (1x)
were purchased from Gibco, Life Technologies (Invitrogen
Corporation, USA). Penicillin-streptomycin (Pen/Strep)
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(10000 U/mL) and 4,6-diamidino-2-phenylindole (DAPI)
were also purchased from Invitrogen Corporation. SAGM
Small Airway Epithelial Cell Growth Medium was purchased
from Lonza (Switzerland). Fetal bovine serum (FBS),
Dubbecco’s phosphate buffered mline (PBS), Thiazolyl Blue
Tetrazolium Blie (MTT), phorbol 12-myristate 13-acetate
(PMA), dimethyl sulfoxide (DMSO), and Triton X-100 were
purchased from Sigma-Aldrich (USA). Rhodaminelabeled
Ricinus communis Agghitinin I (RCA I) was purchased from
Vector Laboratories Inc. (USA). Paraformaldehyde (PFA) 16%
solution was obtained from Eledron Microscopy Sdence
(USA). Fluorescence Mounting Medium was purchased from
Dako (Denmark).

2.2, Material Synthesis. 22 1. Anionic B-Cyclodextrin
(aB-CD) Synthesis. We aimed to obtain a complete oxidation of
B-CD’s primary face. aB-CD was prepared by selective oxidation
of primary alcohol groups of 8-CD in present of TEMPO and
NaOCI shown in Scheme 1.%*°% The synthesis procedure was
modified and optimized from Fraschini et al.*" Briefly, dried 8-
CD was dissolved in Milli-Q water at 50 °C, at 0.1% (w/w)
concentration. The solution was then cooled to room
temperature (RT), and TEMPO (using 0.65% of primary
alcohol group’s molar) was added. Four times malar of NaOCl
(compared to primary alcchol group’s) in its (12% (w/w))
solution was added slowly to the solution in 2 h, which allowed
the carbaxylation process to happen. During the addition of
NaOCl, pH of the mixture was adjusted to the range of 8.5-9.0
by 1 M sodium hydroxide solution. After that, NaBH, was
added dowly, and the mixture was stirred at RT ovemight and
purified by membrane dilysis (molecular weight cutoff
(MWCO) 100-500 Da, Spectrum Laboratories, USA). Purified
water was used for dialysis. The product was dried by
Iyophilzation (Alpha 2-4, Martin Christ GmbH, Osterode,
Gemnany) and characterized by "H NMR (Bruker Fourier 300)
and FTIR (Spectrum 400 FT-IR/FT-NIR spectrometer
(PerkinElmer)).

22.2 Green Fluorescent Labeled Chitosan Synthesis.
Chitosan was solubilized in purified water at 0.05% (w/w)
concentration, 1 day before reaction. Ethanol was then added
to the chitosan solution until the ratio of ethanol to water
reached 12:1 (v/v). After that, 30 equiv molar of the
fluorescent reagent NBD-Cl was added, and the reaction was
carried out for 24 h, at RT (shown in Scheme S1). The product
was purified by membrane dialysis (MWCO 30000 Da,
Spectrum Laboratories, USA) against an excess of purified
water. The product was dried by lyophilization (Alpha 24,
Martin Christ GmbH, Osterode, Germany).

223. Optimization of Anionic B-Cydodextrin_Ciprofiax-
acin (aB-CD_Cipro) Indusion. The aB-CD_Cipro inclusion
was studied by proton nuclear magnetic resonance ('H NMR,
Bruker Fourier 300), isothermal titration calorimetry (ITC),
Fourier-transform infrared spectroscopy (FTIR, Spectrum 400
FT-IR/FT-NIR spectrometer (PerkinElmer)), and scanning
electron microscopy (SEM).

'H NMR and ITC were used to identify the optimal molar
ratio of aB-CD to Cipro in the complex inclusion. To study the
inclusion by "H NMR, the appropriate amount of Cipro was
dissolved in D,0 for recording its "H NMR used as a control.
aB-CD and Cipro were prepared as the powder in the same
flask with the correct molar ratio of a8-CD to Cipro ranged 1:8,
1:4, 1:2, 1:1, 2:1, 41, and 8:1, respectively. The powder mixture
was then dissolved in 0.5 mL of D,0. The mixture was stirred
at 50 °C for 2 h and then kept at RT overnight. The 'H NMR
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spectra of all resulting solutions were analyzed The shifting of
the proton at ‘a’ pasition on Cipro’s structure (Figure 1A) was
obtained to identify the optimal molar ratio of aB-CD and
Cipro in the indusion.

The inclusion complex of aB-CD and Cipro was also
investigated by isothermal titration calorimetry (ITC) using a
NanoITC 2G (TA Inst ). The ement was used
to optimize aB-CD to Cipro molar ratio in the inclusion thereof
maximizing drug loading in Cipro loaded sMC production.
Briefly, a 7.5 mM solution of a8-CD was prepared in a 250 uL
syringe and used to saturate 1.5 mL of Cipro solution at a
concentration of 0.6 mM filled in the ample cell Following an
initial delay of 1000 5 250 uL of the aB-CD solution was
repeatedly injected into the sample cell with a spacing of 3000 s
between injections and at a reference power of 10 uCal/s. The
final thermogram and thermodynamic parameters were
produced by subtracting the heat of dilution of a8-CD (7.5
mM in 1.5 mL Milli-Q water), followed by fitting using the One
Set of Sites model in the data analysis software NanoAnalyze.
The free energy of binding (AG) was calculated using the
equation AG = AH — TAS, where AH is the enthalpy change,
T is temperature (Kelvin), and AS is the change in entropy. All
measurements were performed at 25 °C.

For further drug loaded sMC formulation, the induson
complex was prepared with the optimal molar ratio of a8-CD
and Cipro, which was obtained from 'H NMR and ITC
analysis. Briefly, the two compounds were accurately weighed
in a flask, then dissolved in purified water to a final
concentration of 0.5% (w/w). The mixture was stired at 50
°C for 2 h, and then at RT overnight to form the indusion
complex (Scheme 1). The inclusion formation was further
checked by keeping the resulting solution at 4 °C for 24 h to
observe the ization ph in comparison to the
control, a Cipro 0.1% (w/w) solution which crystallized at
these conditions. The aB-CD_Cipro complex was collected
from the solution by lyophilization (Alpha 2—4, Martin Christ
GmbH, Osterode, Gemnany). The obtained product was
visualized by SEM (details in section 2.54) and confirmed by
FTIR.

224. Comparison of Solubility. The solbility of the af-
CD_Cipro indusion in PBS, at 10% concentration (w/w) and
37 °C, was compared to Cipro solubilized in addition of HCI
1IN, and Cipro crystal obtained from Cipro solution kept at 4
°C (as mentioned). The solubility degree of Cipro after
predetermined time points was normalized and presented in
percentage of solubilzed Cipro in PBS solution. Three
independent experiments were conducted in triplicates and
results expressed as the mean + standard deviation (SD).

2.3. B-Cyclodextrin-Chitosan Based Submicrocarrier
(sMC) Preparation. 23.1. Drug-Free sMC Preparation. The
sMC was prepared by electrostatic gelation of the anionic
macromolecule, aB-CD), and cationic palymer, chitosan (Mw of
~90 kDa), in purified water (Scheme 1). Characteristics,
especially hydrodynamic diameter, of the resulting sMCs were
carefully varied by changes of initial solution of a-CD and
chitosan, and the molar ratio of amine to carboxylate functional
groups (N/C mtio). Briefly, the solutions of a8-CD and
chitosan were prepared at a defined concentration (detalled
information shown in Table S1). Chitosan solution was
adjusted to pH walue 5.5 and prewammed at 40 °C for 30
min before assembling with the appropriate amount of af-CD
solution. The mixture was vortexed for 2 min and allowed to
stand at RT for 3 h to allow equilibration of stable colloid
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before further characterization and experiments. The character-
istics of sMCs were obtained from more than three
independently different batches.

Fluorescent sMCs were prepared by the same method as
drug-free sSMC but with 10% (w/w) NBD-Cllabeled chitosan/
total chitosan.

232. Stability of sMCs in Cell Culture Medium. The
colloidal stability of different sMC size (500 nm, 700 nm, 900
nm) in cell culture medium was investigated by incubating
partide suspensions in serum-free RPMI medium, at 37 °C.
Samples were analyzed by DLS (for hydrodynamic size, PDI,
and {-p ial) after pred i bation times (2 and
24 h). Three independent experiments were conducted in
triplicates and results expressed as the mean # standard
deviation (SD).

2.4. Drug-Loaded sMCs. 2.4.1. Preparation and Opti-
mization of Giprofioxadn-Loaded sMCs. 24.1.1. Preparation
of Drug-Loaded sMCs (Cipro-Loaded sMCs). The drug-loaded
sMCs were prepared using the same protocol as drug-free
sMCs (mentioned in section 2.3) procedure in which a8-CD
was replaced by aB-CD_Cipro inclusion (Scheme 1). The drg-
loaded sMC prep using  chit as a countering
polymer was optimized, whereby the anionically charged
inclusion was dissolved in MiliQ water at the same
concentration as aB-CD, followed by the addition of
appropriate amount of prewamed chitosan solution for the
assembly. The mixture was then vortexed for 2 min and allowed
to equilibrate before further experiments and analysis as
described in section 2.3.1. Characteristics of resulting sMCs
were also varied by initial polymer concentration and N/C ratio
(detailed information is shown in Table S2). All Cipro loaded
sMC samples were prepared in minimum three independently
different batches.

24.12. Drug Loading Quantification. The Cipro loading
was determined indirectly by measurement of the free drug in
the supernatant (amount inside = initial amount—amount in
the supernatant). Drug quantification was done by fluorescent
intensity analysis of Cipro at 330/430 nm (E/E.)." A
Calibration curve was performed with nine different defined
concentrations ranged from 0 to 10 ug/mL of Cipro in water
(¥* = 0.9939). All standards were d five times, and all
measurements were done at RT (Figwe SI shows the
calibration curve).

The encapsulation effidency (EE%) and the dmug loading
capacity (LC%) were calailated according to the following
equations:

_ Weight of encapsulated drug in nanoparticles %
- Initial weight of used drug

d inc

H

EE% 100

Weight of drug in nanoparticles
Weight of nanoparticles

Whereas “Weight of nanoparticles” was calculated as (Weight
of nanopartides = Weight of polymeric materials + Weight of
encapsulated drug in nanoparticles).

Three independent experiments were conducted in triplicates
and results expressed as the mean + standard deviation (SD).

242. Drug Release Study. Ciproflaxacin release profiles
from the aB-CD_Cipro inclusion complex and Cipro loaded
sMCs 900 nm were performed in PBS (pH 74) at 37 °C.
Briefly, either aB-CD_Cipro inclusion or Cipro-loaded sMCs
was diluted in PBS to have final Cipro concentration at 10%

LC% = x 100
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(w/w) and loaded into dialysis membrane (MWCO 100-500
Da, Spectrum Laborataries, USA). After that, the whole system
was putinto 20 mL of PBS and placed on a shaker at 400 rpm
at 37 °C. The concentration of released drug was amalyzed by
collecting samples from the supernatant during the period from
30 min to 24 h. The volume was kept constant by refilling with
an identical volume of PBS. The cumulative released drug (%)
was calculated (mean + SD of n = 3). Three independent
experiments were conducted in triplicates, and results expressed
as the mean + standard deviation (SD).

2.5. Characterization Methods. 25.1. sMC Character-
ization. The sMC characteristics, including average hydro-
dynamic diameter, polydispersity index (PDI), and {-potential,
were measured using a Zetasizer Nano (Malvem Instruments,
Malvem, UK) at 25 °C.

252. Transmission Electron Microscopy (TEM). The
morphology of sMC colloid was investigated by transmisson
electron microscopy (TEM, JEM 2011, JEOL). Samples for
TEM were prepared by adding appropriate amount of sMC
suspension on a copper grid (carbon films on 400 mesh copper
grids, Pano GmbH, Germany). The grid was blotted after 10
min incubation, and samples were stained with 0.5% (w/w) of
PTA solution to enhance the contrast for TEM visualization.

2.5.3. Fluorescent Miaoscopy. Green fluorescent sMC 900
nm was visualized by fluorescent microscopy (Nikon Ti=U,
Netherlands) before in vitn experiments. The fluorescent-
labeled sMC suspension was diluted in complete cell culture
medium (10% FBS in RPMI medium) to S0 pug/mL
concentration for observation.

254. Scanning Electron Microscopy (SEM). The physical
characteristics of aB-CD_Cipro were also observed by SEM. An
appropriate amount of aB-CD_Cipro inclusion complex
powder was depasited on carbon discs (12 mm) mounted on
pin stubs (12 mm). As a reference, dried crystal of Cipro
resulting from Cipro 0.1% (w/w) solution was also observed
Images were obtained on a scanning electron microscope (Evo
HD 15, Zeiss Gottingen, Germany) at § kV acceleration voltage
and were representatives of the sample visualized.

2.6. Minimum Inhibitory Concentration (MIC) Assay.
The antimicrobial properties of sMCs, free Cipro, aB-
CD_Cipro indusion, and Cipro-loaded sMCs were investigated
by standard microbroth dilution assays with Escherichia wli
(DHSa) and Pseudomonas aeruginosa (PA14) in 96-well plates.
A suspension of E. coli or P. aeruginosa prepared from mid log
cultures in Mueller-Hinton broth or Lysogeny Broth medium
was first diluted to OD600 (absorption at 600 nm) 0.01, which
comesponds to approximately $ X 10° CFU/mL (CFU, colony-
forming units). Test samples were sMCs (dmg-free sMC,
Cipro-doaded sMCs), the aB-CD_Cipro indusion, and free
Cipro solution. PBS served as control. Bacteria-containing wells
were then treated with the respective samples and serially
diluted over a range of 0.0003—64 ug/mL. After incubation for
16 h at 37 °C, inhibitory concentration (IC) 1C90 values were
determined by sigmoidal curve fitting of absorption values (600
nm) that were measured on a Tecan microplte reader. The
1C90 values are defined as the Cipro concentrations at which
the growth of bacteria is inhibited by 90%. Three independent
experiments were conducted in triplicate.

Standard cell culture propagation and maintenance is
reported in the Supporting Information.

2.7. Cell Viability: MTT Assay. Cell viability after sMC
incubation was assessed by MTT assay. On a 96-well plate,
THP-1, NCI-H441, or human alveolar epithelial lentivirus
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Scheme 2. Interaction of sMC and Macrophages: In Vitro Study Design®
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immortalized (hAELVi) cells were seeded at a density of 1.25 x control (designated as 0% cell viability). The percentage of
10%, 4 % 10%, or 1 x 10* cells per well, respectively. THP-1 cells vizble cells was calculated in comparison to negative and
were differentiated into macrophages in the 96-well plate, as positive contmls as described by Nafee et a.** Three
described in the Supporting Information. experiments were conducted in at least triplicate.
Both THP-1 and NCFH411 cells were grown for 2 days, 2.8. In Vitro Uptake Study on dTHP-1 Cells. Uptake
while hAELVi cells were grown for 4=5 days before the study on dTHP-1 cells was performed using fluorescent labeled
conduction of the assay to allow for approximately 80% cell sMCs of three different average sizes, 500, 700, and 900 nm and
confluency. The cells were further incubated with different analyzed by the flow cytometer (FC). Furthermore, confocal
concentrations of drug-free sMCs (size of 500, 700, and 900 laser scanning microscopy (CLMS) was used to study cell
nm) for 24 h, at 37 °C, 5% CO,. After the incubation time, cells uptake of the largest targeted average size, sMC 900 nm.
were washed once with PBS, and MTT reagent (concentration The general design of in vitro uptake study is described in
of 0.5 mg/mL diluted in HBSS) was incubated for 4 h in the Scheme 2. For both experiments, THP-1 cells were seeded
dark. The supematant was further removed from the well, and either without sterile coverslip (for FC analysis) or on sterile
the formed formazan crystals were dissolved in DMSO. Finally, coverslip (for imaging by CLMS) in a 24-wéll plate (5 x 10°
the absorbance was ed at S50 nm by an Infinite cells/well) with RPMI 1640 medium containing 10 ng/mL of
M200Pro plate reader (Tecan, Germany). Cells incubated with PMA during 48 h to allow cell differentiation into macrophage-
only RPMI medium were used as a negative control like cells. Cells were then washed once with PBS, at 37 °C.
(comresponding to 100% cell viability) and cells treated with Fluarescent sMCs, concentration of 50 ug/mL, were incubated
1% Trton X-100 in RPMI medium were used as positive for 2 h in serum-free RPMI 1640 medium. After 2 h incubation,
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cells were washed two times with PBS to remove the suspended
sMCs. The cells were then ready for further steps: either for (i)
sample preparation for FC or CLSM to determine cell uptake
after 2 h incubation or (ii) further incubation with ¢
cell culture medium to reach 24 h, at 37 °C, S%ot'CO,, the
cells were then prepared for FC analysis or CLSM to detemine
cell uptake after 24 h incubation. Particle uptake at each time
point was determined by FC or CLSM, and sample preparation
for each technique is described below.

28.1. Uptake Analyzed by Flow Cytometer (FC). After
sMC incubation period as mentioned above, the medium was
removed, and the cells were washed two times with PBS.
Following, cells were detached by applying trypsin enzyme for
10 min at 37 °C. After centrifugation at 1000 X g, for 5 min, at
4 °C, the cell pellet was resuspended in 300 uL of cell culture
medium (2% FBS in PBS), and immediately analyzed with a
BD FACSCalibur (Becton-Dickinson, Heidelberg, Gemmany).
The percentage of sMCs assodated cells was determined by
defining a positive fluorescent region on the basis of control
cells (without particles), which were NBD-Clnegative. For
that, the mean value was obtained and used for gating. Then
10 000 cells were analyzed for each sample. An argon laser with
a wavelength of 488 nm was used for excitation, and emission
was recorded through a 515-545 nm filter. Results were
calculated and diagrams prepared with Flowjo software
(vemon 7.25, Tree Star, Stanford, CA, USA). Three

dent ts were conducted in triplicates, and
results apmsed as the mean + standard deviation (SD).

282. Uptake Analyzed by Confocal Laser Scanning
Microscopy (CLSM). For all samples, live cells were stained
with Rhodamine labeled Ridnus communis Agghtinin I 2 ug/
mL for 20 min, at 37 °C. After that, the samples were washed
with PBS and fixed with paraformaldehyde 3% for 30 min, at
room temperature. All samples were counterstained with DAPI
(100 ng/mL), for 15 min, washed with PBS, and mounted in
DAKO mounting medium.

Samples were imaged by CLSM Zeiss LSM710, Axio
Observer (Oberkochen, Germany) or Leica TCS SP8, Leica
Microsy (Wetzar, G ¥). Images were acquired with
a 63X water immersion objective with a resolution at 1660 X
1660, a bit depth of 8, and zoom of 1.0; z-stack images were
collected with a frame mode and a thickness of 1 um per each
focal pline. In each experiment, the green autofluorescence of
the differentiated THP-1 cells was compensated by adjusting
the green intensity gain related to the respective untreated
control. Confocal images were analyzed using Zen 2 2011
software (Carl Zeiss Microscopy GmbH, Oberkochen,
Gemnany). Cross-section images were acquired on a Leica
TCS SP8 using a 63X water objective, zoom of 123, a
resolution of 1024 X 512, and a scan speed of 400 Hz.

The number of cells that p d adsorbed or inter
sMCs was determined by analysis of Z-stacks images, and the
results were expressed in percentage according to the number
of counted cells.

2.9. Statistical Analysis. All values are given as mean +
standard error of the mean (SE), from at least three
independent experiments. Statistical analysis was performed
through GraphPad Prism Software version 7.03 (GraphPad
Software Inc, La Jolla USA) or OriginPro 2017 Software
(OriginLab Corp, Massachusetts USA). Significance was
determined by one-way ANOVA or two-way ANOVA as
indicated in the respective figure captions.

lzed
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3. RESULTS AND DISCUSSION

3.1. Excipient Synthesis and Characterization.
3.1.1. Anionic B-Cyclodextrin (aB-CD) Synthesis. 8-Cyclo-
dextrin (8-CD) was mildly modified by selective oxidation of
primary alcohol groups to prepare anionic 8-cyclodextrin (af-
CD). As characterized in Figure S2, the "H NMR spectrum of
aB-CD in comparison to that of 8-CD in D,0 shows the
absence of proton at 4993 ppm, which proves that the primary
alcohol groups of 8-CD have been fully oxidized to form
carboxylate groups Furthermore, FTIR spectra in Figure S3
also confirmed the primary face oxidation of 8-CD. There is a
frequency recorded at 1688.6 cm™ ', which carresponds to the
carboxylate groups. Hence, the a8-CD was ready to be used in
sMC preparation.

3.12. Anionic B-Cyclodextrin_Ciprofloxadn Inclusion.
Ciprofloxadn (Cipro) is an important anti-infective that is
widely used to treat a variety of infectious d:seases induding
both Gram-negative and Gram-pasitive pmhogens * The drug,
however, has short in viw oral elimination half-life, which might
require fi t d %% Hence, applying Cipro by
inhalation ltm been invesngned in a phase HI randomized
study and appeared to be favorable for the treatment of
respiratory infections.”’”***” Despite its high activity against
bacteria, the poor solubility and quick recrystallization are
particularly unfavorable linnnaceuual characteristics for its
applications, espedially in inhalation.* Therefore, in this study,
Cipro was chosen as a dinically reevant antiinfective to
explore drug loading capadity of the submicrocarrier (sMC)

system.

Applying cyclodextrins (CDs) to enhance solubility and
prevent crystallization is known as an effective approach for
many pharmaceutical applications.”™*** Moreover, many
modified cyclodextrin derivatives, including anionic cyclo-
dextrin, cationic cyclodextrin, and polymer-based cyclodextrin,
have been studied and found to have good potential for
improving drug delivery.”"’"** Nevertheless, the indusion of
CD and drug molecules has always been recharacterized after
chemical modification of CD derivatives. Hence, although &
CD derivative and C%ro indusion complex were already
reported in literature, ™ which suggested the molar ratio 1:1
of 8-CD to Cipro in the indusion, we carefully characterized
the host—guest complex of a8-CD (host) and Cipro (guest).
The investigation was to optimize the molar mtio of each
compound for the inclusion and further maximize drug
encapsulation effidency in drug-loaded sMCs

3.12.0. 'H NMR Study. The 'H NMR was used to
investigate the possible influence of the indusion formation
on proton ‘a’ of Cipro (described in Figure 1A) due to the
dimi t of rotational freedom once Cpro molecule is
localzed in an aB-CD cvity. The proton ‘a’ of Cipro
experienced a downfield shifting upon increasing concentration
of aB-CD in inclusion forming procedure (described in Figure
1B). When the molar ratio of a8-CD to Cipro went higher than
1:1, the A5 became plteaved apparently indicating the
formation of 1:1 molar ratio complex.

3.122 Isothermal Titration Calonimetry Analysis. The a8
CD_Cipro complex was also investigated by xsothermal
titration calorimetry (ITC), which revealed the thermodyn
of the host—guest reaction and helped to estimate opnmzed
drugs amount which can be included with a8-CD. The af-CD
solution was injected to saturate Cipro solution, and the final
thermogram is shown in Figure 1C. The values in the inset

DOk 10 4021 facs oo i connt 7 HODE 7
Mo, Pharmaautics 2008 15, 081 1006



Molecular Pharmaceutics

SCIENTIFIC OUTPUT

tables were calculated by software NanoAnalyze indicating the
free energy (AG) of the interaction to be —=27.62 % 0.12 (kJ/
mol) for binding, which proves the favorable host—guest
interaction between Cipro and aB-CD. Moreover, the ratio of
Cipro (guest) to aB-CD (host) was also determined at 1.074 +
0.036 proving 1:1 molar ratio in indusion complex formation of
aB-CD and Cipro.

3.12.3. Fourier Transform Infrared Spectroscopy (FTIR). In
agreement with Jiao et al*' and Sambasevam et al,** the
existence of both guest (Cipro) and host (a8-CD) molecules in
their inclusion complex is also convindngly proven by using
FTIR. Figwe S5 shows the FTIR spectra for the (a)
ciproflaxacin, (b) anionic f-cydodextrin, and (c) a8-CD_Cipro
inclusion. The spectrum of the inclusion complex generally
looks smilar to af-CD’s, but there are some major differences
in stretching vibration. In the FTIR spectrum of Cipro, there is
one prominent characteristic peak found between 3200 and
2900 cm ™" (Figure S5a), which is asigned to an OH stretching
vibration. Another band found at 2850-2750 c¢m™ mainly
represents C—H stretching vibration of aromatic-enes. As the
inclusion complex formed, Cipro molecule was localized in
cavity of aB-CD, so those bands of OH, alkenes, and aromatic
C~H stretching vibration became less significant and over-
lapped as one broad peak between 3700 and 2700 cm™ (Figure
S5¢). The peak at 1650 to 1600 cm ™" of Cipro’s FTIR spectrum
that was assigned to quinolone experienced a small shift in the
spectrum of af-CD_Cipro indusion from 1614 to 1625 an™’,
while the carbaxylate stretching of a8-CD at 16886 cm™ was
then ovedapped with the one from Cipro. Furthemore, a
strong absorption peak between 1050 and 1000 cm ™" assigned
to the C~F bond of Cipro also became overlapped in the
spectrum of aB-CD_Cipro inclusion but still recognizable and
assigned. In summary, the inclusion complex of a8-CD and
Cipro was successfully prepared and confirmed by FTIR.

3.124. SEM Images. Cipro is known as a poorly soluble
drug and molecule which is prone to fast crystal formation.
Consequently, application of Cipro as in solution, or via a
different route from the oral administration could be problem-
atic. 8-CD is not only applied to enhance the solubility of the
hydrophobic compound, but akso to prevent the arystallization
or polymorphism of drug molecules.”” Hence, after inclusion
formation, we also compared the aystallinity of a8-CD_Cipro
0.5% (w/w) concentration to Cipro 0.1% (w/w) concentration
solution, which were kept at 4 °C overnight. As can be seen in
Figure 1E, wellstructured and large crystals were formed and
observed by SEM from Cipro solution even at low
magnification (scale bar 30 gm). In contrast, if the inclusion
solution was prepared at five-times higher Cipro concentration,
crystallinity of the solution was not visualized by SEM even at
high magnification (scale bar 300 nm, Figure 1F). The different
magnifications of SEM images from both samples are shown in
Figure S6. This result proves an additional advantage of af-
CD_Cipro indusion, which is the prevention of Cipro
crystallization.

3.12.5. Comparison of Solubility. The indusion of a8-CD
and Cipro significantly increased solubility of Cipro in PBS, at
10% (w/w), 37 °C, after 3—4 h incubation, which resulted
similar to the solubility of Cipro in addition of HCl IN served
as contral (results showed in Figure 1D). Furthermore, the
inclusion was much faster and completely solubilized in PBS
over the studied period compared to the aystal form of Cipro,
which was obtained from the previously mentioned experiment.
Hence, the inclusion is expected to have better bioavailability;
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the better solubility, however, would lead to fast eimination
and burst effect. Consequently, a novel camier approach is
needed for the controlled release of the aB-CD_Cipro
indusion.

3.2. Preparation, Optimization, and Stability of
Submk:rombr. 3.21. Drug-free Submicrocarrier (sMQ).
The size rmge dicine is g lly considered smaller
than 1 gm."™ In this study, we pmpmed a fadle approach for
establishing a submicrocarrier (sMC) system by an ionotropic
assembly of aB-CD and cationic chitosan (Mw of ~90 kDa).
aB-CD provides eectrostatically networking interaction with
chitosan polymer, but it cannot help to stabilize the calloidal
formation due to its low molecular weight (Mw of 1386 Da)
small cyclic molecules.”” Hence, the stability of the sMC colloid
would be mainly dependent on chitosan derivative’s phys-
icochemical properties. Therefore, a chitosan derivative with a
high molecular weight and low degree of acetyation was
selected for colloidal formation The sMC size was carefully
tuned in the range from 400 to 900 nm, with the sze difference
between samples of approximately 100 nm, by changes of initial
concentration of polymer solution, and the molar ratio of amine
and carbaxylate functional groups (N/C ratio) on chitosan and
aB-CD, respectively. The summary of sMC characteristics is
shown in Figure 2 (diagram depicting results of DLS
measurement) and Table SI (impact of N/C ratio and
polymer concentration). By using the ratio of the initial
concentration of chitosan solution to the af-CD solution at
1.0/1.0 and 20/1.0, the sMC size was increased from 400 to
800 nm with the decrease of N/C ratio, which could be
explained by a denser assembly of chitosan and aB-CD when
increasing the amount of amine groups. When using the same
N/C ratio at a higher concentration of initial chitosan solution,
the resulting sMC was approximately 100 nm larger. The sMC
with an average diameter of 900 nm was obtained by using a
high initial concentration of af-CD. Uniform sMC size with a
narrow polydispersity index (PDI < 03) was recorded in all
samples. The presence of cationic chitosan polymer in the
assembly caused all sMC samples to have p ly charged
surfaces. The (-potential values were recorded decreasing
responding to the raising of carboxylate ratio used in sMC
formation. This tendency could be explained by the higher
binding degree of a-CD with chitosan on partide’s surface due
to charge interaction and hydrogen bonding between them.
Furthermore, morphology of sMC representatives was
spherical, as confirmed by TEM images (Figure 3B=D). As
all sMC samples share similar characteristics, the sMC with
average diameter 500, 700, and 900 nm were selected to be
presented.

322. Green Fluorescent Labeled sMC Preparation. Green
fluorescent labeled sMCs were prepared using the same
protocol as drug-free sMCs, in which 10% fluorescent labeled
chitosan out of total applied chitosan was added. The green
A ent hbded ‘.L‘A was thoci J w 1 J,
conjugating NBD-Cl to primary amine groups (Scheme S1).
The FTIR spectra (Figure $4) were not suitable to confirm
successful labeling of chitosan, which is asumed to result from
the low amount of conjugated NBD-Cl. However, NBD~CI is
known to have strong fluorescent intensity upon conjug;
with a primary amine, as NBD-amines are exdted by visible
light (464 nm) with the emision maximum of approximately
512 nm.*** As a result, the green fluorescent labeled sMCs
could be observed by fluorescent microscopy (Figure 3A) and
confocal laser scanning microscopy (CLSM), which proved a
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successful synthesis of green fluorescent labeled chitosan
derivative. Representative fluorescent labeled sMCs with 500,
700, and 900 nm average diameters were chosen for further in
vitro study.

3.2.3. Stability of sMCs in Cell Culture Medium. Cell culture
medium (RPMI) was used to dilute the sMC suspension di
in vitro experiments. Hence, characteristics of sMCs diluted in
RPMI were recorded after 2 and 24 h incubation for not
confounding depend. of uptake effidency on particle size.
The results of average size, PDI, and {-potential of sMC
suspended in RPMI are given in Figure S11. The sMCs,
regardless of size range, have stable average diameter, and
acceptable PDI value (<03). Carefully considering the average
size, there is a slight decrease after 2 h incubation. That could
be exphined by the change of pH environment from 5.5 (sMC
prepanation pH) to d 7 (pH value of RPMI). In this
condition, amine groups on chitosan became partly disasso-
ciated causing a shrinking of the hydrodynamic partide size.*®
The same process is also the reason for a substantial decrease of
{-potentiadl from around +17 mV to nearly neutral values.
Further checking after 24 h incubation, the partide size slightly
raised about 30—60 nm. Chitosan is known as a cationic
polymer, with a pK, of appraximately 6.5, which alows
interaction with negative net charged agents,*’ and there are
different kinds of ions, sugars, and vitamins in RPMI medi
which could adsorb on the surface of sMCs resulting in the size
increase. However, the assodation of such molecules on the
surface was not severe enough to destabilize the sMC system.
As the particles were produced by the assembly of a8-CD and
chitosan, aB-CD molecules are present on the sMC surface
(described in Scheme $2). Consequently, the colloidal surface
is coated with the secondary face of af-CD, which possibly
helps to prevent an interaction between ingredients in the
medium and particles®® Furthermore, 900 nm sMCs
suspended in RPMI were alo visualized by fluorescent
micrascopy, which shows the nonaggregated colloidal system
(Figure 3A). Condusively, the prepared sMCs are stable to be
used for studying dependence of dTHP-1 uptake on particle
size.

3.3. Drug-Loaded Submicrocarrier. 3.3.1. Gprofloxadn-
Loaded sMCs: Preparation, Optimization, and Character-
ization. The obtained characterizations of Cipro loaded sMCs
were similar to those of dmgfree sMCs using the same
conditions for sMC preparation (showed in Figure 4A (size),
Table S2 (impact of preparation parameters), and Figure S7
(PDI and zeta-potential ). This could be explained by similarity
of physicochemical properties of a8-CD independent from the
Cipro induson. All samples achieved high encapsulation
effidencies (EE) in the range of 70-90%. Both EE and LC
increased when the targeted size was raised, which suggests that
higher applied ratio of a8-CD helped to increase the amount of
Cipro in the sMC system (details are shown in Figure 4B,
Table $3). Furthermore, it is dear that Cipro LC of the sMCs

‘0

.).

«MC S00 nm

Groon Fluoroeront eMC

oS N e v g

«MC 700 nm

«MC 900 nm Cipen Loadad «ME (700 nm)

F‘gwe,‘i.Fhmmtmxmpyma’(A)sMCMnm(d:q:a’ndm:smﬁteodlcuhnmedmmllPMlatSOpg/ml,37°Cfctuh)
t and colloidal stability of sMCs in such medium, scale bar § ym; (B—E) TEM images of: (B) sMC 500 nm, (C)

MMnm, (D) sMC 900 nm, and (E) Gpro loaded sMC (700 nm).

1089 mnannwnwm7
M. Phamaatics 2018 15, 0811006

89



Molecular Pharmaceutics

SCIENTIFIC OUTPUT

8) 10 1%
L] E)
L]
. ° .
£ ’ Wk
£ e . 9
£ = L -
2 . 2
3 . 3
= 404 = =
o
; 3
o
0
0 0

A) toee Elank sMC
Cipro loaded sMC

800 4 Ir
E €00
3 o]

200 4

° T
500nm

60dom  700nm
Targeted sMC's size
{ 1

ILIL PP

4.(A) ¢

%0nm  60nm  T0fem  B0Onm  B30nm
Targeted sMC’s size

by DLS) of Ciproloaded sMCs in comparison to blank sMGs, (B) dprofloxacin encapsulation

d?;:enq (EE) (%) (lghy-ns) and loadngc:pamy (LC) (%) (left y-axis) for different sMC sizes.

mainly depends on the applied amount of chitosan, as Cipro is
complexed with af-CD. As a result, to further improve the dmg
LC of the here developed system, other partides preparation
techniques, for example, spray drying, would be posible
options to optimize the used amount of chitosan at which the
characteristics and stability of the system would be controlled
and maintained.

3.3.2. Release Study. We conducted the release study in PBS
at 37 °C to investigate the release profile of Cipro from the
inclusion and the particles at predetermined time points.
Although the formation of the a8-CD_ Cipro inclusion complex
is favorable as examined in section 3.1.2, ciproflaxacin was
released from the indusion complex at the studied conditions,
as shown in Figure 5. It is suggested that Cipro has better
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]
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S
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- = Cip boaded sMC
- ¢ 80-CD_ Cip inclusion
04

1’0 1‘5
Time (h)
F‘gure 5. Cumulative release of Cipro from a8-CD_Cipro inclusion

x, and after assembly to Cipro loaded sMC 900 nm performed
in PBS 2t 37 °C

solubility in water at 37 °C,” which consequently enhances the
mobility of Cipro molecule and initiate the release of Cipro
from the complex. An expen | setup with a dialysis
membrane was used. The membrane was permeable for the
Cipro but not the complex or sMC sample. The released Cipro
found in the permeation kept increasing during the study
period. Cipro loaded sMCs, in tum, shown burst release of
Cipro during the first 4 h, particulady between 2 to 4h, with
release percentage of Cipro reaching an average value of
approximately 40%. The initial release could be mainly from the
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indusions that bind on sMC surface. Large standard deviations
of Cipro released percentage was recorded between 2 to 4 h
That could be exphined by the presence of another exdipient,
chitosan, in the system which interfered with a8-CD by charged
interaction thereof influencing the host—guest reaction of af-
CD and Cipro. As a result, 2 high amount of released Cipro was
experienced. Cipro released percentage from drug loaded sMCs
became stable at around 60% after 4 h until the end of release
study. The result suggests that embedded inclusions would be
released from chitosan matrix after 4 h exphining the plateaved
release profile of Cipro loaded sMCs The release results help
to relatively predict the behavior of drug camier in further in
vitro experiments. To predict the release of Cipro from the
indusion complex and Cipro loaded sMCs, and have better
comparison bety the two released profiles in the alveolr
space would require more complex biologically simulated tests
which, however, were beyond the scope of the present study.

3.4. Minimum Inhibiting Concentration (MIC) Assay.
The sMCs can load poorly soluble drug, particularly in this
study, ciprofloxadn. Although the release of Cipro is
demonstrated in section 3.32, it is also important to prove
that the exdpients for formulation do not interfere with drug
function which possibly confounds the further evaluation of
carrier system. Hence, the antimicrobial activity of drug-free
sMCs, aB-CD_Cipro inclusion, and Cipro-loaded sMCs was
studied against E oli and P. aeruginosa in comparison to the
use of the free drug. As shown in Table 1, the bactericidal
activities of aB-CD_Cipro indusion and Cipro-loaded sMCs
were similar to that of the corresponding free drug. On the
contrary, the IC90 values obtained for drug-free sMCs did not
show activity against either E coli or P. aeruginosa at the highest
tested concentrations In conclusion, neither inclusion into af-

Table 1. Results of MIC Assay against E Coli and P.
aeruginosa

10%0 E coli 100 P.

— (gind) i)
apraflaraan 0004-0.01 16-32
#B.CD_Cipro 0004—0.01° 16-32°

incluson
Ciprodoaded sMC 0004—0.01° 16-32°
drug free sMC >64 >64
PES buffer no inhibition no inhibition
“Drug content.
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CD nor enapsulation into sMCs interferes with the
antimicrobial function of Cipro.

3.5. Cell Viability: MTT Assay. As we aim to prepare the
sMCs for pul y delivery of anti-infective, the bi
ibility of the drug-free camier system was hvaﬂpted on
human relevant cell lines. At the alveolar space, aerosolized
partides can be phagocytosed not only by alveolr macro-
phages, as a professional phagocyte, but also by dendritic cells
or alveolar epithelium. Therefore, we assessed the sMC toxidty
in three representative human cell lines: the macrophage-li
cells (dTHP-1), the lung epithelial cells (NCFH441), and
human alveolar epithelial lentivims immortalized cell line
(hAELVi). We determined the biocompatibility of sMCs via
cell viability, assessed by mitochondrial activity, after 24 h
incubation (results are shown in Figure S8 (dTHP-1), Figure
$9 (NCI-H441), and Figure S10 (hAELVi)). The sMC
concentration range was chosen to reach with the highest test
concentration a 5-10-times the observed IC90 values of
ciprofloxacin in the MIC assay. Regardless of the sMC size,
dTHP-1 cell viability was not reduced after incubation with
sMC concentration lower than 50 ug/ml. Nevertheless, at
higher concentrations (between 50 and 100 ug/mL), sMC 500
nm induced apparent taxidty, which resulted in 50% cell death.
This reduction of viability may be due to the smaller size of this
system that originate a higher surface of expostion when in
contact with the cell membrane, leading to a reduction of cell
viability. ** The epithelial cell types, in turn, were tested with the
biggest partide system sMC 900 nm, which did not show any
reduction in viability after 24 h of incubation in the tested
concentration up to 200 ug/ml. The result that phagocytosing
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cells like dTHP-1 are more sensitive to partides than epithelial
cells was expected.

3.6. Uptake Study on dTHP-1 Cells. In this study, the
sMCs with size range higher than 400 nm were prepared to aim
for pulmonary delivery. Hence, in vitro uptake studies on
macrophages were performed to assess the ability of this system
to be phagocytosed by macrophages, which will also define the
potential of the sMCs for either treatment of intracellular or
extracellular bacterial infections. Having the size range from
400-900 nm, the applied sMCs will potentially be a target of
maaophq&s, which are esential to dear particulates via
phagocytasis.'**”® Rate of phagocytic uptake of parudes is
known to be dependent on surface properties and sze.”' " In
our study, the particle size was prepared with approximately
100 nm difference (as desaibed in section 32.1), so the
fluorescent sMCs with different sizes, induding 500, 700, and
900 nm, were chosen and to show the dependence in
uptake study. The initial incubation period of 2 h was selected
because the inherent d e mech at al space
presented at in viwo-like situation suggest this 7“'“ The
later time point was chosen at 24 h to analyze the uptake of
particles that might remain on macrophages for a period longer
than 2 h The uptake of different sMC sizes on dTHP-1 was
determined by flow cytometer (FC) (for sMCs 500, 700, and
900 nm) and CSLM (for sMC 900 nm). The in vitro uptake
study design is showed in Scheme 2.

Figure 6A and B summarize the FC results of the population
of cells that uptake green labeled sMCs after 2 h incubation.
The study indicated a low uptake (<20%) in dTHP-1 cdls for
all size ranges of sMCs. The highest percentage of cells with
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Figure 7. CLSM study of sMC (900 nm) interaction with dTHP-1 cells (nudei stained in blue, cell membrane in red, and sMCs labeled in green ):
(A) after incubation for 2 h; (B) after washing the cells to remove surface adsorbed sMCs and continuing incubation for totally 24 h. Cross-sections
are shown on the right of each image, the scale bar presents 10 ym. (C) Quantitative image analysis of CLSM data to compare the percentage of
sMC 900 nm adsorbed and intemalized, at two time points (mean % + SD, after counting at least 100 cells from 3 independent experiments). (D)
Comparison of data for intemalized sMC 900 nm as analyzed by CLMS and FC (data from Figure 6).

sMCs uptake was recorded at 17.45 + 2.15% for sMCs 900 nm,
following by 11.05 & 3.77% and 7.88 & 344% for sMCs 700
nm, and sMCs 500 nm, respectivly. The particles were
unexpectedly not uptaken much by macrophages like celks. It
might be becanse of partide stability and the reduction of the
surface charge, which paossibly reduces interaction of the sMCs
and cell membrane to initiate the phagocytosis process. Hence,
the number of internalized particles was not high The
difference in cell uptake percentage was not significant but
still mainly dependent on sMC size. The sMCs with the largest
size, 900 nm, could probably result in faster sedimentation
under in vitw experiment condition causing a fast adherence of
partides to cells membrane. Taken together the higher local
concentration, and the larger contact area, it could be explained
that the 900 nm sMCs were adsorbed on higher percentage of
cells and later uptaken. On the other hand, the smaller size
ranges need longer time to adhere to cells membrane from
partide suspension, so the cell population positive for sMC
uptake of the smaller particles was lower.

Nevertheless, when a washing step was applied at 2 h
postincubation to remove suspended sMCs, and the dTHP-1
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cells were further incubated with complete cell culture medium
until reaching 24 h, a different pattem regarding internalized
sMCs was observed. Figure 6C and D show FC results analyzed
after 24 h incubation, which indicate a higher percentage of
dTHP-1 cell uptake, in all different sized sMC samples. Hence,
it was hypothesized that after 2 h incubation, larger amounts of
sMCs had already adhered on cells surface after the washing
step, but not been uptaken yet (as shown in Scheme 2A). It is
possible that the adsorbed sMCs were removed from cells
surface during the cell detaching procedure by applying trypsin,
and the washing step before FC analysis (as shown in Scheme
2B), which was also reported by Gudewicz et al.”” and Kage et
al.”" Consequently, the percentages of cells assodated sMCs
analyzed after 2 h by FC were recorded at low numbers.
However, by further incubation until 24 h after removing
sMC suspension, we expected to monitor the internalization of
sMCs that were already attached to the cell surface (as shown
in Scheme 2C). Considering the same size of sMCs, the cell
population that was stained as an indication of sMC uptake at
24 h postincubation was approximately 30-40% higher than
that after 2 h experiments. This observation suggests that there
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were higher percentages of cells with adsorbed sMC on the
surface after 2 h incubation compared to ones with sMCs
internalized That means the cells need more time to uptake
sMCs. Additionally, the analysis at 24 h postincubation also
revealed that the sMC size that was most effidently
phagocytosed with 57.55 + 1.25% was 900 nm The cel
uptake, expressed as the percentage of positive cells, was 3748
+ 3.74% and 3228 + 2.41%, for sMC 500 nm and sMC 700
nm, respectively. The differences in cell uptake between the
partides of 500 and 700 nm size were not statistically
significant. As the sMC system has stable characteristics as
discussed in section 3.2.3, and all samples contain the same
excipients and do not show large variation in their surface
charge, the results clearly support for our discusson that the
uptake effidency of dTHP-1 was mainly dependent on partide
size. The larger sMCs would sediment faster to the cells

brane, which ¢ tly initiated the phagocytosis and

4. CONCLUSION
Our study proposes an easy method to prepare a
submicrocarrier system based on i pic gelation of ani

B-cydodextrin and chitosan. The sMC characteristics were
tuned by careful adjustment of initial polymer concentration
and N/C matio. Notably, the average size of resulting sMCs
could be varied in a range from 400 to 900 nm. The larger
particles showed good biocompatibility as assessed by a cell
viability assay (MTT) on macrophage-like cells (dTHP-1) and
lung epithelial cells (NCI-H411). Epithelial cells showed >90%
viability after 24 h incubation at a concentration of 100 ug/mlL
sMC. Furthermare, poorly soluble drug loading capacity of af-
CD was investigated and optimized with a relevant anti-
infective, ciprofloxacin, by a host—guest complex reaction. The
outcome of indusion analyss suggested the molar ratio 1:1 of
aB-CD and Cipro. Consequently, it helped not only to
significantly enhance the solubility of Cipro, but alo to

drug enc efficiency (90%) and loading

lati

'S

resulted in higher of cells havi g partides intemali

To confimn the results obtained by flow cytometry (FC),
CLSM was performed as an alternative method to differentiate
the adsorbed sMCs from the internalized sMCs. Through the
acquisition of several images by CLSM, the percentage of cells
that presented either internalized or absorbed sMCs was
determined. It is noted that the CLSM analysis was only
performed on dTHP-1 incubated with sMC 900 nm, which
gave the highest percentages of uptake at both time paints
when analyzed by FC.

Through CLSM images, it was verified that after 2 h, sMC
900 nm was mainly adsorbed on cell surfaces, while after 24 h,
the particles were internalized by the macrophages, as shown in
the cross-section of images (Figure 7A,B). This information
was comrelated with the percentage of cells with sMC 900 nm
assodated (Figure 7C): after 2 h of incubation, the percentage
of cells with sMC 900 nm adsorbed was 48 + 19%, while only
15 % 10% of cells presented intemalized sMCs. However, a
longer period of cell incubation up to 24 h showed that the
percentage of cells with adsorbed sMCs significant decreased to
11 & 7%, while the number of cells with internalized sMCs
increased to 67 & 10%. Interestingly, the percentage of cells
with internalized 900 nm sMCs obtained by CLSM was
relatively similar to that of the comesponding FC anmalysis
(shown in Figure 7D). Hence, the two methodalogies are
comparable and reliable in our study.

Having obtained and evaluated the results from in vitro
uptake study by both FC amalysis and CLSM, the developed
sMC system had been conduded to have low uptake by
macrophage-like cells, particularly for sMC size equal or smaller
than 700 nm. Taken together, the relatively large size ran; range of
the sMCs (400-900 nm), the strict pores size of mucus”” and
the intrinsic mucoadhesive property of chitosan,”™***%" the
developed sMC system is expected to have strong interaction
with airway mucus upon aerosol delivery, providing platform
for sustained drug delivery. Furthermore, as shown in Figure
S12, the percentages of lung epithelial cells, hAEVLI, uptake
sMC 900 nm, are 793 & 2.68% and 19.95 + 4.78% after 2 and
24 h, respectively, which are significantly lower compared to the
percentages of dTHP-1 uptake sMC 900 nm at the same time
points. Consequently, we rec d the use of Cipro -loaded
sMCs for extracellular infection, for example, Pseudomonas
aeruginosa infection in cystic fibrosis patients

1093
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capadty (~9%) of drug loaded sMCs. The uptake experiments
conducted on dTHP-1 showed the dependence of uptake
effidency on sMC size, which was mnﬁrmed by both FC and
CLMS analysis. The larger sMCs were uptaken by a higher
population of dTHP-1 cells. However, regardless of the particle
size, the percentage of cells having partides intemalized was
lower than 20% after 2 h incubation. At the same time, a higher
amount of sMCs, which merely absorbed on the cell
membranes, was revealed by FC and CLSM. After further
incubation to reach 24 h, they were intemalized into the cell
resulting in high percentage of cells uptaking sMCs Interesting
enough, however, as the release study of Cipro-loaded sMCs
showed that the sufficient amount of drug could be delivered
before 24 h, the subsequent phagocytosis of the carrier may be
considered as an important pathway for its safe degradation and
elimination. The combination of muccadhesive properties from
chitasan, good biocompatibility of f-CD and chitosan, and low
rate of internalization by macrophages suggests the developed
sMC systan asa pmmmngdn.g delivery system namely for the
treatment of respiratory extracellular infection, for example,
Pseudomonas aeruginosa or Staphylococcus aureus.
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6.3. PAPER 3: “Farnesylated Glycol Chitosan as a Platform for Drug Delivery:
Synthesis, Characterization, and Investigation of Mucus—Particle Interactions”

This chapter is the following publication:

Farnesylated Glycol Chitosan as a Platform for Drug Delivery: Synthesis,

Characterization, and Investigation of Mucus—Particle Interactions

Duy-Khiet Ho, Sarah Frisch, Alexander Biehl, Emmanuel Terriac, Chiara De Rossi,

Konrad Schwarzkopf, Franziska Lautenschlager, Brigitta Loretz, Xabier Murgia, and
Claus-Michael Lehr; Biomacromolecules. 2018, 19, 3489-3501.

DOI: 10.1021/acs.biomac.8b00795

Reprinted from Biomacromolecules, Farnesylated Glycol Chitosan as a Platform for Drug
Delivery: Synthesis, Characterization, and Investigation of Mucus—Particle Interactions;
Duy-Khiet Ho, Sarah Frisch, Alexander Biehl, Emmanuel Terriac, Chiara De Rossi,
Konrad Schwarzkopf, Franziska Lautenschlager, Brigitta Loretz, Xabier Murgia, and
Claus-Michael Lehr; 2018 Copyright (2018) American Chemical Society, published by

Copyright Clearance Center, Inc., with permission from American Chemical Society.

97



Downloaded via UNIV SAARLAND on August 16,2018 at 13:56:54 (UTC).
See hutps: | pubs.acs. orgsharingguidelines for options on how 1o legitimately share published articles.

SCIENTIFIC OUTPUT

-
/3¢ MACROMOLECULES
@ G This Somogomokauks 2018, 19, 3489-3501 pubs_acs org/Biomac
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l " Muco-adhesive
Farnesylated Glycol Chitosan .

ABSTRACT: Amphiphilic polymer-based drug delivery systems hold potential in enhanding phammacokinetics and therapeutic
efficacy due to their ability to simultaneously codeliver different drugs in a lled We propose here a fadle method
for synthesizing a new amphiphilic polymer, famesylated glycol chitosan (FGC), which self-assembles into nanoparticles upon
being dispersed in aqueous media. The characteristics of FGC nanoparticles, in particular the size, could be tuned in a range
from 200 to 500 nm by modulating the degree of famesyltion and the pH and polymer concentration during particle
preparation. Carrier capacity, release kinetics, and suface modification of the established system were investigated using
different model compounds The colloids were biocompatible and stable at biologically relevant pH values. The interactions
between the carriers and human mucus were examined by multiple particle tracking, which revealed that ~80% of the particles
remain immobilized within the mucus matrix These results postulate FGC as a versatile drug delivery platform.

Muco-inert

ot

1. INTRODUCTION nanomedicine is a priori capable of achieving temporal and
Despite the utiity of currently used and discovered drugs, ~ SPetial sitespecific delivery with a sufficient dose in a
many of these active pharmaceutical ingredients (APIs) exhibit controlled release manner.™" Hxpest voices in nznopednone
limitations in therapeutic efficacy due to (i) their poar water- have mcently heightened the demand for @dq%ﬂmg
solubility, (ii) problems in delivering them to biologica  delivery platforms with more than one functionality. ™ In
systems (e.g, reduced in vivo halflife/stability), and (iii) their ~ this regard, core—shel structured crrier systems allow
potential to induce high toxicity.' ~* Appropriate formulations integrating components with different physicochemical char-
of drugs with pharmaceutical excipients, which are then acteristics by employing both its lipophilic core as a
considered drg delivery systems, are thus required to address preservatory fcof poorly water-soluble drugs and the hydrophilic
these problems. Depending on the physicochemicl properties shell‘ .for loading water-soluble yet unstable compounds.
of dug molecules and their intended application, the dmg Additionally, such systems could be further talored and
formulting strategy could be defined Nanotechnology in functionalized in the exterior shells, which would endow the
particular has attracted significant attention in the field of dmg
delivery. Nanomedicine bl gineering drug-loaded Received: May 18, 2018
nanostructures and nanomaterials with a size range between Revised:  July 5,2018

10 and 1000 nm for improved API perf e.® Furthermore, Published: July 10, 2018
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Figure 1. (A) General synthetic scheme of FGC and illustration of self-assembly of FGC nanopartices. (B) NMR and (C) FTIR spectra of FGC
obtained from different feeding ghicosamine /farnesal (G/F) molar atios: FGC_4.5:1, FGC_6:1, and FGC_12:1 compared to the spectra of glycol

chitosan and famesal.

drug delivery systems with new desired properties, eg.,
engineered antifouling or mucoadhesive surface, thus rendering
them attractive for applications in nanomedicine."*""”

Core=shell structured nanoparticles (NPs) could be
prepared by different approaches.'™'” The preparation of
conventional core=shell structured carriers, such as liposomes,
lipid-based NPs, and block pgkmer-based micelle/partides,
has been widely described. ! Alternatively, the more
sophisticated amphiphilic polymeric core—shell NPs may
show some advantages over the aforementioned systems
including a relatively fadle fabrication, particle tuning,
simultaneous codelivery of APIs, as well as controlled
release. ™™

Over the last few years, the state of art of amphiphilic
polymer-based core—shell structured drug delivery systems has
gradually shifted from synthesis, morphalogy control, and
pro measurements to the investigation of their bio-
compatibility, biode?ndalilky, functionalization, and biomed-
ical applications.”*** Although the synthesis and preparation of
advanced amphiphilic polymer-based core—shell nanocarriers
have been achieved, the lack of available biocompatible and

99

biodegradable materials that would further allow large-scale
and high purity development of such drug delivery systems
remains an unresolved issue.

Chitosan and its derivatives, the biodegradable polysacchar-
ides, have been widely studied, engineered, and applied in drug
delivery research via different strategies reaching dinical
applications.”~*' The cationic net charge of chitasan polymers
and formultions thereof leads to a favorable bicadhesive
interaction of the carriers.”™* This is particulady relevant for
drug delivery systems targeting mucosal tissues, e.g, the
gastrointestinal tract and the pulmonary airways, which are
major routes for dmg absorption.’* Mucosal epithelia are
covered with a temacious viscoelastic mucus layer, a three-
dimensional macromolecular network with the ability to entrap
NPs in a size-dependent manner” and to adsorb pasitively
charged macromolecules via electrostatic interactions.® In
turn, the natural characteristics of mucus have been exploited
as a method to prolong the residence time of chitosan-based
drug delivery systems in mucosal tissues.”

The self-assembly of hydrophobically modified chitosan
derivatives into core-shell structured carriers holds great
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potential for versatle dmg delivery systems.””* Glycal
chitosan, a highly water-soluble chitosan derivative, has been
extensively employed in the preparation of various multifunc-
tional core~shell-structured drug arriers”™ " Am phiphilic
chitosan derivatives have been synthesized by chemical
modification of chitosan derivatives with steroid acid
derivatives, ** fatty adds,”® or hydrophobic polymers****
which could further readily self-assemble into NP& The
characteristics of these self bli inly depend on the
degree of hydrophobic substitution, pH and/or ionic strength,
and molecular weight of the polymer. Nevertheless, the choice
of the appropriate hydrophobic moiety will further dedde the
extent of the hydrophobic interaction, which in tum will play
an essential role in colloid formation and stability. Long-temm
storage, stability at different pH values, as well as tunability of
NP formation (eg. of particle size) are affected by the
hydrophobic interactions as a driving force in the colloid
assembly.**** Taking advantage of the spectacular self-
assembling properties of linear terpenyl derivatives, espedally
squalenoyl derivatives,*” Lepeltier et al. have recently
described the synthesis of squalenoylated chitosan, which
could self asemble into a stable and uniform particulate
system with just ~2.5% squalenyl substitution. Nevertheless,
this system showed clear limitations such as poor solubility in
common solvents and the inability to tune down the particle
size below 600 nm.**

To address the limitations mised in that research, we
propose a fadle synthesis of a new amphiphilic glycol chitosan
derivative, famesylated glycal chitosan (FGC), by chemically
conjugating the amine functional groups of the polymer with
famesal, a derivative of the natural hydrophobic oil Farnesol.
The synthesis of the new materials based on two derivatives of
natural compounds is expected to have good biocompatibility.
Moreover, the conjugation of the more hydrophilic glycol
chitosan with famesal, which is half in terms of molecule size
d to the squalenyl derivative proposed by Lepeltier et
al, should allow a sohhhty improvement while having strong
enough hydrophobic interactions for the self-assembly. The
self-assembling properties of farnesyl moieties would render
spontaneous formation of cationic NPsin an aqueous medium.
The colloidal characteristics including hydrodynamic diame-
ter, polydispersity index (PDI), and {-potential, could be tuned
by (i) different degrees of famesyhtion (DoF), which were
varied by changing feeding glucosamine/famesal (G/F) molar
ratio and (i) partide-forming environmental factars inchiding
pH and concentration. We also explored the camier capacity
and release kinetics of several model compounds. Further
surface modification of the NPs can be achieved, which was
exemplified by the conjugation of NPs and the fluorescence
dye 4<hloro-7-nitrobenzofurazan (NBD-C1) in an aqueous
medium. In subsequent studies, we could further demonstrate
that the FGC NPs are stable in different physiologically
relevant pH environments as well as biocompatible with the
AS549 cell line. Moreover, nanoparticle—mucus interactions of
differently sized FGC NPs were investigated by applying
multiple particle tracking analysis upon mixing FGC NPs with
native human mucus.

C

2. MATERIALS AND METHODS

Materiaks. Glycol chitosan (GC) (degree of polymerization > 400,
M, =25 x 10" Da, deacetybtion degree of ~90% as calculated in
Figure S1) (CAS Number: 123938-86-3) and famesl (mixture of
isomers) were obtained fom Sigma-Aldrich and used as received.

100

Acetic acid-d,, D,O, acetic acid, ethanol, chloroform, hydrochloric
aad (HQ), sodium hydroxide (NaOH), sodium cyanoborohydride
(NaCNBH,), phosphotungstic acid (PTA), Nile red, 4<hloro-7-
nitrobenzofurazan (NBD-Q), 4-(4,6-dimethoxy-1,3,5-triazin-2-y1) -4

thylmorpholinium chlorid (DMI'MM), mahutypolyed:ylme

e

ml amne (5 kDa), alt
fluorescent albumin), fetal bovine serum (FBS), Dulbecco’s
phosphate buffered miline (PBS), Hanks' bahnced sakt solution

(HBSS), thiazolyl blue tetrazolium blue (MTT), dimethyl sulfoxide
(DMSO), and Triton X-100 were purchased from Sigma-Aldrich.
CholEsteryl 4,4-difluoro-5,7-dimethyl-4-bora-3a4a-diaza-s-indacene-
3-dodecanoate (CholEsteryl BODIPY FL C12, later in this manu-
script referred to as CholEsteryl BODIPY) was purchased from
Thermo Fisher Scientific. Purified water was produced by Milli-Q
water purification system (Merk Millipore, Billerica, MA).

Synthesis and Characterization of Farnesylated
Chitosan Nanoparticles. Synthesis of Famesylated G
Chitosan (FGC). The general synthetic scheme of FGC is dscrbed
in Figure 1A. Briefly, glycol chitosan (GC) was entirely solubilized in
a solution of acetic acid (Q02 M) at a concentration of 4 mg/mL
before starting the reaction. Then, ethanol was added to the solution
to reach the ratio 1:1 (v/v), and the pH was adjusted to the range of
4—5byadding1 M HClot 1 MN:OH.Tbe ﬁm!ylwonofdntom
was done by reductive i amine fi

of GC and the aldehyde functional group of Emesl. The
degree of Emesylation (DoF) was varied by changes of G/F feeding
molar ratio, which was 12:1, 6:1, and 4.5:1, respectively. To obtain
wdl—dmxbuhed conjugation of famesyl moieties to GC bacddbone, the
t of £ ] was presolubilized in 1 mL of
ewdd&d&ww&epmdmdmm
resulting mixture was stirred vigorously for 2 h before an excess
amount of NaCNBH, (5 equiv mohr of famesal) was added to the
solution. The reaction was then kept for 24 h at room temperature,
and lting FGC was pletely soluble in the reacting solution.
Bebuinlafng FGC, an appropriate amount of 1 M HCI solution
was dropped into the solution to quench the excess amount of
NaCNBH,. Afterward, water was added to the solution to reach a 1:3
ratio (v/v) of ethanolwater. Chloroform was then used to extract
um!nctd famesl. Following, the aqueous phase was collected, and
1 was d by rotary evap As a result, FGC was
pitated in the aq phnumdoollectedbyemn{ugmma
umforwmnaroomtempa:mmpmdwm then dried
by lyophilization (Alpha 2-4, Martin Christ GmbH, Osterode,
Gemmany) and characterized by prot d
("H NMR) using acetic aad-d‘as soldﬂmg solvent (Bruker Fourier
300) and Fourier-transform infrared spectroscopy (FTIR, Spectrum
400 FT-IR/FT-NIR spectrometer, PerinElmer).

Nanoparticle Preparation. The prepanation procedure of stable
and uniform FGC NPs was investiated using different DoF
compounds in different pH ($ or 7) envi and ch
the final concentration of NPs in the aqueous medium (025, 05,
1.0 mg/mL). The optimal DoF, concentration, and pH for FGC NP

ol

preparation would then be obtained. The general dure for NP
eparation is described as foll thepmﬁdFGCwmpmmd
btained by the G/F feeding molar ratios of 12:1, 6:1, or 4.5:1 was

added to the mixture of acetate buffer pH 5 or phosphate buffer pH 7
and ethanol with a natio of 1:1 (v/v). The concentration of FGC
calculated in aq was varied in the range from 025to 1
mg/mLtostudydn i of the ion on the resulting
NP characteristics. The mixture was stirred vigoroudy until complete
solubilization of FGC was achieved tly, ethanol was
evupontedbymhryevapmwraKOrpm,w°C,md40mbwae
NPs were sp Iy bled in dium (the
illustration of FGC NP i shown in Fg\m IA) The residue ethanol
was then d by b is (molecular weight cut off,
MWCO, 500 Da) at the same pH ofdaenmplebr4h.'l’hepm-uds
were then kept at 4 °C for stabilization and characterized to obtain
bydmdynmmc d:ameaer, PDI and {mal (Z-Sizer, Malvm) At
least three indep ts were conducted in and
the results ateequusedaﬂnmnni Qanbtdd:vahon (SD).
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NP Characterization. The ch jon  (hydrodynami
PDL and (-potential) of particles was studied by dymm:c lgln
scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments, Wows

ethanolacetate buffer pH § (1:1 v/v). The predetermined amount of
Nile red or CholEsteryl BODIPY (Table S2) was added to the
plqwed solution of FGC. The NPs were spontaneoudy formed when

tershire, UK) equipped with 2 4 mW He—Ne laser employing
wavelength of 633 nm and backscattering angle of 173° at 2§ °C.The
reported size is the z-avemge hydrodnamic diameter (intensity
based) of three measurements.

Elemental Analysis The elemental percentages of nitrogen (%N),
hydrogen (%H), and cabon (%C) in GC and purified FGC
compounds, which could form stable and uniform NPs, were further
determined using a Leco CHN-9m analyzer. The final DoF expressed
asthep tage of f: ine units (DoF (%)) would
be calculaed according w eql

!C

— 682
2132 682~ (1)

where %C/%N = 6.82 if there was no farnesyl moiety conjugated to
the glucosamine units of GC, and %C/%N = 21.82 if there was one
fame syl moiety conjugated to each of the glicommine units of GC.

Stability of FGC NPs at Different pH. The stability of different
FGC NPs with targeted sizes of 200, 300, and $00 nm (obtained from
the self-assembly of FGC-11%, 0.5 mg/mL; FGC-11%, 1 mg/ml; and
K;C l“ 1 mg/m.l.; rﬁpechvdy) praned in acetate buffer pH $

either i e suspensions in acetate
buﬂ'u' pH 2 or HBSS pH ~74 at room temperature at a
concentration of 25 ug/ml. Samples weze analyzed by DLS (for
hydrodynamic size, PDI, and {p 1 Z-Swzer, Malvem) after
predetermined incubation times (l 3, and 24 h). The samples
incubated in HBSS were further kept under storage conditions, 4 °C,
and analyzed again after 10, 20, and 30 days Three independent
experiments were conducted in triplicate, and results are expressed as
the mean + standard deviation (SD).

Cell Viability: MTT Assay. Cell viability after incubation of AS49
cells with FGC NPs was assessed by MT'T assay. On a 96-well plate,
AS549 cells were sededatademtyofl X lo’cdlsperwdl Cell
culture propag and ce is reported in the Supporting
Informa tion.

The cells were grown for 3 days before the asay to allow for ~80%
cell confluency. Cells were further incubated with different
concentrations of drug-free FGC NPs (300 nm, obtained from the
self-assembly of FGC-16% at pH S and 0.5 mg/mL) at concentrations
ranging from 31.25 to 1250 ug/mL dispersed in HBSS for 4 h at 37
“C and 5% CO,. To minimize the use of pH 5 buffer from the NP

i NP soluti were first concentrated to a target
concentration of 2500 pg/ml using a concentrator operated at
10,000g at room temperature and 40 mbar for 1 h (Concentrator,
Eppendorf, Germany). After the incubation time, cells were washed
twice with PBS, and MTT (0.5 mg/mL in HBSS) was incubated for 4
h in the dark The supematant was further removed from the welk,
and the formed formazan crystals were dissolved in DMSO. Finally,
the absorbance was measured at $50 nm with a plte reader (Infinite
M200Pro, Tecan, Germany). Cells incubated only with HBSS were
used as 2 negative control (corresponding to 100% cell viability), and
celks treated with 1% TritonTM X-100 in HBSS medium were used as
positive control (designated as 0% cell visbility). The percentage of
viable cells was ah:lmd in comparison to neptne and positive

Is.*" Three i were datleastin
triplicate.

Loading of Model Compounds. Three model compounds, Nile
red, CholEsteryl BODIPY, and fluorescent albumin, representing
different molecular weights and hydrophobicities were used to
investigate drug loading capacity of the newly prepared FGC NPs.
The hydrophobic mdecules, Nile ted,mdchn]&ﬁayl BODIPY were

cted to be localized in the interior core of the NPs, whereas the

dmyhlic macromolecule, fluorescent albumin, would be loaded in

the exterior shell of the NPs. Thus, different protocols were optimized
fangdmddo:rmdszkasbdow:

i. Loading of Nile and CholEsteryl BODIPY. FGC (05 mg,
DoF 11%) compound was solubilized in 2 mL of a solution of

DoF (%) = 100

¥

101

was d during the rotary evaporating process. One
milliliter of ethyl acetate was then added to the suspension of loaded
NPs and stirred at 200 rpm to allow the free Nile red or CholEsteryl
BODIPY to be solubilized in the organic phase. The organic phase
was collected and diluted in ethanol for further determination of the
unloaded amount, cakubtion of drug encapsulation efficacy (EE%),
anddrughmh:gnpaﬁy(m) The aqueous phase with the NPs
was also collected, hed in acetate buffer pH §
tvnoeoodmnthelonddNPstwedﬁmkqnbtlhaﬂ"Cm
allow for system equilibration and characterization. At least three
independent batches of all Nile red- or CholEsteryl BODIPY-loaded
FGC NPs were prepared.

ii Loading of Fluc The 1 to load
themoddpmtenﬁwewanalbumnon NPs is as follows: FGC-
11% NPs were prepared in advance at 0.5 mg/ml concentration and
then diluted in acetate buffer pH $ to 025 mg/ml. Then, 1 mL of the
pupwelek :spusonvasaddeddmpm:em 1 mL of fluorescent
abumin i a ion of 25 ug/mL. The resulting
mmusdunsmedai?ﬂ)rpmfotzhamomhunpaam
allowing the absorption of fiv t albumin onto the NP surface
due to charge interaction. The proteinloaded NPs were then
centrifuged for 30 min at 24,400g and washed twice in acetate buffer
at pH S The supematant was collected and used to analyze protein
EE% and LC% of FGC NPs The proteinloaded NPs were also
characterized. At least three independent batches of fluorescent
abumin loaded-NP samples were prepared.

Quantification of Model Cpmpourd lpaing The loaded
quantity of model molecules was d directly by
the unloaded molecules in the supernatant (loaded amount = initial
in d:e ). Quantification was done by

i M200PRO, Tecan, Germany).
Calibration curves were pufomed with different defined concen-
trations ranging from 0 to 10 ug/mL for Nile Red in ethanol (Ex/Em
= 540/600, " = 0.9839) and for Cholesteryl BODIPY in ethanol (Ex/
Em = 495/550, 7 = 09897) and ranging from 0 to 31.25 ug/mL for
fluorescent albumin in acetate buffer at pH 5 (Ex/Em = 490/540, 7 =
0.9986). All standards were measured five times, and all measure-
ments were performed at room temperature.

The EE% and the drug LC% were calculated according to the

equations
EE% = we'g?)tfenepmlﬂddmghNPs x 100
initial weight of used drug

_ weight of drug in NPs
~ weight of NPs (3)

where “weight of NPs™ was calculated as (weight of NPs = weight of
polymeric materials + weight of encapsulated drug in NPs).

Release Study. Release profiles of Nile red, CholEsteryl BODIPY,
or fluorescent albumin from the model compound-loaded FGC NPs
were obtained in PBS (pH 74) at 37 °C. Brefly, Nile red.,
Cholesteryl BODIPY-, or fluorescent albumin-loaded FGC NPs were
diluted in PBS to a final NP concentration of 10% (w/w) and placed
on a shaker at 400 rpm at 37 °C. The concentration of released
compound was analyzed by timely collecting samples from the
supernatant over 24 h. The hydrophobic compounds Nile red and
CholEsteryl BODIPY were d from the supematant using ethyl
acetate. The volume was kept constant by refilling with an identical
volume of PBS. The cumubstive released drug (%) over 24 h was
determined Three independent experiments were conducted in
triplicate, and results are :?qud as the mean 4 SD.

Surface Modification of FGC NPs. The FGC NPs (targeted size
200 nm, obtained from the self-assembly of FGC-11%, at pH §, 0.5

Atk 1

or

. (Infini

@)

x 100

mg/mL) were red and diluted in Milli-Q water. An amount of

NBD-CI (1% w/w) was presolubilized in ethanol and added dropwise

ﬁotbeNthmn.The mixture was then stirred 2t 200 rpm at room
DOE 1121021 facs Hommac SH0P9S
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temperature for 12 h. The NP suspension was then purified by
membrane dialysis (MWCO 1000 Da) for 24 h. The NPs were then
characterized and observed by fluorescent microscopy (Nikon Ti—U,
Netherlinds) to confimn the possibility of surface functionalization.
The flu j d NP suspension was diluted in Milli-Q
water to 50 ug/mL concentration for observation.

Transmission Electron Microscopy (TEM). The morphology of
FGC NPs, obhmed ﬁom the sdhsa'nuy of FGC- lﬁ pH S, 05
mg/mL d by ion electron
microscopy (TEM, jm 2011, jEOL) Samples for TEM were
prepared by adding an appropriate amount of NP suspension on a
copper grid (carbon fims on 400 mesh copper grids, Phno GmbH,
Gemmany). The grid was blotted after 10 min incubation, and samples
were stained with 05% (w/w) of PTA solution to enhance the
contrast for TEM visualization.

Cmfocd Laser Scanning Microscopy (CISM) A dmp of diluted

loaded FGC NP was deposited on a dide and
d using confocal Liser g microscopy (CLSM, TCS SP
8, Leica, Mannheim, Germany) e d with 2 63X water immersion
objective (HC APO CS2 63x/120 lmage analysis was performed
using LAS X software (Leica Appli Suite X; Leica, Mannheim,
Germany).

NP Tracking in Native Human Mucus. Human native tracheal
mucus amples were obtained from the endotracheal tube of patients
undergoing elective surgery after having obtained informed consent
and in compliance with the protocol approved by the Ethics
C ission of the "Arzt) des Saarlandes™ (file ber 19/
15), as previously described.***” For video microscopy, fluorescently
Lbeled, Nile reddoaded FGC NPs with targeted sizes of 200 nm
(obtsined from the sel-assembly of FGC-11%, pH 5, 025 mg/mL)
and 300 nm (obtained from the seli-asembly of FGC-16%, pH 5, 0.5
mg/mL) were prepared at a concentration of 001% (w/v) and named
FGC 200 nm and FGC 300 nm, respectively. Commercially available
polystyrene NPs (Fluospheres, Invitrogen) coated with a dense layer
of polyethylene glycol (PEG) with an equivalent hydrodymnlc
diameter were used as muco-inert control NPs (Table $3).%

A volume of 3 uL of each e stock was mechanically dispersed
with a pipet into ~25 uL. of undiluted native human tracheal mucus.
The whole mixture was then transferred to a chamber (Gene Frame,
Thermo Fisher Scientific), sealed with a coverdip, and pliced in the
microscope stage. Video sequences were captured at a fame rate of
50 fps with a microscope (Nikon TI Eclipse) equipped with a
spinning confocal unit (CSU W1, Andor Technologies), an EMCCD
camera (Hamamatsu), and a 60x Phin Apo oil immersion objective
with a numerical aperture of 1.4. For improving the visualization of
the parhds md nducngtht lndgnmnd noise, image preprocessing
was p g the br contrast of the images
and :pplymg FFT bandpass filters amhbleat Image] (bttps://imagej.
nih.gov/ij/). Further, X-Y coordinates for each particle at each frame
were obtained using the PartideTracker utility from the MOSAIC
ToolSuite (an add-on of Image]).”” The raw data of each partide
trajectory was converted to time-a d mean squared displacement
(MSDotAf)uaﬁmmonofdzbmexale (7) by means of a
custom-developed Python script:

MSD values at each r were computed according to

Ar() = [zt + 1) — 2(OF + [t +7) — ¥(OF (4)
Individual MSD as a function of r were plotted in log—log scales.

Further, the slope of each individual MSD trajectory, a, was
determined (7 between Q02 and 15) as

_ diogar(r)’
dlog(7) (s)
where @ describes the diffusive properties of the NPs: @ = 0 for purely

elastic materiaks and @ = 1 for Newtonian fluids*’ The effective
diffusion (D,g) for each particde was computed from its MSD value

(6)

b 3
ke

Ar(r) = 4Dr
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For each type of NP, 12 video microscopy files from three
independent native human mucus samples were analyzed.

3. RESULTS AND DISCUSSION

Synthesis of Farnesylated Glycol Chitosan (FGC). The
new amphiphilic GC derivatives were synthesized by chemical
modification of GC with famesal (Figure 1A), a sesquiterpenyl
derivative, using reductive amination reaction in the presence
of NaCNBH,.™ The DoF was varied by different initial feeding
mohar ratios of G/F 12:1, 6:1, and 4.5:1, respectively. The
average isolated yield from the synthesis was as high as 80 +
10%. Interestingly, the resulting FGC compounds were soluble
in the reacting mixture, which is clearly advantageous
compared to the previously mpcned lack of solubility of
squalenoyl chitosan derivative.**

FGC compounds were first characterized by 'H NMR. The
spectra of such conjugates were compared to the spectra of GC
and farnesal to confirm the successful famesylation. As shown
in Figure 1B and Figure S2, the "H NMR spectrum of farnesal
presents its characteristic peak at position “1%, § ~ 5.795 ppm,
which is next to the aldehyde functional group (expanded
description in Figure S2). This peak, however, became absent
in the spectra of FGC compounds (an expanded description is
provided in Figure S3, the peak is pointed by a black arrow),
proving the absence of unreacted famesal in the final FGC
compounds and thus indicating the successful purification.
Furthemore, the characteristic peak of farnesal at position *2°,
& 5.000-5.200 ppm, became overlapped with the proton peaks
in position “1” of glhicosamine units (Figure 1B; expanded
description in Figure S3, proton 1(D=F) and 2'(F)). In
addition, the proton in position “3"” resulting from the amine
reductive linkage was clearly observed and ovedapped with the
proton peaks in pasition “2” of glucosamine units (Figure S3,
proton 2(D~F) and 3'(F)) in comparison to the spectrum of
GC (Figure 1B and Figure S1). The clear alkyl chain proton
peaks of famesal were also observed in the spectra of FGC
compounds (Figures S2 and S3, respectively), which were
absent in the spectrum of GC. All analyses mentioned above in
'H NMR spectra prove the successful conjugation of famesyl
moieties to GC.

Additionally, the purified FGC compounds were also
characterized by FTIR to confirm the conjugation of GC
with farnesyl moieties (Figure 1C). The characteristics peaks at
2800-3000 cm™' representing C~H stretching of farnesal
(Figure 1C<1) and the peaks at 1000~1100 cm ™" from the
C~0~C vibration of the glhicosamine units in GC (Figure 1C-
c2) could be seen in the purified FGC compounds (Figure 1C-
c3, <4, and -c5). Purthermore, the absence of carbonyl (C =
O) band at 1720 an™' in the spectra of FGC compounds
indicated that the purified samples did not contain unreacted
farnesal. Moreover, the intensity of the peak at 2800-3000
ecm™ is a qualitative indicator for the amount of famesyl
moieties and correlates faidy with the targeted G/F molar
ratios which shows mare intensive peaks when mising the
targeted degree of farnesylation by changing the G/F molar
ratios from 12:1 to 4.5: L.

Optimizing the Preparation of Drug-Free Farnesy-
lated Glycol Chitosan NPs. Like other reported amphiphilic
polymers/polysaccharides, the assembly of the amphiphilic
FGCin aquecus media would result in core—shell-structured
partides™** In such a system, the hydrophobic famesyl
moieties would be assembled in the core of the paricles
according to Abed et al** and Wang et al,™ whereas the
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hydrophilic and cationic GC moieties would play a role as the
shell of the NPs (depicted in Figure 1A). The stability and
characteristics of such NPs would be mainly dependent on the
degree of farnesylation, the assodation of amine functional
groups on GC moieties, as well as the concentration of the
FGC compound dispersed in the NP preparng solution. As
the resulting FGC compounds are amphiphilic macro-
molecules, the medium used to solubilize such compounds
was a mixture of acetate buffer (pH 5) or phosphate buffer
(pH 7) and ethanol with a I:1 (v/v) ratio in which acetate
buffer (pH S) or phosphate buffer (pH 7) was aimed at
solubilizing GC moieties and ethanol was employed for the
solubilization of farnesyl moieties. The formation of NPs was
based on spontaneous self-assembly of farnesyl moieties when
ethanol was removed from the solution by rotary evapo-
ration.”® The optimal feeding G/F molar ratio and NP
preparing conditions were investigated by changes in (i) FGC
compounds obtained from different feeding G/F molar ratios
(12:1, 6:1, and 4.5:1), which were further called FGC 12:1,
FGC_6:1, and FGC_4.5:1, respectively, (i) buffer pH vahs,

and (iii) concentration of FGC calculated in aqueous medium.
Interestingly, all FGC compounds could form self-assembled
NPs at a low concentration of 025 mg/mL (Table SI).
However, at a feeding G/F ratio of 12:1, the obtained FGC
could not form uniform NPs in any case (PDI > 0.45 in most
cases, Table S1) regardless of pH or concentration changes,
which means that this particular DoF might not be suffident to
enhance strong enough hydrophobic assembly of farnesyl
moieties, possibly in both inter and intramolecular inter-
actions.™* Conversely, at G/F ratios of 6:1 and 4.5:1, uniform
particulate systems were formed (Table S1).

The pH values of the aqueous phase, in turn, plhyed an
essential role in the NP preparation procedure. The suitable
pH environment for stable and uniform partide formation
(considering PDI < 0.3) is at pH § (Table S1). The
phenomena could be exphmed by the pK, value at pH 65
of chitosan derivatives;** at pH §, the amine functional groups
of GC moieties would be assodated. As a result, the FGC
compounds would be completely solubilized in the mixture of
acetate buffer pH 5 and ethanol. The soluble amphiphilic FGC
would then be self-assembled into NPs well upon evaporating
ethanol under pressure. On the contrary, in phasphate buffer
pH 7, the amine functional groups of GC moieties would not
be fully asociated, which would affect the solubility of FGC
compounds before the assembly took place, leading to
aggregating samples (Table S1). Despite the formation of
NPs from G/F ratios of 6:1 and 4.5:1, at pH 7 and low
concentration (FGC at 025 mg/mL), the PDIs of the
obtained NPs were characterized by high values: 0.39 + 0.03
and 0.79 % 0.20 in the case of G/F ratios of 6:1 and 4.5:1,
respectively. Thus, the FGC NPs could condusively be better
assembled at pH 5.

According to these results, the FGC_6:1 and FGC_4.5:1
were chosen for NP preparation at pH S for the rest of our
study.

Elemental Analysis. As G/F ratios of 6:1 and 4.5:1 could
be used to form NPs, the relative degree of farnesylation in
both samples was further investigated by elemental analysis.
Table 1 izes the el tal analysis of G/F ratios of 6:1
and 4.5:1 in comparison to GC. On the basis of eq 1, the DoF
was calaulated at 10.93 and 15.80% in the case of G/F ratios of
6:1 and 4.5:1, respectively. Although the DoFs for uniform NP
preparation in the present study were higher compared to
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Table 1. Elemental Analysis of Glycol Chitosan and
Farnesylated Glycol Chitosan Derivatives and the
Corresponding Degree of Farnesyhtion and Yield of

Substitution
i ora

sample %C %H %N %C/%N DoF
GC P98 693 586 682 0
FGC_6:1 5118 872 605 846 10.93 ~69%
FGC_45:1 5470 86 595 919 15.80 ~80%
~2.5% lenoylation of chit reported by Lepeltier et

al,** the good sohbilty of FGC compounds is a remarkable
advantage in larger scale production. Furthermore, a DoF at
~10% is a reasonable degree of hydrophobic modification to
maintain the naturally useful properties of chitosan derivatives,
e.g., solubility, adhesiveness, biocompatibility, and biodegrad-
ability. Moreover, functionalizing these camiers would be
possibly facile due to the abundant amount of accessible amine
functional groups when the degree of hydrophobic substitution
is low. The yields of substitution from each conjugation were
also reported to be higher than 69%.

The FGC compounds used for NP formation are in the
following named FGC-11% and FGC-16% for the compounds
having a DoF of 10.93 and 15.80%, respectively, which should
facilitate the reading.

Dependence of FGC NP Characteristics as a Function
of DoF and Concentration. The NPs characteristics formed
at pH S varied as a function of FGC concentration and DoF
(Figure 2, Table S1). The hydrodynamic diameter of the NPs
could be tuned in the range from ~200 to ~500 nm. At an
equal concentration of FGC, a higher DoF would define a
larger size due to the presence of a higher amount of famesyl
moieties in the core of the colloids.”*** Similarly, particle
size would also increase by increasing FGC concentration at a
constant DoF. Although there were slight differences in size
from different NP-preparing conditions, three targeted NP size
groups of 200, 300, and 500 nm were defined A uniform NP
size with a reasonable PDI (<0.3) was recorded in all samples.
The presence of the cationic hydrophilic GC polymer in the
exterior of the assembly rendered all NPs positively charged
with a {-potential >25 mV. Furthemnore, the morphology of
the NP representatives was spherical, as confirmed by TEM
(Figure XA%

Storage Stability of FGC NPs. The stabilities of the FGC
NPs in three targeted size groups, 200, 300, and 500 nm, under
storage conditions is reported in Figure S$4. Despite some
minor changes in NP characteristics, they were stable over 30
days without aggregation, which shows advantages over
chitosan-based ammc polyplex systems as reported by
Yasar, Ho et al,” and other chitosan-based assembled
NPS.-OAI

Stability of FGC NPs in Different Biological Relevant
pH Environments. The prepared FGC NPs were aimed to be
applied as drug delivery systems. Thus, the stability of such a
system in different pH environments, from the acidic gastric
pH (1-3) to the more common neutral pH (7.4), should be
addressed As the NPs formed by self-assembly of amphiphilic
FGC molecules in aqueous medium, their stability would
depend on both their surface properties and the hydrophobic
interaction in their core. The surface properties are, in tum,
influenced by resp of GC to the surroundi
environmental factors, e.g., ionic strength and pH values. It is

ioti
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Figure 2. Properties of different NP batches depending on FGC
concentration (mg/mL) calcubited in an aqueous medium (acetate
buffer pH §) and DoF in FGC compounds n = 3, mean + SD.

hypothesized that the self-assembled NPs would disassemble
once the solubility of GC would increase, particulady
at lower pH at which GC would possibly become more
associated in an aqueous medium. As a result, the self-assembly
resulting from intra- and intemolecular interaction of farnesyl
moieties could not be favorable over the strong electrostatic
Isions and enhanced water solubility of high density
dnrga‘l polymer molecules.” i Interestingly enough, how-
ever, the self-assembly of FGC NPs showed stable character-
istics regarding hydrodynamic diameter, PDI, and {-potential
even at a pH value of 2 for 2 24 h incubation period (Figure 4),
meaning that the hydrophobic interaction of farnesyl moieties
could overcome the association of GC moieties at such low
pH. In more detail, the partides with a targeted size of 200 nm
showed a slight increase in size after incubation for 1 hinpH 2
buffer, which might be cansed by the dramatic protonation on
amine functional groups on GC moieties. However, there were
slight decreases in partide size in all three targeted size groups
after incubating the partides longer than 1 h in pH 2 buffer,
which was interestingly proven for compression and
densification in hydrophobic intraparticles. At that pH, the
hydrodynamic diameter of chitosan-based NPs should be
increased due to the swollen ph of chito

r
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derivatives, but in this case, the increase in hydrophilicity of
GC moieties would simultaneously enhance the amphiphilidty
of FGC molecules, which might result in a more intensive
interaction leading to denser packing of farnesyl moieties.
Thus, slightly smaller size of the NPs was recorded at pH 2
after 3 and 24 h incubation in all cases. The PDI and (-
potential of the NPs in all three targeted size groups were
stable with just some minor changes.

When incubating the FGC NPs in HBSS, pH ~7.4, it is
expected that the deprotomation of the GC amine groups
occurs and that the hydrodynamic diameter decreases. Indeed,
after 1 h of incubation, the mean NP size in the group with a
targeted size of 200 nm decreased from 240.2 % 15 to 1758 =
1.5 nm, whereas it decreased from 306 + 8.8 to 2265 + 6.7
nm and 5024 + 4.2 to 329.1 & 7.9 nm in the case of the
groups with a targeted size of 300 and 500 nm, respectively.
The disassociation of amine functional groups was confirmed
by a remarkable reduction in {-potential from ~30-40 (mV)
to ~10=20 (mV) in all studied samples and predetermined
time points. Moreover, the stability of all samples at pH 74
could be d rated with nable PDI vales (<03)
(Figure 4) despite the aggregating behavior observed if NPs
were prepared at neutral pH (Table S1). The stability of FGC
NPs of different size ranges over a broad range of pH values
clearly indicates flexibility in the potential pharmaceutical
application of such a particulate system. This dmg delivery
platform could be considered for use in pulmonary delivery,
where the local EH is nearly neutral, ™ for gastrointestinal or
vaginal delivery,~** where a lower pH environment is
encountered, as well as for other applications.

The use of chitosan derivatives and the assemblies thereof as
drug delivery systems might be restricted by their tendency to
precipitate at neutral pH (7-7.4). Furthermore, certain
taxidty, resulting from the use of acidic pH conditions in
which NPs show stability, could be expected if such an NP
suspension would be applied in vivo. One of the solutions is to
dilute the carrier systems into a physiological pH environment
(7=74), which is however not favorable for chitosan-based
nanocarriers due to its fast predpitation within hours or a few
days.**' Although all FGC NP samples incubated in HBSS
buffer for 24 h were confirmed to be stable, we further kept
them at 4 °C and later characterized them to investigate the
stability for a longer period of time, up to 30 day. As
presented in Figure S5, despite some small recorded changes,
the FGC NPs remained stable in HBSS buffer over 30 days of
investigation. The good stability of the prepared carrier system
might be exphined not only by the good solubility of GC at
neutral pH, which was highly maintained due to a relatively
low hydrophobic modifying degree, but also by the spectacular
self-assembly of sesquiterpenyl-derivative famesyl moieties.

Cell Viability: MTT Assay. The biocompatibility of the
FGC-based drug delivery platform was studied via MTT assay.
We determined cell viability after incubating AS49 cells with
FGC NPs for 4 h. The FGC NPs showed cytotoxicity at
relatively large NP concentration. At 750 ug/mL, cell viability
was lower than 50%. Nevertheless, FGC NPs appeared as a
safe system for use at concentrations up to 250 ug/mL with
cell viability over 75% (Figure 5).

Loading Capacity of FGC NPs and Release Study. The
drug loading capadity of the newly prepared NPs was explored
by loading different model compounds to the system. Nile red
and CholEsteryl BODIPY were selected as model hydrophobic
molecules with different molecular weights (318.36 and 786.98
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Figure 3. TEM image (A) of FGC NPs 300 nm (obtained from the self-assembly of FGC-11%, pH §, 0.5 mg/mlL), scale bar = 02 ym. (B-D)
CLSM images of (B) CholEsteryl BODIPY-loaded FGC NPs, (C) Nile red-Joaded FGC NPs, and (D) fluorescent albumin and Nile red coloaded-
FGC NPs; scale bar = 10 ym (all loaded FGC NPs were obtained from the self-asembly of FGC-11%, pH 5, 0.5 mg/mL).
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Figure 4. Characteristics of different targeted size (200, 300, and 500 nm obtained from the self-asembly of FGC-11%, 0.5 mg/ml; FGC-11%, 1
mg/ml; and FGC-16%, 1 mg/mlL; respectively, at pH 5) FGC NPs after 1, 3, and 24 hincubation in pH conditions ranging from 2 to 7.4 at room
temperature. The initial pH value of the samples was 5, which was used throughout the stability test. n = 3, mean 4 SD.

Da for Nile red and CholEsteryl BODIPY, respectively). The NPs during the assembly of farnesyl moieties upon removing

two compounds are not water-soluble; thus, they were ethanol from the solution. The NPs loaded with the
expected to be loaalzed in the core of the self-assembled fluorescent model compounds were readily detected using
3496 3 Hommac S0 795
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NP concentration (pg/mL)

Figure 5. MTT assay: FGC NPs (300 nm, obtained from the self-
assembly of FGC-16%, at pH 5,05 mg/ml.)wﬂe incubated with
AS549 for 4 h. Al ts were din trplicate. n = 3,
mean + SD.

CLSM (Figure 3B and C) which proves the localization of the
hydrophobic model drugs in the lipid core of the FGC NPs, as
both Nile red and CholEsteryl BODIPY analogues are known
to become strongly fluorescent only in a lipophilic environ-
ment.®" The EE% and LC% of the NPs were investigated and
optimized using various initial feeding amounts of Nile red or
CholEsteryl BODIPY. The loading strategy results in good EE
% with maximum mean values of 81.87 & 7.37% and 85.21
5.55% when loading Nile red or CholEsteryl BODIPY,
respectively (Table 2 and Table S2). Despite a higher M_,
the highest LC% was 7.85 % 0.47% in the case of loading
CholEsteryl BODIPY, and the maximum loading capacity of
Nile red was achieved at 5.35 + 041%. This tendency can be
exphined by the higher hydrophobidty of CholEsteryl
BODIPY molecule (g P of 16.5 for CholEsteryl BODIPY,
estimated by Chemdraw 17.0, PerkinElmer, USA; vs log P of 5
for Nile red).”” CholEsteryl BODIPY could thus be better
encapsulated in the NP core, which might also serve to explain
the slower release profile of CholEsterd BODIPY compared to
that of Nile red (Figure 6).

As the poorly water-soluble compounds were integrated with
the farnesyl moieties, the partide size was slightly increased
(Table S2). The characteristics of the loaded NPs otherwise
remained stable, enabling further application in the study.

Fluorescent albumin was used as a model macromolecule to
investigate the loading of hydrophilic drugs. The albumin

@~ Nile rod
-0~ CholEsteryt BOOWPY
Fluorescent Albumin

Cummulative release (%)
2 &8 & 2

o

Cl

0 5 0 15 20
Time (h)

25 30

Figure 6. Cumulative release of Nile red, G:dﬁswyl BODIPY md
fluorescent albumin from FGC NPs. Experiments were p d in
PBS at 37 °C; n = 3, mean + SD.

between 200 and 300 nm. The release of the hydrophilic
protein was much faster compared to that of the hydrophobic
model compound The burst release of fluorescent albumin
(~40%) was obtained after 4 h incubation, which kept
increasing over 24 h (Figure 6).

The fluorescent albumin and Nile red-coloaded FGC NPs
were also obtained by further loading fluorescent albumin on
the surface Nile red-loaded FGC NPs (LC% of 0.90 + 0.05%).
The colocalization of the two fluorescent dyes in the FGC NPs
was confirned by CLSM images (Figure 3D).

The prepared FGC NPs could thus be considered a versatile
platform for drug delivery.

FGC NP Surface Modification. Surface functionalization
of the carrier systems would render them attractive for future
in vivo application. Therefore, we performed a simple NP
surface modifying step using a model fluorescent compound,
NBD-C, which is known to be reactive toward primary amine
(synthetic scheme is shown in Scheme S$1). Interestingly,
NBD-amines, the resulting conjugating products, are known to
have strong fluorescent intensity, whereas the free NBD-CI
would not be sensitive enough.*"** As a result, the NBD
surface-modified FGC NPs would be observed by fluorescent
microscopy (as shown in Scheme S1). Although the proposed
model reaction was simple, our study shows that the FGC NPs
are surface-modifiable while the stability of colloidal system
could be still maintained for the aim of drug delivery. The
more specific moieties selected for surface functionalization
would be studied to aim for a particular application, which,

loading was based on the electrostatic interaction betv

cationic net dnrge of FGC NP surface and an anionic net
charge of albumin.”* The presence of the fluorescent albumin
on the surface of NPs was confirmed by a marked decrease of
the {-potential from 33.6 % 3.0 (mV) of albumin-free NPs to
17.1 % 0.3 (mV) of the loaded ones. The optimal fluorescent
albumin-oaded NPs yielded an EE% of 85.21 % 13.31% and
an LC% of 408 + 061% for the carrier system ranging

h er, falls beyond the scope of the present work.
FGC NP-Mucus Interactions. The epithelia of most
delivery routes, eg., the whole gastro-
intestinal tract, vaginal tract, and airways, are covered with a
protective mucus layer.** Therefore, if FGC NPs are intended
for mucosal drug delivery, they need to comply with the
requirements of this barrier. The main organic component of
mucus, mudn glycoproteins,” form a covalently linked, three-

Table 2. Summary of Characteristics of Model Moleaule-Loaded FGC NPs and Representatives of Encapsulation Efficacy and

Loading Capadty”
loading compound size (nm) PDI
Nile red 2852 £ 55 032 = 003
CholEsteryl BODIPY 2603 = 40 028 = 001
fluorescent albumin 2603 + 40 027 £ 01
“Al were conducted in triplicate; n = 3, mean + SD.

{-potentid (mV) EE (%) LC (%)
253 +20 5655+ 452 535 £ 041
354 £18 8521 + 55§ 785 + 047
171 £ 03 8521 + 1331 408 £0
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dimensional network of a strict pore size (<500 nm) with
ubiquitous sites for hydrophobic interactions and net negative
charge at neutral pH.* Two main strategies are used to
improve the thempeutic effect of drug delivery systems in
mucosal drug delivery: muco-adhesion and muco-penetration.
The former exploits the natural characteristics of mucus and
intentionally seeks the interaction between drug delivery

107

systems and mucus components to prolong the retention
time of drugs within mucosal tissues; ™ conversely, the latter
aims at avoiding interactions with mucus components to cross
the mucus layer and reach further cellukar targets.”” Chitosan
derivatives are wellknown muco-adhesive polymers;** how-
ever, one could speculate that their chemical modification
could modify their muco-adhesive properties as wel®” In
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particular, glycol functionalization of chitosan could decrease
the adhesiveness of the polymer to mucus.”” Hence we
mechanically di FGC NPs in human tracheal mucus
and analyzed their behavior by means of partide tracking.
Further, we compared the obtained results to thase achieved
with NPs coated with a dense lyer of PEG, a surface
modification that renders NPs muco-penetrating. " During
video microscopy, FGC NPs appeared aggregated and rather
immobile. Irespective of the size, the MSD plots of FGC NPs
show a constant mean MSD as a function of 7, indicating that
FGC NPs are strongly immobilized by the mucus gel (Figure
7A and B). PEGylated NPs, on the contrary, showed a mean
increasing MSD as a function of 7 indicative of increased
diffusion compared to FGC NPs (Figure 7C and D).

Figure 8 depicts the distribution of the slopes (a) of all
MSD curves for FGC and PEGylated NPs. We applied an
arbitrary cutoff for the a value classifying particles witha > 05
as diffusive and partides with @ < 0.5 as immobile.”" All plots
show bimodal distributions, which can be exphined by the
inhomogeneous microstructure of mucus. In particular, the
analysis of noninteracting PEG-coated particles indicates the
existence of areas of different mucin cross-linking intensities
with a sgnificant fraction of the analyzed mucus area having a
pore size <200 nm.

According to the a value classification, 76 and 90% of the
FGC NPs with sizes of 200 and 300 nm, respectively, were
immobilzed by human mucus, indicating a slight NP size
dependency in terms of diffusion (Table 3). Such a rate of

Table 3. Slopes (« Value) of the Mean MSD Values, Water/
Moucus Effective Diffusion (D) Ratios, and Percentages of
NPs in an Elastic Environment for Each Particle Type”

particls mean avilue  Daguns)/ Desjmans) % NP clastic
FGC 200 nm 029 356 762
FGC 300 nm a1s 267 99
FGC 200 nm 048 47 630
FGC 300 nm 04s 56 672

“n = 12 experiments from three independent mucus ples; the

theoretical diffusion of particles in water (D gu0u)) was clculited
with the Stokes—Einstein equation.

immobile particles was hypothesized due not only to the
positive charge of the NPs but ako to the hydrophobic
character of the NP core, which may promote NP adsorption
to nonglycosylated domains of mucin glycoproteins.**'

PEGylation improved the diffusion of particles through
native mucus as shown by the higher effective diffusion in
mucus of PEGylated NPs compared to FGC NPs (Table3).
Interestingly, PEG functionalization could eventually be
implemented in FGC NPs by coupling PEG to the available
surface amine functional groups, which will be explored in
future studies for serving other specific applications.

4. CONCLUSIONS

We report a faclle synthesis method to produce a new
amphiphilic glycol chitosan derivative, FGC, which could
spontaneously self-assemble into NPs in an aqueous medium.
The changes of DoF as well as NP-forming conditions,
including pH and NPs concentration, were applied to tune the
FGC NPs chancteristics. The FGC compounds with DoF of
11 and 16% were able to form stable and uniform FGC NPs
with tunable hydrodynamic diameters in the range of 200500

108

nm. This drug delivery platform can carry hydrophobic
compounds in the lipophilic NP core as well as hydrophilic
drugs on the NP shell, even allowing for surface modification
of the NPs. We investigated the biocompatibility of FGC-based
NPs with A549 cells, and we could demonstrate the stability of
the NPs over a wide range of physiologically relevant pH
values (range 2~7.4) as well as their suitability for long-term
storage. Without further surface modification, the newly
established, positively charged NPs had a strong interaction
with mucus compared to that of PEGylated NPs. Thus, with
the appropriate surface characteristics, FGC NPs could be
nominated as versatile dmg delivery systems in varous
mucosal pathways, e.g., pumonary, oral, or vaginal delivery.
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GC, glycol chitosan; FGC, farnesylated glycal chitosan; DoF,
degree of famesylation; NPs, nanopartides; EE%, encapsula-
tion efficacy; LC%, loading capadty; MSD, mean squared
displacement; CLSM, confocal laser scanning microscopy; PS
NPs, polystyrene nanoparticles; PEG, polyethylene glycd
FGC 200 nm, Nile red hbeed-famesyl
nanopuﬁdesdzeZOOnm,FGCNOnm,Nilemdhbebd

ol chitosan nanopartides size 300 nm; PEG
200 nm, fluorescently hbeled-PEGylated polystyrene nano-
particles 200 nm; PEG 300 nm, fluorescently lhbeled-
PEGyhted polystyrene nanoparticles 300 nm.
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6.4. PAPER 4: “Squalenyl Hydrogen Sulfate nanoparticles for simultaneous
delivery of tobramycin and alkylquinolone quorum sensing inhibitor to combat

P. aeruginosa biofilm infections”

The data presented in this chapter are subjects of a forthcoming manuscript,
authored by Duy-Khiet Ho, Anastasia Andreas, Xabier Murgia, Antonio G. Hufner de Mello
Martins, Chiara De Rossi, Marcus Koch, Jennifer Herrmann, Rolf Muller, Martin Empting,
Rolf W. Hartmann, Didier Desmaele, Brigitta Loretz, Patrick Couvreur and Claus-Michael
Lehr.

Squalenoylation is a unique technology allowing spontaneously self-assembly of
drug bioconjugated with just one squalenyl moiety, which at the same time results in a
significant high loading capacity, usually higher than 30%, mostly depending on the
molecular weight of drug molecule (1). This innovative approach has been widely applied
for anticancer drugs, e.g. gemcitabine and doxorubicin, as well as antibiotics, e.g.
penicillin G, and shown considerable improvement in efficacy against cancer and
intracellular infection (2,3). The technique is, however not successfully employed for other
drug molecules having abundant amount and different functional groups, e.g.
aminoglycosides antibiotics. Moreover, the overall concept of the squalenoylation is to
synthesize the amphiphilic structure of the conjugated drugs which would further
assemble into a particulate formulation. The solubility of the resulting compounds thus
becomes a severe limitation, especially in common solvents, for the nano-precipitation
procedure (4). Consequently, despite the usefulness of such innovative technology, their
use has not yet been completely explored. To take advantages of the squalenoylation
technology and to further exploit the drug loading capacity of systems based-squalenyl
derivatives, | propose here a newly synthesized amphiphilic anionic lipid, squalenyl
hydrogen sulfate, which could easily assemble into nano-sized particles in aqueous
solution. The self-assembling property of the new compound is much stronger compared
to the carboxylic squalenyl derivative due to the high polarity of the hydrogen sulfate
functional group. The compound was moreover synthesized and isolated with a high yield,
and the synthetic procedure is promising for a large scale production. The synthetic
scheme and isolated yield of each step are shown in Figure 1A.
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Figure 1. (A) Synthetic scheme of Squalenyl Hydrogen Sulfate (Sq) and the assemblies of Sq into drug-
free SqQNPs, QSI (1)-loaded SqNPs, Tob-loaded SqNPs and Tob & (1) co-loaded SqNPs; the attached table
(a1-a4) indicate the NPs characteristics, encapsulation efficacy (EE%) and loading capacity (LC%). (B)
Cryo-TEM image of Tob & (1) co-loaded SgNPs. (C) Cumulative release of Tob and QSI (1) in PBS, at 37

°C. All data are presented as mean 1SD, at least three independent experiments performed in triplicate

each.
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The obtained drug-free self-assembled NPs were stable in storage conditions (4
°C) and in biologically relevant medium for more than a month (data not shown), and
biocompatible on human cell line A549. The single drug-loaded SqNPs, and drugs co-
loaded SqNPs were simply obtained by co-precipitation of the drug molecules and Sq in
aqueous media. The procedures are depicted in Figure 1A. Impressively, the drug loading
capacity of the system is remarkably higher than the conventional drug delivery systems
reported in previous studies (5,6). Particularly, the loading capacity of Tob is at maximum
30%, and the highest loading capacity of QSI (1) is at nearly 10% which are notably higher
than the 0.05% loading capacity reported by Nafee et. al. (7). The NPs characteristics are
summarized in table (a1-a4) attached in Figure 1A. Morphology of such co-loaded SqNPs

was observed by Cryo-TEM and presented in Figure 1B.

The release study of Tob and QSI (1) co-loaded SqQNPs was performed in PBS at
37 °C, and the results are depicted in Figure 1C. It is undoubted that the hydrophobic QSI
(1) shown a slower release profile as the molecules localized in the core side of NPs, while
tobramycin was released faster when being decorated on the outer part of the systems.
The release of tobramycin shown burst effect at around 30% which was recorded after 4h
incubation. This result proves the strong electrostatic interaction between amine and
hydrogen sulfate functional groups in tobramycin and Sq, which is an advantage over the
liposomal tobramycin formulation. In addition, the system holds the potential of co-loading
high amount of different active compounds, which is a remarkable improvement in

comparison to existing nano-formulation systems.

Experts voice that the cell density-dependent cell-to-cell communication system
used by PA strains which is referred to as quorum sensing system is for coordinating
group behavior such as the production of virulence factors such as pyocyanin, elastase B
and hydrogen cyanide (8,9). As a result, the biofilm formation is occurred to protect
bacteria from environmental stresses and promoted the resistance development. Within
the PA signal quorum sensing system, PgsR (pseudomonas quinolone signal R) is a vital
DNA-binding receptor, which in particular means the system is specific to PA and a critical
regulator that fine-tunes a set of genes encoding for virulence factors (10-13). Pyocyanin
is, in part a generator of reactive oxygen species superoxide and hydrogen peroxide which

benefit the bacterial colonization by damaging a variety of host cells and inhibiting the
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dual-oxidase based antimicrobial system in the respiratory regions (14,15). Moreover, the
pseudomonas quinolone signal also prompts PA to convert to a metabolically less active
state in which bacteria are not sensitive to antibiotics. As pseudomonas quinolone signal
shows a prominent role in PA biofilm formation, development and resistance, it is thus
considered an attractive target for combatting bacterial resistance (16). A highly affine
PgsR antagonist, QSI (1) (the structure is shown in Figure 1A), was discovered and
synthesize for such purpose. This QSI was determined to strongly inhibit the virulence
pyocyanin of PA wt, which as a consequence influences the formation of biofilm (17). The
therapeutic effect of such potent compound is restricted by its poor water-solubility.
Hence, a drug delivery system would be a solution to improve the availability of the QSI
(1) in aqueous solution. Figure 2 compares the production of pyocyanin level (%) after
incubating PA14 wt strain with either free QSI (1) or the QSI (1)-loaded SqNPs at different
concentrations. As can be seen, the effectiveness in inhibiting pyocyanin production was
improved more than three times by loading the compound to SqQNPs. This proves the

importance of drug availability enhancement in an aqueous-like environment.
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Figure 2. Pyocyanin assay performed on PA14 wt; starting OD600 (0.02), incubation time 16h. The EC50
values of each treatment was calculated by fitting sigmodal curve, OriginPro 2018 (OriginLab Corp., USA).
Significant different shows at level *p<0.001 compared with sample treated with 0.5 uM QSI (1), #p<0.001
compared with sample treated with 20 yM; §p<0.001 compared with sample treated with 8uM; &p<0.001
compared with sample treated with 4uM. The production of pyocyanin level of PA14 wt, and PA14 wt
incubated with drug-free SQNPs were also measured and served as controls. The drug-free SQNPs did not
show any inhibition to pyocyanin production on PA14 wt at the tested concentrations. PA14 wt bacteria were

grown in PPGAS (proteose peptone glucose ammonium salt medium which is composed of (1 g/L NH4CI,
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1.5 g/L KCI, 19 g/L Tris-HCI, 10 g/L peptone, glucose 5 g/L and 0.1 g/L MgS0O4+7H20), the medium was
adjusted to pH 7.4, and sterilized before use). All data are presented as mean +SD, at least three

independent experiments performed in triplicate each.

The mucus layer presents in the airway is always the first contact of bacteria once
they start colonizing and infecting the host. The pulmonary mucosal barrier would of
course be a protecting layer to prevent the first state in colonization of pathogens, clinical
studies have however revealed that such barrier becomes a superior environment for
bacterial resistance development, in particular PA associated infections in cystic fibrosis
patients (18). Hence, | investigated the pyocyanin production level of PA14 wt strain in the
presence of mucin, a main component of mucus, and native human tracheal mucus at
different concentrations. The results are shown in Figure 3 (A-B). Interestingly, our study
pointed out that at the highest tested concentrations of mucin and mucus, pyocyanin
production in PA14 wt was inhibited which importantly proves the natural defending
function of mucus layer which is in addition to the size- and charge-filtering and
mechanisms. On the contrary, when decreasing the concentration of mucin and mucus
which meaning increasing the ratio of bacteria availability to mucin and mucus weight, the
pyocyanin production was not inhibited but even enhanced significantly, in particular when
incubating PA14 wt with mucin 0.25% or mucus 0.05% concentration, the results are
depicted in Figure 3 (A-B).

QSI is aimed to inhibit pyocyanin production level, which as a consequence
prevents the biofilm formation and rescues the utilities of antibiotics in the treatment of
infections. As described in Figure 10 of the “Introduction” section, QSI should be active at
all stages of infection so that antibiotic therapeutic efficacy would be enhanced, and biofilm
would possibly be eradicated completely. Although both free QSI (1) and QSI (1)-loaded
SgNPs performed their pyocyanin inhibiting functions, the presence of mucus or mucin at
which concentrations favor the production of pyocyanin would reduce and even inactivate
the action of QSI in either form. The pyocyanin assay was carried out to check this
hypothesis, all PA14 wt samples grown in either bacterial culture medium (PPGAS), 0.1%
mucin in PPGAS, or 0.025% mucus in PPGAS were treated with either 2 yM QSI (1) as
free form or loaded in SqNPs. In all these media, the PA14 wt bacteria were also grown

without treatment and served as controls. The results are summarized and presented in
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Figure 3C. Our hypothesis holds true in cases using free form QSI (1) for treatment, its
inhibiting actions were decreased and even not functioned in present of 0.025% mucus
and 0.1% mucin, respectively. On the contrary, QSI (1)-loaded SqNPs still shown the
similar effects compared to ones observed in the assays performed in the absence of
mucus or mucin. Furthermore, at a significantly lower concentration of mucus, the
performance of free form QSI was not notably reduced. Thus, the remarkable reduction
in therapeutic efficacy observed when applying QSI (1) in the presence of mucin would
be explained by the limitation in solubility of the QSI (1) molecules. The argument is quite
understandable due to the rather viscous solution resulting from dissolving mucin in
PPGAS solution. Moreover, the glycoprotein mucin has heterogeneous properties and
holds hydrophobic regions in its structure which would adsorb QSI (1) molecules upon
contacting in aqueous solution thank to the hydrophobic interaction. Therefore, such QSI
molecules are not well dispersed and available to inhibit the production of pyocyanin. On
the other hand, the QSI-loaded SqNPs would have a better dispersion in the medium and

show relatively consistent efficacy of inhibition.
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Figure 3. Pyocyanin assay

A) The production of pyocyanin levels in present of mucin compared to the control PQ14 wt grown in PPGAS
culture medium. Significant level show at *p<0.001 compared with controls; #p<0.001 compared with
samples incubated with mucin 1%; &p<0.001 compared to samples incubated with mucin 0.25%; §p<0.001
compared to samples incubated with mucin 0.1%. B) The production of pyocyanin levels in present of mucus
compared to the control PQ14 wt grown in PPGAS culture medium. Significant level show at *p<0.001
compared to controls; #p<0.001 compared to samples incubated with mucus 0.5%; §p<0.001 compared to
samples incubated with mucus 0.1%. C) Comparison of pyocyanin production level in PA14 wt samples
grown in either bacterial culture medium (PPGAS), 0.1% mucin in PPGAS, or 0.025% mucus in PPGAS
were treated with either 2 uM QSI (1) as free form or loaded in SqNPs. *p<0.001. All data are presented as
mean +SD, at least three independent experiments performed in triplicate each.

As shown in Figure 4A, once bacteria are protected in biofilm, the concentration of
tobramycin needed to completely eradicate bacterial infection was 200 ug/mL or higher

which is remarkably higher than that needed to against planktonic PA14 wt. The fact of
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higher Tobramycin dose needed to eliminate biofilm is known and was verified here. The
need of a higher dose is a challenge in biofilm-associated infections, especially that could
promote bacterial antibiotic resistance development. The tob-loaded SqNPs holding
controlled release profile of tobramycin shows a slight improvement with an identified
MBEC value at 200 pg/mL. The free-form mixture of tobramycin and QSI (1) in which QSI
(1) concentration was kept constantly at 20 yM performed better in combatting PA14 wt
biofilm compared to the aforementioned treatments. In addition to the decreasing of MBEC
value of tobramycin down to 100 pyg/mL, the overall bacteria availability in all tobramycin
treating concentrations was reduced compared to those treated without QSI (1). The
results show encouraging therapeutic effect of the antibiotic and QS| combination. One
might hypothesize that QS| would inhibit the production of pyocyanin and prevent the
further development of the already established biofilm, which thus causes a weaker biofilm
structure and increase the sensitivity of bacteria to antibiotic. Moreover, the less formation
of biofilm would further limit the transformation of bacteria to persister stage, which would
restrict the resistance development. Having known that QSI (1)-loaded SqNPs would
enhance the inhibiting functions of QSI (1), we further applied the tob & QSI (1)-co-loaded
SgNPs in MBEC assay, in which QSI (1) concentration was also incubated continuously
at 20 pyM. The results are shown in Figure 4D. Interestingly, tobramycin needed for the
complete biofilm eradication was significantly reduced and reached around 12.5 pyg/mL
which is nearly 16-fold lower than that of free tobramycin. The interestingly remarkable
enhancement would be the results of better bioavailability of QSI (1) through the biofilm
due to the good dispersion and transportation of such hydrophobic drug loaded in SQNPs,
which was further confirm by CLSM images shown in Figure 5. In summary, the results of
the MBEC assay show that the novel drugs co-loaded SQNPs have a remarkable
complementary therapeutic effect that befit the biofilm eradicating properties and are
superior to free tobramycin. The proposed platform and gained knowledge in this research
would definitely devote to the further studies in combatting bacterial biofilm resistance

development.
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Figure 4. Minimum Biofilm Eradicating Concentration Assay.

PA14 wt biofilm grown in PPGAS for 24h (starting OD600=3.0) were treated with A) Tobramycin (Tob); B)
Tob-loaded SqNPs; C) both Tob and QSI (1) as free form; D) Tob and (1) co-loaded SqNPs. The
concentration of QSI (1) was kept constant at 20 uM in all experiments. After 24h incubation, efficacy was

assessed by determination of cfu/mL. Cfu/mL values are depicted logarithmically for n = 3 experiments with
technical triplicates each. PA14 wt biofilm, and PA14 wt biofilm treated either with drug-free SqQNPs, or with

QSI (1), or QSI (1)-loaded SqNPs were served as controls. The dotted line indicates the detection limit.

Significant different shown at level *p<0.001 compared to controls; #p<0.001 compared to samples treated
with Tob 3.125 pg/mL; §p<0.OO‘I compared to samples treated with Tob 6.25 pg/mL; and &p<0.001

compared to samples treated with Tob 12.5 ug/mL.
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Figure 5. CLSM study of Tob & Nile-red-co-loaded SqNPs 190 nm (Tob concentration was 25 pg/mL which
is below the MBEC value of Tob-loaded SqNPs) interaction and transport through PA GFP 24h-old biofilm
(starting OD600=3.0) after 4h incubation (PA GFP: Pseudomonas aeruginosa green fluorescent protein in

Green, Nile-red loaded SqNPs in red). The images show the bottom layer of the PA biofilm in which SqQNPs

are found proving for the penetration of such system through the biofilm.
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6.5. PATENT APPLICATION: “Excipient-free nano-assemblies of aminoglycoside
antibiotics and farnesyl quorum sensing inhibitors for combatting bacterial

biofilm infections”

This chapter is the following filed patent application:

Duy-Khiet Ho, Brigitta Loretz, Claus-Michael Lehr; Aminoglycoside derivatives and nano-

assemblies thereof, including those with quorum sensing inhibitory function.

European Patent Application, EP 17 179 011.6
International Patent Application, PCT/EP2018/065232
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6.5.1. Proof of European Patent Application
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6.5.2. Proof of International Patent Application
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Deutschland
Nationalitat: osterreichisch;
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6.5.3. Summary of the invention

In this section, the description of state-of-the-art and some results in the invention
will be summarized and presented. The invention will be published online from January
2019.

Aminoglycosides is an important antibiotic family which is widely used in clinical to
treat many infectious diseases, especially for many types of gram-negative bacteria and
biofilm. Tobramycin, for instant, is widely used for several infectious diseases with different
formulating strategies, e.g. i) TOBI® solution for inhalation (product of Novartis) is a
tobramycin solution for inhalation for lung infection, particularly in cystic fibrosis patients.
This product is recommended to use as 300mg tobramycin in 5 mL ampule for a single
use for 28 days. ii) TOBI® PODHALER™ (product of Novartis) is tobramycin inhalation
powder. This product is administered 28 mg capsules for inhalation twice-daily for 28 days
(1-3). iii) Tobramycin Ophthalmic Solution, USP 0.3% (product of Bausch and Lomb) is
tobramycin for ophthalmic infection (4). iv) and many other examples such as gentamicin

and neomycin for infectious skin, amikacin for a wide range of multi-resistant bacteria.

Although there are tremendous development in therapeutic approach, particularly
new drug class synthesis, as well as formulating and administering strategies, the clinical
treatments using aminoglycosides remain failures because: (i) The drugs could only
accomplish the termination of spreading bacteria, while biofilms and mucus-embedded
biofilms could impossibly be eradicated completely; (ii) The high dose of aminoglycosides,
e.g. in case of TOBI® solution for inhalation, which is required for the treatment of cystic
fibrosis related infection, causes side effects on patients when the drug is burstly released;
(iif) The naturally highly charged structure of aminoglycosides would cause strong
interaction with biological barriers, e.g. biofilm or mucus, leading to a slow or incomplete
penetration of drug to infected side. As a result, aminoglycosides dose could be below
MIC value which is a main cause of bacterial resistance.

With mentioned reasons, the uses of aminoglycosides are necessary, but there are
limitations that need to be solved. Although new analogs of aminoglycosides could be
synthesized and introduced to expectedly improve antimicrobial properties, their highly

127



SCIENTIFIC OUTPUT

positive charged structure could potentially again be a problem causing resistance in
bacteria due to its strong interaction with biological barriers, especially in complex
infectious diseases. Hence, it is important to prepare new analogs of such antibiotic family,
and to innovate a strategy to overcome biological barriers. Formulating and combining
aminoglycosides with other active agents as the complementary treatment in the nano-
sized carriers would be a good problem solving approach.

Nanotechnology in pharmaceutical applications has been evaluated as a high
efficacy technique in the delivery of drugs, which aims to protect drugs from degradation
and burst release, and to deliver a sustainable amount of drugs to targeting sites.
Particularly considering novel strategies of drug delivery for infectious diseases treatment,
nanotechnology is the most advantageous technique, which could locally delivery
sufficient does of anti-infective, allows a combination of more than one active agent in
targeting side to maximize treatment efficiency, and avoids drugs side effects as well as
bacterial resistance development. Although there are many intense studies on developing
nanomedicines for severely infectious diseases, it is obvious that few nanomedicine
products have reached to clinical stage and market. Those failures are because of: (i) The
poor loading rate with respect to carrier materials; (ii) The burst release of encapsulated
drugs right after administration; (iii) It is hard to choose the materials which are
biodegradable, biocompatible, and easy for the design of carrier systems that could
overcome biological barriers; (iv) Lack of multifunctional nano-carrier systems, or
limitation in multi-loading carrier system regarding loading capacity, types of loading
agents, loading efficiency and loading rate.

In this invention, we propose an innovative strategy which is ‘excipient free nano-
assembly of aminoglycosides and quorum sensing inhibitors’ by farnesylation of
aminoglycosides molecules. Farnesol is a natural and biocompatible lipid (C15H260)
belonging to the sesquiterpene alcohols, which is widely employed in many medical
products. “Farnesylation” means the covalently chemical linkage, or electrostatic
interaction of farnesyl derivatives and drug molecules via a “single step” preparation which
is proposed in this innovation. Without the need of any other supporting materials, the
innovated technique allows spontaneous formation of aminoglycosides nanoparticles

based on self-assembly of farnesol derivatives. Moreover, farnesol and its derivatives
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have known pharmacological effects (5,6) which are: i) anti-biofilm activity (7); ii) bacteria
(e.g. Pseudomomas aegurinosa) and fungi quorum sensing inhibitory properties, as well
as improving treatment efficiency when co-administrating with antibiotic (8—10); iii)
antibacterial and antifungal (5,11,12); and iv) induction of apoptosis in cancer cells
(13,14). Those properties of farnesol derivatives, particularly quorum sensing inhibitory
properties, would be greatly employed in this innovation. Therefore, in this innovation, the
‘excipient free nano-assembly of Aminoglycosides and quorum sensing inhibitors’ by
farnesylation is composed of antibiotic, aminoglycosides, and quorum sensing inhibitor
derivatives, farnesol derivatives, which is considered 100% nano-assembly medicine for

infectious diseases treatment.

Such remarkable self-assembly properties were demonstrated before for squalene
(CsoHs0; Mw = 410 g/mol) the precursor of steroids. Squalenoylation was shown to be a
viable strategy for drug delivery (15). However, the Squalenoylation technology has
unsolved disadvantages compared to the innovative ‘Aminoglycosides Nano-assembly’
by farnesylation, which are: (i) Squalene derivatives do not have quorum sensing inhibitory
properties; hence, it is just a novel carrier system, or pro-drug form. Meanwhile, in this
innovation, the ‘Aminoglycosides Nano-assembly’ is considered as 100% therapeutic
nano-medicine (the excipient free nano-assembly) as it is composed by antibiotic,
aminoglycosides, and quorum sensing inhibitory derivatives, farnesol derivatives; (ii)
Preparation of squalene derivatives is multi-step synthesizing procedure (generally more
than 5 steps) and poor isolated yield, especially around 30% isolated yield for 1st step of
synthesis procedure, which results in low overall isolated yield (16,17); (iii) Conjugation of
squalene derivatives to highly charged compounds causes serious solubility problem of
resulting products, which is a huge limitation for nano-carriers preparation and application
as reported by Lepeltier et. al. (18); (iv) Farnesol derivative is a precursor of squalene, so
squalene derivatives have almost double molecular weight and are harder available and
producible. The drugs loading rate of nano-carriers based on squalene derivatives would
be definitely lower compared to farnesol derivatives considering same drug molecules.

Besides, farnesol derivatives were previously used to modify with penicillin G
(19,20); however, the aim of that research was completely different compared to the focus

of this innovation, with reasons as following: (i) The research aimed to treat intracellular
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infection, in eukaryotic cells, the non-biofilm infection. The function as quorum sensing
inhibitor of farnesol derivatives was not employed and studied, and farnesol derivative in
their research was just used as a carrier. While the aim of this innovation is
‘Aminoglycosides Nano-assembly’ for dual delivery of aminoglycosides and quorum
sensing inhibitor, the farnesol derivatives, for biofilm treatment. (ii) In the proposed
research by Abed el. al. (20) non-cleavable (ester bonds) and intracellular cleavable
linkage (acylal linkage) of farnesol derivatives and drug molecules were used resulting in
non-active properties of farnesol for intracellular infection. While in this innovation the
linkage of farnesol derivatives and aminoglycosides is designed and synthesized to be
cleaved due to pH gradient of biofilm (e.g. imine, enamine) as environmentally sensitive
linkage (the linkage in this innovation is not designed to be cleaved intra- eukaryotic cells),
or is statistic interaction. Hence, quorum sensing inhibitory function of farnesol derivatives
would be maintained in targeting sides (e.g. biofilm). Besides, the conjugation of farnesol
derivatives and penicillin G by Abed et. al. (20) required spacing molecules (for better
conjugation and control environmental sensitivity of linkage), while in this invention
aminoglycosides and quorum sensing inhibitors, farnesol derivatives, were directly
conjugated by pH-sensitive linkage. As a result, cleaved products of modified compounds
in such approach are not quorum sensing inhibitors due to the presence of spacing
molecules, while in this invention the conjugation without spacing molecules of the
excipient free nanomedicine will directly release farnesol derivatives, which are quorum
sensing inhibitors, and aminoglycoside molecules. (iii) The use of farnesol derivatives in
their research did not help to improve antimicrobial activity of penicillin G as mentioned in
Table 2 in their publication, and even dramatically decrease antimicrobial activity of
penicillin G, or non-active compound after conjugation (by showing the remarkable
increase of minimum inhibitory concentration (MIC) at more than 3250 folds higher
compared to free drug. Note: the result in MIC assay shows that one of the modified drugs
with farnesol derivative does not have antimicrobial activity). While in this innovation, the
active sides of aminoglycosides (amine functional groups) are maintained in targeting
sites as selectively cleavable linkage and/or statistic interaction of quorum sensing
inhibitors, farnesol derivatives, and aminoglycosides are prepared. Moreover, the dual-
delivery of 100% therapeutic nanomedicine (the excipient free nano-assembly) shows

great improvement in treatment efficiency as the function of two active agents, with
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dramatically decreasing in MIC value. (iv) In their research, the -Lactam antibiotic family
was studied, which is used in completely different aim from aminoglycosides antibiotic
family, the focus in this innovation; hence, they have different problems considering their
applications and development. And in this innovation, problems of aminoglycosides are
carefully addressed.

In addition, the introduction of lipophilic moieties into molecules of
aminoglycosides; particularly modification of Tobramycin, or Kanamycin, were
investigated in previous research proposed by Fosso et. al. (21) and Berkov-Zrihen et. al.
(22). The aim in these researches was to use chemical modification to introduce lipophilic
derivatives into aminoglycosides to make cationic amphiphiles which could promote better
penetration of modified compound to bacteria cell walls, or vary the anti-microbial activity
(which was studied by MIC assay). However, such modification in those studies could not
bring great impact in infectious diseases treatment compared to the modification in this
invention. The main disadvantages in those researches and the differences compared to
this innovation are mentioned as below: (i) The lipophilic moieties which were used in
those researches are linear hydrocarbon (from C4 to C15). Those hydrocarbon derivatives
do not have self-assembly properties so that the formation into nano-sized carriers is not
possible. While in this innovation the use of farnesol derivatives is for self-assembly of
aminoglycosides into nano-sized carrier systems. (ii) The lipophilic moieties which were
used in those researches do not have quorum sensing inhibitory properties. While the
farnesol derivatives in our innovation are employed as quorum sensing inhibitors which
are greatly employed for a formulation of 100% therapeutic nanomedicine (the excipient
free nano-assembly). (iii) In those researches, lipophilic moieties were modified to
aminoglycosides derivatives with stable linkage (non-cleavable linkage) toward
aminoglycosides, which definitely changes properties of the active sites of
aminoglycosides; therefore, the modified drugs could be considered as new compounds.
Consequently, in most cases, the introduction of lipophilic moieties results in poor anti-
microbial activities. While in this innovation, the introduction of farnesol derivative does
not compromise anti-microbial properties of aminoglycosides, but dramatically increases
the treatment efficiency due to dual action of two active agents in 100% therapeutic
nanomedicine (the excipient free nano-assembly). (iv) The introduction of lipophilic
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moieties was done by heavily employing chemical synthesis, which is multi-step synthetic
procedure (generally more than 7 steps) with poor isolated yield, and non-scalable
strategy. While in this innovation we have developed the ‘single step’ preparation of
aminoglycosides nano-assembly which incorporates more than one active compound for
better treatment efficiency, and is a scalable procedure with 100% conversion yield and
95% isolated yield.

Finally, the incorporating administration of an antibiotic (ciprofloxacin) and quorum
sensing inhibitor (farnesol) by formulating them into liposome vehicle to treat biofilm
infections results in greater treatment efficiency compared to single administration of each
free drug proposed by Bandara et. al. (10). However, i) the novel carrier, liposome, used
in their research has poor loading rate due to its natural characteristic of such carrier
system and the use of abundant amount of lipids to formulate liposome which are
dominant compared to amount of loading drugs; and ii) there is no direct connection
(linkage) between antibiotic molecules and quorum sensing inhibitors in their research,
they were just applied as free form in the formulation; hence, the release of drugs were
not well controlled; iii) Moreover, ciprofloxacin could easily form crystal in an aqueous
medium in short time at storage conditions, so the use of ciprofloxacin in aqueous phase
of liposome is not a good approach. Hence, the differences between this innovation and
the work by Bandara et. al. (10) are: (i) In this innovation, the 100% therapeutic
nanomedicine (the excipient free nano-assembly) without any supporting materials has
been innovated which is a huge advantage compared to liposome carrier; (ii) moreover,
the cleavable linkage or statistic interaction of farnesol derivatives and aminoglycosides
is able to form stable nano-assembly to avoid burst release, and manage to have the

release of drugs in a controlled manner.

With all above mentioned reasons, this innovation proposes a completely different

approach for nanomedicine formulation of aminoglycosides and farnesol derivatives.

The concept of self-assembly antibiotic aminoglycosides and quorum sensing
inhibitory farnesol derivatives into a nanomedicine system is unique, and a completely

different focus on nanomedicine development compared to previous studies.
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In this innovation, such unique nano-assembly has created a 100% therapeutic
nanomedicine (the excipient free nano-assembly), which means all components function

as active agents in targeting sides (biofilm).

Nano-assembly of aminoglycosides is employed by farnesylation of
aminoglycosides, in which sensitively covalent bonding (e.g. imine, enamine) is formed
by conjugating equivalent molar ratio of farnesol derivative and amine functional groups
of aminoglycosides’ molecules, or statistic interaction of farnesol derivative and functional
groups of aminoglycosides’ molecules. This modification introduces the lipophilic moiety
into drug molecules. Consequently, the farnesylation of aminoglycosides could
spontaneously form nano-assembly. Burst release could be avoided, while sustained
release could be achieved by a chemical linkage which is sensitive to surrounding
environmental factors at infectious sites, especially to pH gradient in biofilm.

The main advantages of this innovative platform are as following: (i) A “single step”
preparation facilitates the dramatic increase in drug loading of aminoglycosides (e.g.
Tobramycin) up to 70%, and of both aminoglycosides and quorum sensing inhibitory
farnesol derivatives up to 100%. Notably, the ‘Aminoglycosides nano-assembly’ in this
innovation is 100% therapeutic nano-medicine (the excipient free nano-assembly). (ii)
Farnesol derivatives are small molecules, and they enable the stable self-assembly
complexes. Hence, the drug loading capacity is much higher compared to conventional
encapsulation strategies and Squalenoylation approach. Moreover, aminoglycosides are
generally highly charged molecules; hence, their conjugation with capably assembling
molecules (e.g. squalene derivatives) would result in insoluble products in common
solvents. However, in this innovation, the farnesylation of aminoglycosides does not cause
such problem, and the nano-assembly could be effortlessly formed. Structure of
tobramycin nano-assembly by farnesylation in nano-size and spherical shape has been
convincingly proved by Cryo-TEM image shown in Figure 1.
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Figure 1. Cryo-TEM image of the farnesyl-conjugated tobramycin nano-assemblies.

(iii) “Dual functioned” nanomedicines due to the presence of farnesyl derivatives’ quorum
sensing inhibiting activity increases anti-microbial activities of the nano-medicine
‘Aminoglycosides nano-assembly’. The quorum sensing inhibitory effects of farnesyl
derivatives are summarized in Table 1. Notably, the farnesyl hydrogen sulfate derivative
performed impressively improvement in inhibiting pyocyanin production of PA14 wt, which
would be explained by the self-assembly of such derivative in comparison to non-water-
soluble phase of farnesol or farnesal. The self-assemblies of farnesyl hydrogen sulfate
are observed by Cryo-TEM, and a representative image is presented in Figure 2. (iv) The
introduction of lipophilic moieties, Farnesol derivatives, can improve the penetration of
aminoglycosides through bacteria cell walls. Moreover, the presence of lipophilic moieties
by chemical linkage or statistic interaction strongly decreases charge of aminoglycosides
molecules; as a result, the modified aminoglycosides in this innovation do not have strong
interaction with biological barriers like mucus, biofilm, and penetrate faster through such
barriers. The hypothesis is fully proved by the results obtained from MBEC assays shown
in Figure 3. Moreover, the incorporation of either fanesal, farnesol or farnesyl hydrogen
sulfate with tobramycin into the nano-assemblies enhances significantly the efficacy
against PA14 wt biofilm. Although the pyocyanin inhibiting effects of both farnesol and
fanesal could not be determined at the tested concentration, the complementary effects
with antibiotics of these two natural-lipid-based quorum sensing inhibitors were clearly
shown when being assembled into the nano-assemblies. (v) The formulation avoids burst
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release of aminoglycosides by sensitive (e.g. pH) chemical linkages (e.g. imine, enamine)
of farnesol derivatives and aminoglycosides, or statistic interaction of farnesol derivatives
and aminoglycosides. (vi) The rich positively charged surface of aminoglycosides nano-
assembly stabilizes really well such carrier system, and could also be used for further
surface modification, while the hydrophobic core would be also further employed to load
hydrophobic compounds, which altogether makes great innovation of multiple drugs

delivery systems.

Table 1. Pyocyanin inhibiting efficacy on PA14 wt of farnesyl derivatives @

EC50 of
Function in the Stock solvent
Farnesyl pyocyanin
innovative for
derivatives inhibiting level
nanoassemblies solubilization
(Hg/mL)
Farnesylation of
aminoglycosides based on
Farnesal pH sensitive chemical Ethanol N/A ©)
linkage, and function as a
QS
Farnesol Function as a QSI Ethanol N/A ©)
Farnesylation of
Farnesyl hydrogen | aminoglycosides based on
_ _ Ethanol ~10
sulfate charge interaction, and
function as a QSI

@) The inhibition of pyocyanin level on PA14 wt strain after being treated with either farnesal, farnesol or
farnesyl hydrogen sulfate was measured compared to untreated PA14 wt control. All PA14 wt bacteria

samples were grown in PPGAS. At least three independent experiments performed in triplicate each.

®) N/A: not available. The EC50 values of farnesal and farnesol were not determined. The inhibitory level of

both compounds was lower than 50% at the highest tested concentration of 30 pug/mL.
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Figure 2. Cryo-TEM image of farnesyl hydrogen sulfate nanoassemblies in aqueous solution
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Figure 3. Minimum Biofilm Eradicating Concentration Assay.

PA14 wt biofilm grown in PPGAS for 24h (starting OD600=3.0) were treated with A) Tobramycin (Tob); B)
Tob-Farnesal nanoassemblies; C) Tob-Farnesal & Farnesol nanoassemblies; D) Tob-Farnesal and
Farnesyl hydrogen sulfate nanoassemblies. The total concentration of farnesyl QSI was kept constant at
100 pg/mL in all experiments treated with QSI. After 24h incubation, efficacy was assessed by determination
of cfu/mL. Cfu/mL values are depicted logarithmically for n = 3 experiments with technical triplicates each.
PA14 wt biofilm samples served as controls. The dotted line indicates the detection limit. Significant different
shown at level *p<0.001 compared to controls; #p<0.001 compared to samples treated with Tob 3.125
pg/mL; §p<0.001 compared to samples treated with Tob 6.25 yg/mL; and &p<0.001 compared to samples
treated with Tob 12.5 pg/mL.
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