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"The penicillin could not get the illing to stop, amoxicillin's just not real enough”

- Till T Collapse, Eminem






POPULAR SCIENCE SUMMARY OF THE THESIS

The skin is an important part of our body that influences our well-being, health and happiness.
It also provides the crucial function to protect us from the outside world and germs, for
example bacteria. However, at some point most of us have experienced an infection of the
skin, maybe noticeable in a rash, after a scratch or after surgery. In such infections, bacteria
that are typically not supposed to grow in the skin now grow there or harmless bacteria now
start to produce substances that harm us. The result is that the skin itches, it might form pus,
or the wound may just not heal. While this is uncomfortable for the patient, it also risks
spreading in the body causing life-threatening conditions or being transferred to other people.
Therefore, it is very important that doctors have medications available that quickly and
effectively treat these skin infections.

A common way to treat skin infections is by prescribing antibiotics which stop bacteria from
growing. Antibiotics can be given via creams, tablets, or even injections. Unfortunately, such
administrations might not always be very effective — remember the function of our skin is to
protect us and this may also prevent drugs from entering the skin. The result is that sometimes
the concentration of the antibiotic in the skin at the site of infection, where we want it to be,
is low. The low antibiotic concentration reduces the success of the therapy, and the patient
continues to suffer from the skin infection. Another problem with treating skin infections is
the occurrence of bacteria that are resistant to antibiotics. This means that the antibiotic is not
effective in stopping the bacterial growth any longer because the bacteria developed a
protection against it.

A solution to both problems (low concentration of antibiotic in the skin and resistance of
bacteria to the antibiotic) is to develop new medical treatments that provide local
concentrations of antibiotic combined with additional treatment. In this thesis such a new
medical treatment, called microneedle (MN) patches, is developed. MNs are small needles,
hardly visible with the bare eye, that can be applied to the skin like a plaster. The small
needles create tiny holes in the outer layer of the skin without pain which allows drugs to
enter the skin easily. In addition to this, the MN patches allow to combine the antibiotic with
other treatments, a promising one being the application of heat which damages the bacterial
cell. The heat can be created by using a red-light lamp widely used in cosmetics and gold
(Au) or silver (Ag) nanoparticles. These tiny plasmonic particles have the unique property of
being photothermal, meaning that they can absorb the light from the lamp and release it in
form of mild heat.

In summary, in this thesis we developed MN plasters which bring high concentrations of
antibiotics and mild heat into the skin infection. This allows to improve the treatment of skin
infections, even if they are caused by bacteria that are resistant. In Paper I of this thesis we
introduce the antibiotic-loaded MN plasters, and in Paper II and Paper I1I we developed
MN with nanoparticles that can heat up. In Paper IV we finally combine the work by
development of a single, hybrid MN that contains both antibiotic and heat.



Abstract
Skin and soft tissue infections (SSTIs) are a major healthcare burden that has increased in

incidence since the beginning of the 21% century resulting in an annual spending of
approximately 15 b$ in 2012 in the United States (US).! Treatment of SSTIs is complex and
typically involves the administration of antibiotics. However, the antibiotic therapy of SSTIs
has multiple obstacles interfering with an efficient treatment outcome such as (1) limited local
antibiotic penetration into the skin and (ii) rising antibiotic resistant SSTIs. The limitation of
local drug penetration is associated with the route of administration. On the one hand,
antibiotics can be given topically; however, the protective function of the skin limits the types
of drugs that can efficiently be given via this route. On the other hand, systemic
administration of the antibiotic parenterally or intravenously (IV) shows low local skin
absorption while suffering from side effects associated with the systemic exposure of the
body to the antibiotic. Furthermore, the rise in antibiotic resistance urgently calls for the
development of novel antibacterial treatment options to optimize the antibacterial effect of
current antibiotics and reduce further resistance development. A potential to improve the
antibacterial effect of antibiotics is through multimodal therapies and as such the
incorporation of heat from photothermal therapy (PTT) has been reported as a promising
avenue to improve antibiotic efficiency.

In the scope of this thesis, microneedle (MN) arrays were developed to address the problems
faced in the treatment of bacterial SSTIs. In the first part of this thesis, dissolvable MN arrays
loaded with the antibiotic vancomycin (VAN) were developed and tested in ex vivo porcine
infection models of methicillin-resistant Staphylococcus aureus (MRSA), a strain commonly
found in SSTIs. The MN arrays allowed the delivery of high concentrations of VAN locally
in the skin where it remained active to inhibit the growth of MRSA after only two applications
for 10 minutes. The second part of this thesis describes the development of photothermal MN
arrays with plasmonic Au/SiO2 and Ag/SiO> nanoaggregates. Four different fabrication
methods following traditional mold-and-casting methods using Au/SiO: revealed that the
rational selection of the fabrication method allows for a control over the MN morphology,
photothermal effect, and a reduction of nanoparticle (NP) deposition into the skin.
Additionally, Ag/SiO> nanoaggregates were employed in nanocomposites of ultraviolet
(UV)-curable resin to be used for the 3D printing of photothermal MN arrays. Such 3D-
printed photothermal MN arrays allowed for the in vitro killing of the SSTI-associated
bacterial species S. aureus and Pseudomonas aeruginosa by heat. However, final temperature
of the planktonic samples reached >60 °C limiting the clinical potential of such photothermal
MNs as monotherapies since such high temperatures may cause damage to healthy cells.
Therefore, hybrid MN arrays were developed that incorporate both VAN and photothermal
nanoaggregates to reduce the needed antibiotic and temperature dose through synergistic
interactions. Such hybrid MNs were fabricated employing an outer, dissolvable, drug-loaded
layer and an inner, non-dissolvable, photothermal core aiming to combine the advantages of
(1) high local VAN delivery and (i) intradermal PTT. We showed the successful synergistic
growth inhibition of MRSA in vitro of such hybrid MN arrays. Overall, the work in this thesis
introduces a potential novel treatment option for bacterial SSTIs.



LIST OF SCIENTIFIC PAPERS

L

II.

I1I.

IV.

Jill Ziesmer, Poojabahen Tajpara, Nele-Johanna Hempel, Marcus Ehrstrom,
Keira Melican, Liv Eidsmo, and Georgios A. Sotiriou

Vancomycin-Loaded Microneedle Arrays against Methicillin-Resistant
Staphylococcus Aureus Skin Infections

Advanced Materials Technologies, 2021; 6; 2001307

Jill Ziesmer, Isabel Sondén, Thomas Thersleff, and Georgios A. Sotiriou
Highly Efficient Near-IR Photothermal Microneedles with Flame-Made
Plasmonic Nanoaggregates for Reduced Intradermal Nanoparticle
Deposition

Advanced Materials Interfaces, 2022; 2201540

Jill Ziesmer, Isabel Sondén, Padryk Merkl, and Georgios A. Sotiriou
Customizable Fabrication of Photothermal Microneedles with Plasmonic
Nanoaggregates Using Low-cost Stereolithography 3D-printing
Manuscript

Jill Ziesmer and Georgios A. Sotiriou

Hybrid Microneedle Arrays for Antibiotic and near-IR Photothermal
Synergistic Antimicrobial Effect Against Methicillin-Resistant
Staphylococcus aureus

Manuscript






SCIENTIFIC PAPERS NOT INCLUDED IN THE THESIS

Zoi Kanaki, Chrysoula Chandrinou, loanna-Maria Orfanou, Christina Kryou, Jill
Ziesmer, Georgios A. Sotiriou, Apostolos Klinakis, Constantin Tamvakopoulos, and
Ioanna Zergioti

Laser-Induced Forward Transfer Printing on Microneedles for Transdermal
Delivery of Gemcitabine

International Journal of Bioprinting, 2022; 8; 554

Alessondra T. Speidel, Phillip R. A. Chivers, Christopher S. Wood, Derrick A. Roberts,
Inés P. Correia, April S. Caravaca, Yu Kiu Victor Chan, Catherine S. Hansel, Johannes
Heimgértner, Eliane Miiller, Jill Ziesmer, Georgios A. Sotiriou, Peder S. Olofsson,
Molly M. Stevens

Tailored Biocompatible Polyurethane-Poly(ethylene glycol) Hydrogels as a
Versatile Nonfouling Biomaterial

Advanced Healthcare Materials, 2022; 11; 2201378

PATENTS FROM THE WORK OF THE THESIS

Jill Ziesmer, Padryk Merkl, Isabel Sondén, and Georgios A. Sotiriou

Microneedle Array Comprising a Water Insoluble Polymer and Photothermal
Nanoparticles

20 of June 2022, Application no.: 2250731-3






CONTENTS

O 0 3 N

INTRODUCTION.......cutetiieiiieieieeeeieete ettt ettt ae et eseneesessenens
LITERATURE REVIEW ....oiiiiiiiiieeeeeeee ettt
2.1 TRE SKIM.ceiiiiiiieiieiie ettt ettt ettt et et enes
2.1.1 The physiology of the skin..........ccceeeuieriiiiiiiniiiiiee e
2.1.2  The skin MICIODIOME. ........cccuvieiieriiieiieiie ettt
2.1.3 Bacterial skin and soft tissue infections...........ccccceeeveevieriieneenneennen.
2.1.4 Current treatment strategies for bacterial skin infections ...................
2.1.5 Thermotherapy in dermatology .........cccccvveeviieeiiieeiieeeiie e
2.2 Nanomedicine for microbial Infections............cocueeriiiiiiniiniienicieceeeee,
2.2.1 Inorganic NPs as antibacterial agents ..........c.ccoeceevereeneeneniieneenennne.
2.2.2 Plasmonic NPS ......cccoooiiiiiiiiiieiteieeie ettt
2.2.3 NPs synthesis via FSP.......ccccooiiiiiiiiiiieeeee e
2.3 IMIN QITAYS cneveeeiiieeiieeeiiee ettt eit e et e st e e st e e st eesabeeesabeeeabeesnbeesnneesneeas
2.3.1 Polymeric MNs for drug delivery .......ccccoeeveeeiiieeiiieeieeeee e,
2.3.2  Antibacterial MINS........ccoooiiiiiiiiiieee e
2.3.3 Photothermal MINS .......cccciiiiiiiiiiiieee e
RESEARCH AIMS ...ttt ettt sttt nae e eseneas
METHODOLOGICAL CONSIDERATIONS ..ottt
4.1 Regarding MN fabrication and characterization............cecceveevervenienerienenns
4.2 Regarding NPs synthesis and characterization .............cceceveeverienceniennenens
4.3 Regarding bacterial Worki..........coceeriiiiiiiiiiiiieeeee e
4.4 Ex vivo skin MOdelS ......cc.ooiiiiiiiiiiiiii e
4.5 Ethical conSIAerations ...........coceeriiiiiieiiiiieeniie ettt
RESULTS & DISCUSSION ..ottt

Paper I: Vancomycin-Loaded Microneedle Arrays against Methicillin-Resistant
Staphylococcus Aureus Skin InfeCtions ..........coccvevviieriieiieniieeiieieeeee e
Paper II: Highly Efficient Near-IR Photothermal Microneedles with Flame-
Made Plasmonic Nanoaggregates for Reduced Intradermal Nanoparticle
DIEPOSTHION ...ttt ettt ettt ettt et ettt e e b e e teesabeebeesnseensaesnseas
Paper III: Customizable Fabrication of Photothermal Microneedles with
Plasmonic Nanoaggregates Using Low-cost Stereolithography 3D-
028101203 F SRR
Paper IV: Hybrid Microneedle Arrays for Antibiotic and near-IR Photothermal
Synergistic ~ Antimicrobial Effect Against Methicillin-Resistant
StAPIYIOCOCCUS QUICUS ... e s
CONCLUSIONS ...ttt ettt sttt ettt ebe et naeneas
FUTURE PERSPECTIVE ..ottt
ACKNOWLEDGEMENTS .....ooiiiiiiiniireneese ettt
REFERENCES ..ottt sttt



LIST OF ABBREVIATIONS

AMP
CFU
DNA
DSC
EDX
EELS
FDA
FSP
HMDSO
HPLC
ICP-MS
IDSA
v

IR
LCD
LSP(R)
MIC
MN
MRSA
NR
NSTI
NP

OD
PCL
PDMS
PMMA
PTT
PVA
PVP
ROS
SEM
SLA
SPIONS
SSI
SSTI
TEM
US

uv
VAN
WHO

antimicrobial peptide

colony forming unit
deoxyribonucleic acid

differential scanning calorimetry
energy-dispersive X-ray spectroscopy
electron energy loss spectroscopy
Food and Drug Administration

flame spray pyrolysis
hexamethyldisiloxane

high-pressure liquid chromatography
inductively coupled plasma mass spectroscopy
Infectious Disease Society of America
intravenous

infrared

liquid crystal display

localized surface plasmons resonance
minimum inhibitory concentration
microneedle

methicillin-resistant Staphylococcus aureus
nanorod

necrotizing soft tissue infections
nanoparticle

optical density

polycaprolactone
polydimethylsiloxane
polymethylmethacrylate
photothermal therapy

polyvinyl alcohol
polyvinylpyrrolidone

reactive oxygen species

scanning electron microscope
stereolithography

superparamagnetic iron oxide NPs
surgical site infections

skin and soft tissue infection
transmission electron microscope
United States

ultraviolet

vancomycin

World Health Organization






1 INTRODUCTION

1 INTRODUCTION

The skin covers an organism’s entire body, efficiently interacting with the environment and
providing a protective shield against external harm. The complex physiology of the skin and
its outer layer, the epidermis, is a crucial factor in orchestrating the interactions with and
protection against the environment. In a healthy state, the skin harbors a rich microbiome in
fine harmony with the host and mutualistic/commensal microorganisms allowing for the
control of harmful pathogenic colonization and protection against skin infections.> However,
at times this microbial homeostasis can be disrupted and/or external injury is inflicted on the
skin resulting in the emergence of skin and soft tissue infections (SSTIs). In fact, SSTIs have
been rising in the first decade of the 21% century and pose a major health care burden
corresponding to an annual spending in the United States (US) of approximately 15 b$ in
2012.! The increasing emergence of SSTIs is not only a health threat to the affected patients
but also to the community since skin pathogens can directly and indirectly be transmitted
between humans.? Therefore, efficient treatment of SSTIs is a crucial aspect in maintaining
high quality of health in our society. SSTIs can be categorized in various ways depending for
example on the anatomical infection site, the microbial etiology, the symptom severity, or
the presence of an underlying disease. Accordingly, the recommended treatment of SSTIs
may vary significantly depending on how the infection presents.* Generally, antibiotic
administration via topical or systemic routes is commonly recommended for many types of
SSTIs. However, antibiotic penetration into the skin may be limited depending on the
molecular properties of the antibiotic and the protective function of the skin. Furthermore,
the ongoing rise of antibiotic-resistance is contributing to difficulties in successfully treating
SSTIs.> To overcome the problems of (i) limitations in antibiotics delivery and (ii)
maintaining the efficiency of antibiotics for the treatment of SSTIs, novel antibiotic delivery
platforms need to be developed. One possibility to enhance the efficiency of antibiotics is the
simultaneous administration of multiple therapy modalities that cause harm to the infectious
bacteria via various pathways. In the scope of bacterial infections, the application of mildly
elevated temperature can potentially improve the therapy via weakening of the bacteria
through physical damage.®’

One approach to improve the efficiency of antibacterial therapies is the use of nanoparticles
(NPs).® Nanomaterials are materials in the nanoscale (10® m) that, due to their small size,
exhibit different behaviors than their bulk counterpart. In the field of nanomedicine, these
distinct behaviors are exploited for therapeutic or diagnostic inventions. The distinct
behaviors of NPs and their high surface-to-volume ratio allows for antibacterial effects via
processes such as (i) high metal-ion release, (ii) the production of reactive oxygen species
(ROS), or (iii) heat dissipation.”!® The possibility of NPs to produce heat is based on the
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interaction of plasmonic NPs with light. Plasmons are the collective oscillation of the free
electron gas. In plasmonic NPs the frequency of the plasmons can effectively couple with the
wavelength of the incident light resulting in energy absorption which can be released via heat
dissipation.!!"!* Using light to increase the temperature for therapeutic purposes is called
photothermal therapy (PTT). In PTT for biomedical application typically light in the near-
infrared (IR) region is preferred due to the low unspecific absorption of near-IR wavelengths
by tissue leading to lower radiative losses.!* Two plasmonic nanomaterials with high light-
to-heat conversion efficiencies are Ag and Au which upon tuning their size and shape can

absorb near-IR light.'?

While Ag NPs may be beneficial in terms of material costs, Au NPs
benefit from high biological and chemical inertness. An important aspect in translating
nanomedicine to the clinics is the cost-efficient and scalable production of NPs. A NP
synthesis technique commonly employed in industry is the aerosol synthesis such as flame
spray pyrolysis (FSP).!>!6 FSP allows for the synthesis of Ag and Au NPs with control over
their plasmonic properties by formation of the nanoaggregates with specific interparticle
distance using SiO,.!7?! Furthermore, FSP allows for the fabrication of large quantities of
NP powder and the direct in situ deposition of NP films on substrates.> These powders or
coatings can then be used for biomedical purpose such as PTT against bacterial infections.
PTT damages bacteria resulting in enhanced therapy outcomes due to increasing antibiotic
susceptibility and direct bacterial killing.>*»** Therefore, PTT has been widely employed for
the improvement of the treatment of SSTIs. However, a crucial aspect in translating NP-
based PTT is the effective delivery of PTT locally to the infected skin.

Another approach for improving antibiotic efficiency is their adequate therapy administration
to the infection site. In the field of dermatotherapies, microneedles (MNs) have gained
traction in the past two decades for improved drug delivery to the skin.?>?® MNs are small
needles at the microscale commonly arranged in arrays on patches or plasters that can deliver
their cargo intradermally while inflicting minor pain to the patient.?’’” Due to these
characteristics, MN arrays were extensively developed for intradermal vaccination.”®
However, the application of MNs was quickly expanded to other medical fields including
their use in antibiotic?” and NP delivery.>* For drug delivery, polymeric MNs are of interest
since they allow the incorporation of drugs or particles into the MN matrix with subsequent
release of their cargo upon dissolution of the polymer after insertion into the moist skin

environment.>!

As such, polymeric MN arrays were successfully employed to deliver various
types of antibiotics both locally and systemically for the treatment of infections.?’ The work
of Paper I extends the scientific literature on antibiotic-loaded MNs by exploring MNs
loaded with the glycopeptide vancomycin (VAN), an antibiotic that can typically only be
administered intravenously (IV), for the potential local treatment of methicillin-resistant
Staphylococcus aureus (MRSA) skin infections. So far, various previous reports developed
photothermal MNs; however, they were mostly applied for the treatment of skin cancers™
and the application of photothermal MNs for antibacterial effects is scarce. Additionally,
most photothermal MNs are dissolvable in nature, resulting in intradermal release of

nanomaterials.’> Paper II and Paper I1I of this thesis aim to extend the field by introducing
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various novel methods to fabricate non-dissolvable, photothermal MNs loaded with FSP-
made, plasmonic NPs of Au and Ag, respectively. Importantly, Paper II explores the
removal of the nanomaterials after skin insertion and Paper III introduces a low-cost
fabrication method for photothermal MNs effectively reducing bacterial growth of the SSTI-
associated bacteria S. aureus and P. aeruginosa. Finally, both functionalities of local
antibiotic release and PTT are combined in one treatment strategy, namely hybrid MN arrays
as presented in Paper IV. The work of Paper IV evaluates the rational choice of polymers
to control the hybrid MN morphology resulting in MNs with an outer dissolvable VAN-
loaded shell and an inner non-dissolvable photothermal core showing synergistic
antibacterial effect against MRSA.
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2 LITERATURE REVIEW

In the literature review of this thesis, the physiology and microbiome of the skin in health
and its aberration in bacterial infections is explained to build the foundation in evaluating the
limitations of current antibiotic treatments for SSTIs. Subsequently, the reader will be
presented with an overview of the approaches employed in this work, namely nanomedicine
and MN:ss, for developing an innovative treatment strategy for SSTIs combining heat and local
antibiotic delivery.

2.1 The skin

The skin is one of the largest organs of the human body with an average 2 m? in surface
area,®® which accounts for ~ 15 % of total body weight.** It effectively covers the body’s
external surface and thus provides physical protection for deeper tissues from the
environment. Its composition of various cell types, skin appendages, commensal and
mutualistic bacteria, and a rich extracellular matrix, orchestrates the skin barrier function.
This intricate network and the skin homeostasis control the protection against chemical,
physical, and biological damages from light, heat, injury, and infection. Furthermore, the skin
regulates the body temperature, stores water and fat, permits the sensory reaction to
temperature, touch, and pain, serves as the first immunological defense reaction, and provides
both endocrine and exocrine functions. Therefore, the skin is a principal factor to maintain
well-being and health in human and the disruption of the skin, or its proper function, can
result in damages ranging from minor cosmetic discomfort up to chronic and life-threatening
diseases. Therefore, it is of utmost importance to maintain appropriate dermatological health.
To this end, various consumer health products, drug delivery devices, and pharmaceutical
formulations have been developed to support the skin function, aid in the protection against
injury, and treat dermatological diseases. In order to understand how such dermatological
medical devices function and to rationally develop new treatment options, one needs to first
understand the physiology of the skin in health and its deviations in disease.
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2.1.1 The physiology of the skin
The skin can be divided into three main layers with (i) the epidermis as the outer layer which

is connected to (i1) the underlying dermis via the basement membrane. The epidermis and
dermis together are also referred to as the cutis. Underneath the cutis lays the third skin layer
(ii1) the hypodermis which is also called subcutaneous tissue or fatty layer. The primary
function of each layer differs depending on its physiology and the residing cell types. In the
scope of this thesis, the epidermis is of specific interest since it constitutes the primary
biological barrier for topical drug delivery while also regulating the bacterial colonization
and reaction to infection. How the cells of the epidermis form this biological barrier through
regeneration and terminal differentiation and what role they play in orchestrating the
interaction with the environmental bacteria will be explained in more detail and illustrated in
Figure 1. Afterwards, a brief overview of another biological barrier of the skin, the epidermal
basement membrane, will briefly be explained followed by a general overview of the viable
parts of the skin, the dermis and hypodermis.

The outer biological barrier: the stratum corneum
The epidermis is a stratified epithelium that forms the outmost skin layer which itself consists

of four to five layers depending on the body region.>> The amount and thickness of the
different epidermal layers varies significantly depending on the body site resulting in an
epidermal thickness that can range from ~30 (e.g. in the face) to ~300 um (e.g. on the dorsum
of the hand) thickness.>**® The outermost layer of the epidermis in direct contact with the
environment and the air is the stratum corneum. In this layer, the epidermal cells, called
keratinocytes, have terminated their differentiation and underwent complete cornification
resulting in anucleate corneocytes that periodically shed off of the superficial layer stratum
disjunctum in the form of scales.’>** The corneocytes are filled with a highly interconnected
network of keratin filaments and filaggrin matrix and are embedded in a lipid-rich
hydrophobic envelope in a brick-and-mortar fashion.*'*? The stratum corneum constitutes
the major barrier against the external environment: on the one hand, the corneocytes provide
mechanical strength and protection against physical damage, maintain hydration, and prevent
UV radiation to reach mitotically active cells of deeper epidermal layers.*> On the other hand,
its hydrophobic extracellular matrix regulates the permeation and penetration of molecules

1,* contains antimicrobial peptides (AMPs),* and initiates the

and exogeneous materia
corneocyte desquamation.*>*¢ Furthermore, the lipid extracellular layer results in the acidic
environment of the skin which serves as an antimicrobial defense and enables enzyme and
cytokine activity and activation.*’ Finally, being the most superficial layer of the skin, the
stratum corneum is in contact with diverse microbiota and is crucial in the maintenance of

the skin microbial balance.*3*°

Terminal differentiation of keratinocytes: how the skin builds the body’s protection
Keratinocytes in the epidermis originate from the basal cells in the bottom epidermal layer

and undergo terminal differentiation and suprabasal migration forming the outer epidermal

10
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layers. On the soles and palms, the skin comprises an epidermal layer directly underneath the
stratum corneum, called the stratum lucidum, which contains dead keratinocytes embedded
in a protein matrix rich in an intermediate form of keratin called eleidin.’® The stratum
lucidum provides a protection against physical damage to the skin. For the skin located not
on the soles and palms, the epidermal skin layer directly underneath the stratum corneum is
called the stratum granulosum. Here, the keratinocytes migrated from the underlying stratum
spinosum undergoing differentiation into granular cells.>! The keratinocytes start to lose their
nuclei and secrete lamellar bodies into the extracellular space forming a hydrophobic lipid
envelope which is crucial in the formation of the permeability and antimicrobial barrier
function of the skin.’?> Furthermore, the granular cells contain large keratohyalin granules
with a high amount of the histidine-rich protein profilaggrin comprising multiple active
filaggrin monomers that bind and condense the keratin cytoskeleton thus participating in the
cornification step of the programmed cell death of the keratinocytes.>*=°

Underneath the stratum granulosum, the keratinocytes in the epidermis differentiate into
squamous cells making up the stratum spinosum at a rate approximately on par with the
epidermal shedding with around 30% of basal cells transitioning each week.’®>’ This
differentiating may occur as such that the basal cells weakening their attachment to the
basement membrane or divide in a perpendicular fashion to the basement membrane giving
rise to a daughter cell in the stratum spinosum.’® The basal-to-spinous layer transition is
mainly characterized by the structural change in expression of distinct keratin intermediate
filaments with K5 and K14 or K1 and K10 expressed in the basal or suprabasal layer,
respectively.’®> This cell transitioning is regulated at a transcriptional level and is a main
indicator for the effective switching of active proliferation in the epidermal stem cells

towards the terminal differentiation in the keratinocytes.>

Langerhans cells contribute to the regulation of the skin’s bacterial colonization
Besides keratinocytes, the stratum spinosum also contains tissue-resident antigen-presenting

cells, the dendritic cells and Langerhans cells, which perform a key role in cutaneous
immunology.®*%> Dendritic cells are essential for the surveillance of the cutaneous
environment through their periodic extension and retraction of their dendrites into the
intercellular spaces of keratinocytes which allows them to sample surrounding material.®> As
such, they capture luminal antigens and upon sensing pathogenic stimuli, dendritic cells
change their morphology, gene expression profile, phenotype and function in a process called
maturation allowing them to migrate from the epidermis to the draining lymph nodes.** In
the lymph nodes the antigen presentation of dendritic cells then promotes immunity and
tolerance by priming and recruitment of T-cells. Furthermore, the scavenger function of
Langerhans cells in the epidermis maintains the cutaneous homeostasis by clearing debris of
apoptotic keratinocytes during steady state and after infections.®* The superficial location of
Langerhans cells in the skin makes them a key player in the effective regulation of the
tolerance to commensal bacteria modulated by their limited uptake and presentation of

bacterial antigens and their induction of regulatory T-cells.5>¢

11
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The role of stem cells in the regeneration of the epidermis

The bottom layer of the epidermis is the stratum basale which is attached to the underlying
basement membrane via hemidesmosomes and thus physically separated from the dermis.®”-8
The basal cell layer consists of columnal stacked slow-cycling epidermal stem cells (~ 1 —
10% of basal cells)® connected to the basement membrane which through periodic division
gives rise to transiently amplifying cells.’”’%’! Those basal cells divide two to three times a
week before they mature and undergo terminal differentiation executing an outwards
migration which produces the outer epidermal layers.”? It must be noted, that this classical
hypothesis of an asymmetric, hierarchically organized epidermal proliferation unit has been
expanded with alternative models suggesting regional specificity and stochastic switching
between division and differentiation at the stem cell level;”>””> however, a detailed
introduction and discussion of the epidermal stem cell models is beyond the scope of this
thesis. Basal cells are the only epithelial cells in the skin that are mitotically active and
proliferate and therefore play a crucial role in wound healing and skin regeneration.”®”” In
fact, due to the germinating processes of the basal cells the stratum basale is also called
stratum germinativum. Besides basal cells, the stratum basale contains melanocytes which
generate the skin’s coloration, are the major vitamin D producers, and contribute to the
protection of the body against ultraviolet (UV) radiation damage through light absorption
from melanin. In addition, Merkel cells responsible for the tactile function are located in the

basal cell layer.
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Figure 1: [llustration of the skin and epidermis. a) Overview of the physiology and thickness of the various skin
layers, namely the epidermis, dermis, and hypodermis. The avascular epidermis obtains nutrients from the
vasculature originating at the bottom of the dermis and/or in the hypodermis extending throughout the whole
dermis. Nerves likewise originate in the bottom of the dermis and/or hypodermis and extending vertically to
the upper skin layers. Free nerve endings and lamellar corpuscle function as mechanoreceptor to various
physical stimuli such as temperature and touch. b) Illustration of the various cell layers in the epidermis and

highlighted structural aspects of the epidermis and their role in the barrier function.
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The basement membrane
Underneath the epidermis lies the dermis which is physically separated from the epidermis

via the basement membrane. The basement membrane consists of glycoproteins and
proteoglycans and comprises of two layers: (i) the lamina lucida, in which the basal cells of
the epidermis are connected via anchoring filaments of hemidesmosomes and (ii) the lamina
densa to which the dermis attaches via anchoring fibrils of collagen.”® The basement
membrane is crucial in the mechanical stabilization of the skin and defects in the membrane’s
components can result in shedding of the skin.”” Furthermore, the basement membrane
attenuates the diffusion of molecules and particles between the epidermis and dermis.®°

The dermis and the subcutaneous tissue
The dermis is a connective tissue comprised of collagen, elastic fibers and an extracellular

matrix containing glycosaminoglycans. Adjacent to the epidermis and basement membrane
lays the papillary region which is a loosely arranged matrix of collagen fibers and areolar
tissue which extends with finger-like projections into the epidermis.’! These projections often
contain dense networks of blood capillaries and tactile corpuscles; and the finger-like
extensions allow for an increased surface area between the epidermis and dermis. Underneath
the papillary layer sits the thicker region called reticular layer which is a dense connective
tissue consisting of irregularly interweaved collagenous, elastic, and reticular fibers.
Furthermore, the dermis contains many extracellular components, i.e. the skin appendages
such as the hair follicle, sweat glands, apocrine and sebaceous glands, and the Parcinian
corpuscles. In addition, nerve endings and blood capillaries interconnect throughout the
whole dermis. Due to the various functional structures, the dermis fulfils the essential
function of supplying the avascular epidermis with nutrients, provides structural and
mechanical support, and aid in the thermoregulation and sensation. The most common cell
type in the dermis are fibroblasts which produce collagen, elastin, and reticular fibers, and
the extracellular matrix.®' However, the dermis harbors various immune cells such as dermal
dendritic cells, macrophages, mast cells, and T-cells. The dendritic cells in the dermis have
been associated with the immune activation after bacterial invasion, in contrast to the
Langerhans cells residing in the epidermis which are supposed to have reduced capabilities
for bacterial antigen uptake and presentation.’®®! Interestingly, the total area of a normal
healthy skin costume has been assessed to contain 2 x 10'° skin-resident T-cells which is
twice the amount of the number of T cells in the total blood volume in an adult.®? While there
are various types of T-cells that reside in healthy skin and under pathological conditions,
Tul7 cells have been associated with effective first-line defense against fungal and bacterial

infections, %

with an impaired interleukin-17 mediated immune response potentially
contributing to persistent and recurrent infections.®

The final and deepest layer of the skin is the subcutaneous tissue which mainly consists of
adipocytes, but also contains fibroblasts for the production of collagen fibers, and
macrophages. The hypodermis contains nerves, the lymphatic and vascular vessels,*® and in

some cases large hair follicles and sweat glands originate in the hypodermis. The main
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function of the hypodermis is the regulation of energy storage, thermoregulation and
protection of the skeletal systems, organs and muscles.®’

2.1.2 The skin microbiome
After understanding the physiology of the skin, the reader will now be given an overview of

the skin microbiome which is a crucial factor in the regulation of bacterial skin infections
(Figure 2). As the exterior surface of the body the skin is not only a major barrier and
protection against the environment but also a diverse ecosystem home to millions of bacteria,
fungi, viruses, and mites which may extend into subepidermal layers.®® Those
microorganisms, and more specifically the abundant bacteria located on the skin, engage in
a complex crosstalk between each other, the host, and foreign and potentially pathogenic
organisms. As such, skin associated bacteria engage in host-microorganism relationships,
regulate the growth of commensal and pathogenic bacteria, and contribute to the maintenance
of a beneficial skin microenvironment. The habitat of the skin is controlled by various
)

endogenous (i.e. host factors, physiology of different body sites)®” and exogenous factors (i.e.

)01 resulting in inter- and intrapersonal

antibiotic use, application of cosmetic products
variation of the skin associated microbiota.”? In general, the skin is considered an acidic,
aerobic, desiccated, cool, high-lipid, high-salt, and nutrient-low environment; however, the
skin appendages, such as hair follicles and sweat glands, constitute a more lipid-rich and
anaerobic environment which may constitute a distinct microbial niche.”? Furthermore, the
skin is often categorized into three broad ecological niches based on difference in physiology
and topography of various body sites: (i) oily and sebaceous (i.e. face), (ii) moist (i.e.

armpits), or (iii) dry (i.e. volar forearm).?

Defining the habitat of the skin
The various ecological niches significantly influence the presence of specific bacteria;

however, in general the skin is mostly colonized by bacteria of various species of
Propionibacterium, Corynebacterium, Streptococci, and Staphylococci. The lipophilic
Propionibacterium spp. dominate oily and sebaceous ecological niches, while
Corynebacterium and Staphylococcus spp. prefer niches of high humidity thus abundantly
colonizing moist skin areas.”® Those species predominantly inhabit the skin under commensal
or mutualistic conditions in a relatively stable state, with microbial communities in adults
being maintained for up to two years.®* An important role of these host-mutualistic
interactions is the education of the cutaneous immune system by the skin microbiota.
Keratinocytes communicate with the skin microorganisms via pattern recognition receptors
and upon binding of pathogen-associated molecular patterns they trigger the innate immune
response resulting in the secretion of AMPs and cytokines.”> While some AMPs are
constantly expressed by the epidermal epithelial cells to prevent pathogenic colonization,
they can also be induced and produced by specific microbiota which is considered an
important multidirectional signaling mechanism effectively balancing the ecology of the skin
microbiota.
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Commensal growth of bacteria on the skin using the example of S. aureus
An interesting example of the balancing act of the skin microbiota by effective host-

mutualistic and microbe-microbe interactions is the commensal growth of S. aureus on the
skin. It is estimated that around 30% of adults are asymptomatically colonized by S.
aureus;’®*?’ however, it can also cause a variety of skin infections. The colonization of .
aureus can be inhibited and controlled by the production of antibiotics such as lugdunin and
types of lantibiotics from the commensal bacteria Staphylococcus Ilugdunensis and
Staphylococcus hominis.”® Furthermore, Staphylococcus epidermidis can prevent biofilm
formation of S. aureus via secretion of serine protease glutamyl endopeptidase. This secretion
can also trigger the production of AMPs via keratinocyte-associated activation of the immune
response further limiting the growth of S. aureus.” Besides a competitive exclusion of S.
aureus, it was also found that the skin microbiota may regulate S. aureus via the shifting of
its virulence. For example, co-culturing of S. aureus with Corynebacterium striatum
increased gene transcription associated with a commensal state and attenuated the virulence

profile of S. aureus.”

What drives the shift of S. aureus from commensal to pathogenic?
Although the host response in combination with the crosstalk of the skin microbiota typically

regulates the healthy condition of the skin, pathogens such as S. aureus can frequently cause
infections. Various stimuli such as environmental conditions of niches and host-signaling
may drive the virulence of S. aureus enabling the infection of the skin. It is well known that
S. aureus has a broad variety of virulence factors such as neutrophil-killing toxins, expression
of protective surface molecules, or proteases for the degradation of host AMPs.!%%1%! The
virulence of S. aureus may also be different at the strain-level: for example, the MRSA strain
USA300 has been shown to be hypervirulent via the overproduction of toxins and its fitness
in the acidic environment of the skin, which combined may explain its dominant role in
causing skin infections.!”? The virulence of staphylococcal strains is known to be influenced
by the quorum sensing system which results in the responsive control of the accessory gene
regulation.!® As such, it was reported that even a single mutation of the accessory gene
regulator quorum sensing system can alter MRSA phenotypes resulting in higher virulence
associated with acute SSTIs.!® To summarize, the skin microbiota allows for a complex
crosstalk between the host and the microbiota which upon dysbiosis or imbalance may lead
to the infection of the skin by pathogenic bacteria.
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Figure 2: Schematic illustration of the skin microbiome. a) The healthy skin microbiome and selected intrinsic
and extrinsic factors that can influence bacterial colonization. b) Control of the commensal growth of S. aureus.
AMP attenuate the growth of S. aureus and can be produced by other bacteria, such as S. lugdunensis and S.
hominis. The host response includes the production of AMP by keratinocytes which may be stimulate via
cytokine secretion or direct stimulation of bacteria. S. epidermidis can reduce the biofilm formation of S. aureus
by secretion of a protease and C. stratium influences the gene transcription of S. aureus. The peptide quorum

sensing system of S. aureus influences its virulence. KC = keratinocytes.

2.1.3 Bacterial skin and soft tissue infections
In the following chapter, the reader will be provided with an overview of the burden and

types of SSTIs, and the common bacteria associated with these infections. This lays the
foundation to highlight the importance and challenges faced for the development of new
treatment options for SSTIs as developed in the work of this thesis.

Considering that the skin is the largest organ of the human body, it comes to no surprise that
at times the barrier structure it constitutes is disrupted allowing for the external invasion of
pathogens. Such unwanted and maleficent invasion of pathogens, i.e. bacteria, fungi,
parasites and viruses, are ubiquitous and suffered by almost everyone at some point in their
life. Importantly, SSTIs can be considered a high-volume condition and since the early 2000s
multiple studies even reported an increase in SSTIs. For example, from 1997 until 2005 the
number of SSTIs in the US almost doubled accounting for 14.2 million ambulatory visits in
2005 according to Hersh et al..'®® Likewise, data from the Medical Expenditure Panel Survey
showed an estimated 2.4 million patients in the US experiencing SSTIs in 2000 which
increased to 3.3 million in 2012 across all healthcare settings and this trend was significantly
driven by the two-fold increase of SSTIs in elderly patients.! However, Miller et al. reported
contradicting trends based on ambulatory and inpatient visits in the US in an multicenter,
retrospective cohort of 50 million commercially insured patients aged 0 — 64 years finding
stable incidence rates of SSTIs from 2005 until 2010. However, they still observed 2.3
million cases of SSTIs which was higher than urinary tract infections or pneumonia,
highlighting the relative importance of infections affecting the skin.!®® One study based on
clinical and administrative data of 86 US emergency departments of academic medical
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centers even reported a decreasing incidence of SSTIs between 2009 until 2014.'%7 Therefore,
it is not entirely certain whether the drastic increase of SSTIs in the beginning of the 21%
century is still an ongoing trend. However, SSTIs certainly are a burden for the healthcare
system and are suggested to be the third most common reason for hospital visits.!’® Not only
does the high incidence of SSTIs strain medical facilities and the healthcare system, it also
constitutes an overall economic burden. For example, Tun et al. estimated a tripling of US
direct expenditures corresponding to around 15 b$ in 2012, which was predominantly caused
by rising outpatient and office-based visits.! These studies highlight the burden of SSTIs and
that developing new treatment options could benefit many patients and the health care
system. In general, the extent and severity of such infections varies greatly and
correspondingly the treatment and management of it.

Categorizing SSTIs
To analyze the treatment and management of SSTIs and define shortcomings, one first needs

to understand the pathophysiology of SSTIs. SSTIs are microbial invasions of the skin
affecting the epidermis, dermis, hypodermis or even the skeletal muscles. The colonization
of pathogens results in a host-response characterized by erythema, oedema, warmth,
tenderness, itching, blistering, discharge, and/or pain.!®” The classification of SSTIs is
complex and there is not one universally accepted categorization yet. For example, SSTIs
may be classified depending on the anatomical site of infection, their microbial etiology or
by their severity of local and systemic symptoms.!!® However, the classification of SSTIs
provided by the Infectious Disease Society of America (IDSA) in their updated guidelines
from 2014 may be summarized as the following: (i) impetigo or ecthyma, (ii) nonpurulent
SSTIs (including erysipelas, (recurrent) cellulitis, and necrotizing infections), (iii) purulent
SSTIs (including furuncle, carbuncle, and (recurrent) abscesses), (iv) surgical site infections
(SSIs), (v) animal and human bite wounds (including cat scratch disease), (vi) infections in
the immunocompromised host (including bacillary angiomatosis, cancer patients with
neutropenia, or patients with cellular immunodeficiency), (vii) myonecrosis, and (Vviii)
pyomyositis.* In the scope of this thesis, no specific type of SSTIs is targeted; therefore, a
general overview will be provided for different SSTIs to understand the differences in their

clinical presentation as summarized in Figure 3.

Superficial infections: impetigo & ecthyma

Impetigo is a superficial, contagious infection of the skin most commonly caused by S. aureus
or beta-hemolytic streptococci and can affect previously healthy skin (primary impetigo) or
originate at sites of abrasion, trauma or underlying conditions (secondary impetigo).!!' On
the one hand, it can present itself as a nonbullous manifestation where lesions form from
papules that progress to vesicles and pustules which ultimately break and form a thick,
golden-colored crust and blisters. On the other hand, the bullous manifestation presents itself
with enlarged vesicles filled with clear, yellow and later turbid, dark fluid that upon breakage
leave a thin brown crust.!'? This clinical manifestation of impetigo is due to an exfoliative
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toxin of S. aureus causing the loss of cell adhesion in the epidermis.!'® Bullous impetigo
preliminary affects younger children, and if present in adults with appropriate demographic
risk factors could indicate an undiagnosed HIV infection.!'* Ecthyma is the ulcerative form
of impetigo often resulting from ineffective treatment of impetigo which affects deeper skin
layers such as the dermis and is commonly caused by the beta-hemolytic streptococci and

sometimes also by S. aureus.!!!

Non-purulent SSTIs
While impetigo and ecthyma affect the outer keratin layer of the epidermis which results in

the formation of a crust, bacteria can also infect the skin without the involvement of the
keratin layer in the non-purulent infections called erysipelas and cellulitis.'!® Erysipelas and
cellulitis are caused from the colonization of bacteria, most commonly beta-hemolytic
streptococci and S. aureus, entering through breaches in the skin barrier and manifest as
regions of erythema, oedema, and warmth. Erysipelas affects the outer skin such as the
epidermis and upper dermis and presents with raised, well-demarcated borders of infected
skin and bright red coloration. In cellulitis the bacterial colonization extends into deeper skin
layers such as the dermis and the upper subcutaneous fat resulting in less defined edges of
infected skin compared to erysipelas.!'® The most severe type of non-purulent skin infections
are necrotizing forms of cellulitis, fasciitis, or myositis which affect the dermis and
hypodermis, fascia or skeletal muscles, respectively.!!” Necrotizing soft tissue infections
(NSTIs) are rare but lethal bacterial infections of deeper soft tissues caused by bacterial entry
through a break in the epithelium from traumas, cuts or burns.!'® NSTIs are characterized by
necrotizing cells and gangrene and therefore have been referred to in the lay press as flesh-
eating disease. They might be caused by a variety of bacteria such as streptococcal,
staphylococcal, enterococcal, or Enterobacteriaceae species, and two-thirds of NSTIs are
polymicrobial.!"® Importantly, NSTIs result from clotting of small blood vessels which
prevents sufficient penetration of white and red blood cells into the infected tissue thus
allowing more aggressive bacterial growth and causing cell death. The vascular thrombosis
is warranted by a combination of strong microbial virulence and an insufficient host defense
response with risk factors being diabetes, overweight, IV drug abuse, and peripheral arterial

disease among others.!?°

Purulent SSTIs
If the SSTI involves the production of pus, the infection is referred to as a purulent SSTI with

common examples being folliculitis, furuncles, carbuncles and abscesses listed here for their
increasing severity. S. aureus is the most common causative pathogen for purulent SSTIs and
infects a damaged or inflamed hair follicle in folliculitis, furuncles, and carbuncles.'?!
However, other bacteria such as streptococci, S. epidermidis or P. aeruginosa have been
implicated in those infections with the latter one often spread via contaminated water
(therefore referred to as the hot tub folliculitis). Bacterial folliculitis can affect the superficial
and deeper parts of the hair follicle and presents itself in form of small pustules and erythema
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around the follicular orifices.'?! Typically, the pustules of folliculitis heal without scarring
within a couple of days, however, if the healing and/or treatment is unsuccessful, the bacteria
may spread into the surrounding tissue resulting in the formation of a furuncle.'?? Furuncles
are known as boils characterized by warm, painful, erythematous, pus-filled lumps around a
single hair follicle with a yellow or white point which often heal with scarring after drainage

123 If the lumps form around and involve the infection of multiple hair follicles,

or discharge.
they are called carbuncles that present as large, deep, swollen, erythematous and painful
masses of pus that drain through multiple tracts.!>* Similar to carbuncle, abscesses are large,
swollen, painful, fluctuant nodules filled with pus, but unlike carbuncle they form without
the involvement of infected hair follicles and extend into the dermis and subcutaneous fat

and may present with surrounding cellulitis.'?

SSTIs after external injury: SSIs and bite wounds
Infections occurring within 30 days after surgery are referred to as SSIs and often derive from

bacteria of the normal skin flora such as S. aureus.!*'*’” However, in surgeries involving
body cavities and especially if large contaminations of the surrounding tissue occurred other
bacteria such as Enterococcus faecalis may be involved in SSIs. It is expected that all surgical
wounds are to some degree contaminated but progression into SSIs is prevented if the host
defense reaction is efficient, pathogenic virulence is minor, and sterile procedure was
performed.'?® SSIs can vary in severity from (i) superficial incisional infections involving the
epidermis, dermis and upper hypodermis to (i1) deeper incisional infections of the fascia and
muscle or to (iii) organ infections. While superficial SSIs present with symptoms similar to
erysipelas and cellulitis with involvement of pus, deep SSIs often involve abscess formation,
fever, tenderness of the wound or even opening of the edges of the surgical incision. '%°
Similar to SSIs, animal and human bite wounds are infections after external trauma caused

to the skin that may resolve alone with an effective host defense system.!?®

a b c d

Impetigo Ecthyma Erysipelas Cellulitis Folliculitis Furuncle Carbuncle Abscess

Figure 3: Illustration of the different common SSTIs, such as a) the superficial infections impetigo and ecthyma,
b) the non-purulent infections erysipelas and cellulitis, c) purulent infections folliculitis, furuncle, carbuncle,

and abscess, or d) SSTIs after an external wound such as bites, surgical incision or in diabetic ulcers.
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However, the often polymicrobial infection of bite wounds does not only originate from the
skin flora of the victim but is also reflective of the oral cavity of the biting animal or the
microbiome of their ingested prey.'?

Diabetic foot ulcers are driven by insufficient host inmune response
Infections in the immunocompromised host carry their own difficulties depending on the

immunodeficiency or -suppression at present. One common skin infection associated with a
dysfunction of the immune system is the diabetic foot ulcer. In diabetic patients, a tissue
injury to the foot is likely to heal hampered and slowly due to a combination of various factors
such as an impaired vasculature, neuropathy, and insufficient host immune response. Such
open wounds allow bacteria to colonize the tissue often in polymicrobial biofilm structures
resulting in difficult-to-treat infections. A study by Smith ef al. analyzed new and recurrent
diabetic ulcers and found that 75 % of the ulcers were infected with multiple bacterial
strains.!** S. aureus and Corynebacterium are commonly found in diabetic ulcers and, while
they may be commensal bacteria to the human skin, they may contribute to a pathogenic
community in polymicrobial infections.!*! Due to the physiology of the diabetic foot ulcers
which comprises necrotic tissue and low oxygen levels, facultative or obligate anaerobes are
highly associated with the microbiology of such ulcers, too.!**"'3? Furthermore, P.
aeruginosa, enterococci strains, and Enterobacteriaceae are frequently found in diabetic
ulcers. !

The role of S. aureus and MRSA in SSTIs
As outlined above the microbiome of the skin is highly variable and diverse, and likewise is

the microbiology of SSTIs. Of global interest and also a major point of focus of the work in
this thesis, is the bacteria S. aureus.

Multiple studies reported the microbiology of various SSTIs within the past decades and the
rates of isolated pathogens from SSTIs of five selected studies published between 2007 to
2019 are summarized in Table 1. The type of etiological pathogens and their identification is
highly dependent on the sampling procedure, microbiological laboratory testing and class of
SSTIs,'** and varied significantly in the studies selected in Table 1. Despite these
variabilities, all the studies found that the majority of SSTIs are infected by gram-positive
bacteria, specifically the bacteria S. aureus. In fact, a driving factor in the reported increase
of SSTIs in the early 2000s may be associated with the rise in S. aureus-associated SSTIs: an
analysis of the Nationwide Inpatient Sample and Census Bureau data revealed a 123 %
increase in hospitalizations due to S. aureus-associated SSTIs from 2001 until 2009."** Of
specific concern in this regard, is the rising frequency of MRS A-associated SSTIs since they
may be particularly difficult to treat due to resistance-associated limitations in antibiotic
availability and the hypervirulence of MRSA.!3* In the context of SSTIs, the incidence of
MRSA lies between 11 to 37% (Table 1); however, other studies reported a more dominant
role of MRSA in skin infections.!36:137
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Table 1: Bacterial species commonly isolated from SSTIs summarized for selected studies, the total percentage
of isolates quantified for specimen may add up to above 100% for some studies depending on how
polymicrobial infection were considered. *:“Other” specimen include samples taken from tissue, body fluid, or
other body specimen such as abscesses, pustules, boils etc. Respiratory, cerebrospinal fluid and urine samples
are not considered. ®: all SSTIs diagnosed in in- and outpatient settings at infectious disease medical centers.

Data taken and summarized from references '**'42. CoNS: coagulase-negative Staphylococci.

Moet et al. Ray et al. Tiwari et Garau et al. Esposito et
(2007)'38 (2013)'¥ al. 2014)'4° | (2015)' al. (2019)'4?

Type of SSTIs purulent SSTIs Discharging | Complicated SSTIs®
SSTIs according to SSTIs SSTIs

ICD9-CM

Population North North Carolina | India, 2009- | European, IV Italy, 2016-
America, US, 2009-2011 | 2011 antibiotic, 2010- | 2017
1998-2004 2011

SSTIs tested, n 5837 108,457 105 600 291

Sampling Invasive Blood (14%), Pus and Blood (66%), swab,
sampling or other” (86%) fluid swab (47%), biopsies,
swab aspiration (9%), blood

biopsy (13%)

Isolated bacterial species (%)

Gram-positive 61 94 71 76 56

- S. aureus 45 81 66 41 38

- MRSA 36 37 / 11 22

- E. feacalis Enterococci / / 6 7

- E. faecium spp-: 9 / / 2 2

- B-haemolytic 4 10 Streptococci | 17 1

Streptococci spp: 5

- CoNS 3 / / 12 5

Gram-negative 32 14 18 34 33

- Pseudomonas 11 / 3 / 17

- E. coli 7 / 4 / 7

- Acinetobacter / / 9 / 3

While it is unclear whether those differences in MRSA prevalence in SSTIs may be linked
to variations in study design and sampling, it is a well-established fact that the MRSA
prevalence varies globally with the US and Latin America specifically affected.!** A common
MRSA strain isolated from clinical specimen of SSTIs is the community-associated USA-
300 which has also been used in work included in this thesis.!#*

Besides S. aureus, P-haemolytic Streptococci are common causative gram-positive
pathogens of SSTIs with its prevalence ranging from 1 to 17% according to the studies
presented in Table 1. The most common gram-negative bacteria to cause SSTIs is P.
aeruginosa and some of these SSTIs such as burn wounds are associated with high morbidity
and mortality.'*® Finally, it should be noted that many SSTIs are polymicrobial in nature with
multiple pathogenic and commensal bacteria co-colonizing the infected tissue.'#°

2.1.4 Current treatment strategies for bacterial skin infections
In addition to protecting the body from the invasion of pathogens, the stratum corneum also

constitutes a penetration and permeation barrier against molecules and particles. The limited

penetration of molecules challenges the successful drug delivery of topical and transdermal
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drug formulation. Overcoming this biological barrier to improve dermatological drug
delivery has been an extensive field of research and both formulation- and device-based
approaches to improve transdermal drug delivery have been developed.'*” Alternatively, drug
formulations can be administered through the oral or parenteral route which results in
cutaneous absorption depending on the chemical and physical characteristics of the drug
(Figure 4). In this chapter, the current treatments and their limitations for bacterial SSTIs are
explained. This will form the basis in establishing the need that can be addressed with the
novel treatment option, namely MNs, developed in the work of this thesis.

Treating bacterial SSTIs
The treatment of bacterial SSTIs is as complex as the microbiological etiology of skin

infections and often involves the administration of antibiotics. A simplified treatment
algorithm provided by the IDSA differentiates between purulent (such as furuncle, carbuncle,
and abscesses) and nonpurulent infections (such as necrotizing infections, erysipelas and
cellulitis).* For purulent SSTIs, the recommended therapy and management is incision and
drainage first with additional empiric or defined antibiotic therapy depending on the severity
of the infection. On the other hand, nonpurulent SSTIs ought to be treated with oral
antibiotics in case of mild infections and with oral and/or IV antibiotics for moderate to
severe infections. Culture and sensitivity analysis for severe disease progression is strongly
recommended and in case of a suspected or confirmed MRSA infection, the IV administration
of the antibiotic VAN is suggested.* The role of topical antibiotics for the treatment of SSTIs

is limited to minor infections, such as nonbullous impetigo, that involve only few lesions.

Mostly antibiotics with low molecular weight are administered topically

Topical antibiotic delivery has several advantages such as limited systemic exposure and thus
reduced systemic side effects, local delivery of high antibiotic concentrations to superficial
skin layers, and ease of administration. However, topical and transdermal drug delivery is
generally limited to molecules of specific physical and chemical properties. Due to the
effective barrier function of the skin, only small molecules below molecular sizes of
approximately 500 Da are considered to effectively penetrate the stratum corneum.'*®
Besides the size restriction, drugs appropriate for topical drug delivery typically need to be
lipophilic or amphiphilic in nature to effectively diffuse across both the lipid-rich cutaneous
extracellular matrix and through hydrophilic cellular spaces.'* To improve topical drug
delivery, formulation-based approaches such as permeation enhancers® or nano-
formulations'>! have been studied. Alternatively, the use of devices has been explored in the
scientific literature to improve the delivery of antibiotics, i.e. iontophoresis, or MNs.!¥
However, in the dermatological care and the clinics, topical antibiotics are commonly
administered through creams, ointments, or gels. The most common topical antibiotics used
for bacterial SSTIs are mupirocin, fusidic acid, retapamulin, erythromycin and neomycin.!>?
However, their bioavailability, especially in deeper skin layers, is limited and there is a high

risk of patients storing the topical formulations and inappropriately using them after self-
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diagnosis.!>® Limited penetration depth and inappropriate use have resulted in rising
antibiotic-resistance to topical antibiotics and therefore it is required to responsibly use

topical antibiotics and/or develop improved transdermal delivery strategies.!>*

Oral and 1V antibiotic delivery
Many SSTIs need to be treated with an antimicrobial care often in form of oral or IV

administration of antibiotics. While impetigo affecting only few lesions may be successfully
managed by a topical antibiotic, for patients with multiple and/or large lesions or with
progression to ecthyma oral antibiotics are recommended. For both purulent and non-
purulent SSTIs systemic antibiotic therapy should be considered if the patient presents with
signs of systemic infection. Initially and for mild infections, oral antibiotics, such as penicillin
VK, cephalosporin, dicloxacillin, doxycycline, or clindamycin can show sufficient treatment
effect.* However, if the SSTIs progresses during oral antibiotic therapy, if the patient is
immunocompromised, or if there are clinical signs of deeper or necrotizing infections, the IV
administration of antibiotics is recommended. IV antibiotics commonly administered for
such severe SSTIs are oxacillin, cefazolin, daptomycin, clindamycin, and VAN.* In general,
oral antibiotics have advantages over IV administered antibiotics such as the absence of
injection-related infections, lower drug costs, no need for trained personnel and equipment
for drug administration, earlier hospital discharge and higher patient comfort.!>> However,
IV antibiotics have 100% bioavailability whereas oral antibiotics might suffer from first-pass

metabolism and incomplete absorption.!¢
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Figure 4: Schematic illustration and overview of skin drug delivery routes. a) Schematic visualizing the delivery
routes to provide drug into the skin. b) Detailed overview of the drug penetration through the outer most
permeation barrier, the stratum corneum. c) Table summarizing the main delivery routes and their advantage

and disadvantages and/or challenges. ID = intradermal.
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Furthermore, the absorption via the gastrointestinal tract involves the drug permeation across
a biological barrier, thus antibiotics suitable for oral administration are restricted by their
physicochemical properties (i.e. size, lipophilicity). Some studies evaluated the non-
inferiority of oral antibiotics compared to their administration IV, showing that in some cases
the parental route may be substituted by oral antibiotics.!”’"!*° However, this is highly
dependent on the specific patient case and the choice of antibiotic because some antibiotics
when given orally show significantly inferior bioavailability as those given IV.!% Finally,
due to the restrictions in the physiochemical properties some antibiotics cannot be
successfully given orally.

VAN is the gold standard for MRS A-associated infections
One such antibiotic that cannot be given orally due to physiochemical properties is the

glycopeptide VAN. VAN is a large peptide with a molecular weight of almost 1.5 kDa and
it is hydrophilic in nature with a negative logarithmic octanol-water partition coefficient.'®
It acts by inhibiting the bacterial cell wall synthesis through binding of the terminal D-alanyl-
D-alanine moieties of the peptides involved in crosslinking the N-acetylmuramic acid and N-
acetylglucosamine polymer backbone of the cell wall.!®! Therefore, it is mainly active against
gram-positive bacteria including S. aureus and has been the drug of choice for treatment of
MRSA-associated infections.'?

VAN cannot be given orally (unless gastrointestinal treatment is intended) since the
absorption into the circulation is limited by its physicochemical properties (i.e. large size and
high hydrophilicity). Therefore, it is mostly administered via IV injection; however, in regard
to treatment of SSTIs, the effectiveness of VAN may be limited due to its poor skin
penetration caused in part by the same unfavorable physicochemical properties that limits its
gastrointestinal absorption.!®* As such, Skhirtladze et al. found that only around 30% of VAN
administered into the plasma reaches the soft tissue in healthy patients, which is further
reduced to approximately 10% in diabetics.!%* There have been some attempts in the scientific
literature to develop topical or intradermal formulations of VAN for the treatment of
MRSA 957168 byt to the best of the author’s knowledge such inventions have not reached the
stage of clinical testing.

Treatment of resistant SSTIs
The rise of antibiotic resistance threatens global health by reducing the successful outcome

of antibacterial therapies. To address this issue, we urgently need to (i) increase the
development of novel antibiotics,'® and (ii) maintain and improve the antibacterial activity
of current antibiotics. The urgency for the need of substantial efforts in the development of
new antibiotics is specifically highlighted by the recent letter on the 16 of November 2022
on behalf of major pharmaceutical stakeholders such as Merck to the US government to enact
the PASTEUR Act aiming to provide international regulation for financial incentives and
stimulation of the antimicrobial pipeline.!”® Alternatively, combination therapy that improves
the antibiotic efficiency via synergistic interactions may lower the clinical risk of resistance
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development and thus the loss of antibacterial activity of current antibiotics.> While SSTIs
are often not life-threatening conditions, antibiotic-resistant bacterial strains, e.g. MRSA, on
the skin may easily spread via direct and indirect contact transmission.’> Therefore, novel
treatment options for resistant-SSTIs to maintain antibiotic efficiency are important. This
importance is further highlighted by the categorization of the SSTI-associated pathogen S.
aureus as a high global priority for the development of new antibacterial treatments by the
World Health Organization.!” The development of such innovative antibacterial treatments
to improve the efficiency of antibiotics for the therapy of SSTIs was a main focus of the work
presented in the thesis here.

2.1.5 Thermotherapy in dermatology
The use of elevated temperatures and even heat for the enhancement of the therapy of various

diseases is an ancient practice. The healing and medical effect of thermotherapy includes the
alleviation of symptoms related to musculoskeletal and soft tissue injuries and diseases by

2 cellular activity,'”® and stimulating of the immune

increasing the blood circulation,!
response.'’* Many of these advantages can already be elicited with benign hyperthermia
using target temperatures between 39 to 42 °C.!"> Applying even higher temperatures above
42 °C may advance the therapy of diseases such as cancer or infections by ablating cancerous
or pathogenic cells.!”® Yet, it is important to finely control the temperature window of the
applied hyperthermia since tissue heat above 45-50 °C can cause protein denaturation and
blood coagulation.®’ To apply such elevated temperatures has long been an accepted medical
practice in the process of cauterization to close the blood circulation after amputation, remove

tumors or prevent infections. Already Hippocrates wrote:

“Those diseases which medicines do not cure, iron cures, those which iron cannot cure, fire
cures, and those which fire cannot cure, are to be reckoned wholly incurable.”

However, nowadays it is a well-established fact that the tissue damage after cauterization
may increase the risk of infection due to decreased host immune responses and increase of
necrotic debris from severe tissue damage which contribute to substantial bacterial growth.!”’
Therefore, and with the invention of antibiotics, SSTIs are not commonly treated with
cauterization to date. However, increasing levels of antibiotic resistance and a limitation in
newly developed antibiotics has recently shifted the scientific interest back to the use of
mildly elevated temperatures up to 60 °C for the therapy of various skin diseases such as

SSTIs.!”®

Bacteria adapt to grow in temperature niche
Bacteria have adapted to specific environmental conditions and the niches they inhabit can

be species- and strain-specific.!”” One such condition is temperature, and bacteria can be
categorized based on the temperature they preferentially grow at. Psychrophiles and
thermophiles adapted to low (i.e. 0-20 °C) or high temperatures (i.e. 50-110 °C), respectively,
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whereas bacteria that commonly colonize the human body are referred to as mesophiles.
Mesophiles favor temperatures ranging from 33-41 °C and although they are able to acquire
spontaneous mutations to resemble thermophilic variants,'*° those mutations are rare, require
major genetic modifications, and rather constitute a long-term evolutionary transition.'8!:1%2
Therefore, hyperthermia has been explored to treat bacterial infections and the therapy of

SSTIs may benefit from additional thermotherapy.!®3

Hyperthermia affects bacteria via direct damage and increased susceptibility to antibiotics
The bacteria commonly associated with SSTIs, namely S. aureus, B- haemolytic streptococci,

P. aeruginosa and Escherichia coli, are mesophiles growing in temperatures between 10 to
45 °C but preferably at physiological temperatures of approximately 37 °C.'% Application of
elevated temperature can interfere with the survival of these bacteria and induce cell death
via damages to their cell wall and membrane,'®* to their deoxyribonucleic acid (DNA),!% or
via a reduction of their protein synthesis (Figure 5).!%¢ Furthermore, heat may increase the
susceptibility of planktonic bacteria to antibiotics even in resistant strains.

For example, antibiotic-resistance may involve mutations in the cell wall'®”!3% or membrane
resulting in the reduced action and permeability of the antibiotic into the planktonic cells.
Thus, increasing the cross-membrane permeability of antibiotics via heat can re-sensitize
previously resistant bacteria.'® In addition, bacteria often form biofilms which are rich
environments of bacterial cells embedded in polysaccharides and proteins. It has been shown
that elevating the temperature of S. aureus biofilms results in reduction of the mechanical
integrity of the biofilm'® and an increase in antibiotic penetration into the biofilm, thus
increasing the susceptibility of bacteria to antibiotics.!?""1> Both the direct damage by heat
and the synergistic effect of hyperthermia and antibiotics may constitute novel therapeutic
interventions in the treatment of SSTIs. Importantly, it is less likely that bacteria acquire
resistance against hyperthermia treatment opposed to antibiotics, since the physical heat
damage harms multiple pathways within the pathogenic cell.?> However, caution is warranted
since the shock response to heat treatment may induce cross protection against antibiotics by
inducing the bacteria to enter a dormant state.'*>!** A novel pathway to provide hyperthermia
and antibiotics to the infections side is by using nanomedicine.
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Figure 5: Schematic depiction of damage by slightly elevated heat of 45 — 60 °C on bacteria. Illustration of

selected (a) cellular damages in the single bacterial cell, or (b) on the bacterial biofilm.
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2.2 Nanomedicine for microbial infections

Nanomedicine involves the usage of nanomaterials for medical applications for the diagnosis,
prevention, and treatment of diseases.'” Nanomaterials are materials with at least one
dimension in the nanoscale (~1-100 nm) which in size is comparable to 100,000 of a human
hair.!'”® The increased interest in the field of nanotechnology is due to the physicochemical
characteristics of nanomaterials which are different from either the molecules and atoms
alone or the bulk material. These unique physicochemical characteristics allow for novel
applications, functionalities, and interactions with nanomaterials. Nanomaterials can be made
from organic, inorganic, or biologically derived materials and their biomedical functionalities
can range from using them as drug vehicles (i.e. for drug targeting) to exploiting their
inherent characteristics (i.e. photothermal properties).

Infections are a global disease burden which were estimated to contribute to more than 20%
of global deaths.!”” However, effective disease management is challenging owing to a lack
of safe and effective drugs, increase of pathogen resistance, and poor patient adherence. To
improve the treatment of infectious diseases, nanomaterials have been studies due to their
potential to (i) sustain the systemic delivery and enhance the bioavailability of antimicrobials,
(1) enable local and/ or targeted drug delivery, and (iii) overcome difficult-to-treat or resistant
infections.® In the following chapters, the reader will be provided with an overview of how
nanomaterials can and have already been used in the treatment of infections.

Nanomaterials enhance the treatment of infections by improving drug delivery
The prolonged release of systemically administered drugs may advance patient compliance

due to less complicated and frequent dosing regimens. Such sustained drug delivery can be
enabled via formulation in nanocarriers made from polymers or lipids."”®!®® Some
formulations are already on the market or in clinical trials. For example, AmBisome® is a
formulation of the antimicrobial amphotericin B in liposomes smaller than ~100 nm that is
approved by the Food and Drug Administration (FDA) for the treatment of fungal
infections.”” More recently, the company Insmed Inc. developed an inhalable liposomal
formulation of the antibiotic amikacin (ARIKAYCE®™) which is marketed for the treatment

201,202

of M. avium and in clinical trials up to phase 3 for P. aeruginosa associated lung

infections.?*?

Local antibiotic delivery by nanocarriers
Besides a sustained release, nanocarriers may also allow for an improved local and/or

targeted antibiotic delivery which may reduce side effects.?’* Polymyxin B is a highly potent
antibiotic with limited application for systemic delivery due to severe side effects such as
nephrotoxicity. Encapsulation of polymyxin B into liposomes results in the improvement of
the drug efficiency and reduction of the minimum inhibitory concentration (MIC), which is
caused by membrane fusion of the nanocarrier to the bacteria P. aeruginosa with subsequent
high drug release locally to the bacterial cell.?*>° Gelatine NPs have been developed for the
encapsulation of VAN, which enables the controlled release of VAN only in presence of
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gelatinase-positive bacterial strains achieving targeted killing of S. aureus, but not the

mutualistic S. epidermidis.>"’

NPs can help in overcoming resistance in bacteria by protecting antibiotics
Both the sustained and local delivery of antibiotics aid in the treatment or prevention of

antibiotic-intermediate or -resistant bacteria by increasing the duration and level of the drug
above MICs in the tissues. However, nanomaterials also allow for overcoming resistant
infections through various pathways. For example, a common resistance mechanism in
bacteria involves the enzymatic degradation of antibiotics. Incorporating the antibiotic
imipenem into NPs protected the drug from degradation by carbapenem-degrading enzymes

typically expressed by the imipenem-resistant pathogen P. aeruginosa.?®®

2.2.1 Inorganic NPs as antibacterial agents

NPs may have intrinsic antimicrobial properties which directly interfere with bacterial
survival. In the scope of the here presented work, a specific focus will be placed on the
intrinsic antimicrobial activities of inorganic NPs.!® Inorganic NPs can exert antibacterial
effect from various mechanisms which often include (i) the release of antimicrobial metal-
ions, (ii) the production of ROS, or (ii1) the dissipation of heat in hyperthermia treatment.

Release of antibacterial ions from inorganic NPs
The release of ions from inorganic NPs results in bactericidal activity through multiple

actions such as binding of the ions to thiol (-SH) groups in amino acids such as cysteine.’
Ions can also increase the permeability of the bacterial cell wall. For example, silver ions can
destroy cross-linking bonds of the peptide chain in the bacterial cell wall, resulting in cell
disintegration.??” Perforation of the bacterial cell wall in turn allows for an increased diffusion
of further ions or drugs into the pathogen while causing a harmful leakage of cytoplasm.
Inside the cell, ions might block the formation of S-S bridges of cysteine residues in proteins.
Blocking of thiol bridges interferes with correct enzymatic processes or successful protein
folding, thus decreasing cell metabolism.?” Furthermore, metal ions such as silver ions seem
to have a high affinity to form complexes with nucleic acid which interferes with appropriate
genetic transcription impeding cell division.?%

Many inorganic NPs dissolve in physiological media allowing high ion release, where
prominent ion-releasing NPs being are made of copper, zinc, gallium, or silver (Ag).!’ Ag is
by far the most investigated and employed antibacterial NP with multiple antibacterial
products already in market, patented, and/or in clinical trials.?!® For example, the products
SilvaGard® and SilvaSorb® by the manufacturer AcryMed Inc. uses Ag NPs in coatings for
medical devices or as topical wound dressings for infected wounds.?!! However, unlike
copper or zinc, Ag is not an essential trace metal in the human body and so there have been

some concerns about Ag-induced host toxicities.?*”
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Antibacterial effect of ROS can be a double-edged sword
Various NPs have been developed to interact in the cellular ROS homeostasis with an attempt

to improve therapies focusing on the increased production of ROS for treatment of
infections.?'? Nanomaterials can induce elevated levels of ROS through different routes.
Some materials, e.g. TiO2, absorb energy from exogeneous light resulting in electron-holes
that interact with oxygen and water thus creating radicals.?!® In addition, some nanomaterials
also called nanozymes, e.g. FesOs NPs, show peroxidase-like activity catalyzing the
conversion of H2O; into hydroxyl radicals in Fenton-like reactions.?'* In a similar fashion,
metal NPs such as Ag are oxidized by H20O» forming reactive hydroxyl radicals.?!> The high
reactivity of ROS results in direct damages to DNA, proteins, and lipids which results in
reduced bacterial metabolism and death.?!¢

However, specifically in the scope of SSTIs the use of ROS for antibacterial therapies needs
to be handled with caution. ROS are a double-edged sword in the fight against infections: on
the one hand, ROS are generated endogenously by cells for signaling processes or in the fight
against infections; on the other hand, elevated ROS levels are associated with numerous
abnormalities (i.e. cancerous growth).2!” As such, ROS-generation might be beneficial for
initial clearance of the bacteria from the skin.?'® For example, photocatalytic activity of TiO,
NPs controlled by UV light allows for antibacterial effects against the SSTI-associated
bacterial strains S. aureus, P. aeruginosa, E. coli and E. faecium.*"® However, prolonged
exposure to elevated levels of ROS is associated with chronic, non-healing wounds and
inflammation.??

Antibacterial hyperthermia from magnetic NPs
As explained above in 2.1.5, elevated temperatures show direct antibacterial effects and may

enhance antibiotic therapy in infections. Inorganic NPs can be used for biomedical
application because of their capability to generate heat by absorbing energy from
electromagnetic radiation. The two most common energy sources for generating
hyperthermia from inorganic NPs are (i) an alternating magnetic field, or (ii) light in PTT.?!
Superparamagnetic iron oxide NPs (SPIONS) are the most commonly researched metal-
based nanomaterials for magnetic hyperthermia. SPIONS are small ferromagnetic particles
containing single magnetic domains. Upon placing SPIONS in alternating magnetic fields
they magnetize resulting in flipping of the magnetic moment upon switching the direction of
the magnetic field. This resonant excitation results in the generation of heat due to different
pathways described by theories such as the Néelian and Brownian relaxation. According to
the Néelian theory energy is dissipated in form of heat when the magnetic dipole within a NP
flips, whereas the theory of Brownian relaxation refers to the physical rotation of the NPs.?%
SPIONS for magnetic hyperthermia have predominantly been developed for cancer therapies
with the product NanoTherm® from the company Magforce AG already used in clinics for
the treatment of brain tumors.??*

In the field of anti-bacterial therapy in SSTIs, to the best of the author’s knowledge, the use
of magnetic hyperthermia from inorganic NPs is relatively scarce.’’* One publication
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reported antibacterial activity of iron oxide NPs under an alternating magnetic field against
S. aureus but this required temperatures up to 100 °C which may interfere with the clinical
success of such therapy.?* Kim et al. employed lower temperatures of 45 °C from iron oxide
NP hyperthermia which partially reduced S. aureus growth and improved wound healing in
mice.??® Furthermore, combinational therapy of magnetic NP hyperthermia with antibiotics
may constitute a prospective SSTI therapy, i.e. VAN is more effective against S. aureus
biofilm under magnetic NP hyperthermia.'”’ However, the limited application of SPIONS
for SSTIs to date may partially be explained with the fact that iron oxide NPs can cause
severe allergic reactions, as highlighted by the FDA’s Boxed Warning in 2015 for the use of

the iron oxide NP-based product Feraheme®.??’

Antibacterial PTT from inorganic NPs

PTT is a widely researched field for the generation of local heat in the ablation of bacterial
infections.?»** In PTT, often inorganic NPs are used to absorb energy from photons of
electromagnetic radiation and dissipate the energy in form of heat for localized hyperthermia.
In the scope of this thesis, inorganic NPs-based PTT platforms for the treatment of SSTIs and
in interaction with the antibiotic VAN will be highlighted.

The use of inorganic NPs for PTT therapy against bacterial infections in the skin and for
improved wound healing is increasingly researched within the last decade. Already in 2016
Khan et al. evaluated the potential of Au nanorods (NRs) for the treatment of P. aeruginosa
associated wounds in mice.??® This was soon followed by Li ef al. in 2017 who developed
polymer films with graphene oxide coated Au nanospheres to eradicate S. epidermidis in a
mice model.?”® Other groups also developed PTT-NPs platforms to treat E.coli*** and
MRSA?! in cutaneous infections. The target temperatures in these studies reached 52 — 60 °C
with required laser intensities up to 2 W ¢cm™.2% Such high laser intensities may limit the
potential of clinical translation of PTT because the permissible exposure limit in skin should
be between 0.3 — 1.0 W cm™ at 780 — 1050 nm near-IR laser wavelength, according to the
American Standard for Safe Use of Lasers.?*? To increase the therapeutic outcome of PTT
while decreasing the necessary laser intensity, PTT is often delivered in synergy with other
antibacterial mechanisms or drugs.

One way to improve NP-based PTT is by leveraging additional antibacterial properties of the
NP system, such as ion release, or ROS generation. Various studies successfully treated
SSTIs caused by S. aureus®>* 7 or E. coli**®*° with such multi-modal antibacterial NP-PTT
systems employing inorganic nanomaterials such as copper, zinc, graphene oxide, carbon or
Au. Most notably was the study by Li ef al. who incorporated zinc into Prussian blue NPs for
combined ion release and heat treatment, eradicating MRSA in SSTIs more efficiently than
IV VAN or topical antibiotics such as fusidic acid at a low laser intensity of 0.3 W ¢m™.24
Besides inherent antimicrobial effects, PTT can also be used in combination with antibiotic
therapy to improve the treatment efficacy which has been also explored in the work of this
thesis. In the literature, in vivo mice SSTIs associated with S. aureus and E. coli were treated
with PTT and the simultaneous delivery of the antibiotics such as ampicillin,*!
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3 imipenem,?** and moxifloxacin?®’; and some of the studies

daptomycin,?* ciprofloxacin,?
required laser intensities of only 0.5 W cm™?. PTT has also successfully enhanced the
treatment of VAN for S. aureus and MRSA-associated SSTIs in preclinical models.?4¢2%3
Zhang et al. investigated the potential mechanism of the synergistic effect via measurement
of released bacterial DNA and scanning electron microscopy (SEM) images of the cell wall
morphology of S. aureus, indicating that the heat from PTT together with VAN may
synergistically harm the bacterial envelope.?*® However, it is important to highlight that these
PTT-based VAN delivery systems were injected subcutaneously into a bacterial abscess,
which is not commonly performed in the clinics and may not be suitable for treatment of

SSTIs that do not form abscesses (i.e. cellulitis).

2.2.2 Plasmonic NPs
In the above-described literature, materials commonly utilized for PTT are plasmonic NPs.

In some metal NPs, free electrons on the surface of the nanomaterial can be excited by
incident light resulting in the oscillation of the electron cloud. This oscillation of the electron
cloud in particles with sizes similar or smaller than the wavelength of the incident light is
also referred to as localized surface plasmons (LSP).!! Upon matching the frequency of the
light source with the electron cloud oscillation, the LSP might resonate (LSPR) generating
highly amplified, local electric fields (Figure 6). The oscillation subsequently decays
releasing energy via radiative decays (i.e. light scattering) or non-radiative decay (i.e.
dissipation via heat).!? Thus, plasmonic metal NPs can be used to generate local heat under
light irradiation which is harnessed in PTT.

Nanomaterials for plasmonic absorption in the near-IR spectrum
The wavelength of the incident light that can be absorbed from the plasmonic NPs via LSPR

is material- and structure-specific.!® For application in the human body, it is preferred to use
visible or near-IR light due to the reduced unspecific absorbance by the tissue. Specifically,
near-IR light has been extensively used for biomedical application of plasmonic NPs because
of its deep penetration into tissues.'* The wavelength region of visible and near-IR spectrum
is covered by NPs made from gold, silver, or copper, whereas aluminum, palladium, and
platinum absorb in the UV region. In terms of light-to-heat conversion efficiency, Ag NPs
are the preferred choice due to their strong and sharp LSPR and high absorption-to-scattering
cross-sections.!> However, compared to Au, Ag is less chemically stable and can cause in
vivo toxicity, which is why Au nanomaterials are considered the most suitable biological-
friendly plasmonic nanomaterial for biomedical applications.

Structure of Au nanomaterials influences the light absorption
Besides material-specificity, the light absorption of the LSPR can also be controlled by

changes in the nanomaterial structure such as shape and size. Typically, Au nanospheres do
not absorb light in the near-IR region. However, changing the aspect ratio of Au particles to
a rod shape increases the wavelength of the LSPR absorption maximum with increasing
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aspect ratios resulting in a red-shifted absorption (as described by the Gans theory).!?
Alternative Au-based nanomaterials commonly studied for near-IR plasmonic applications
are Au-shells or Au-cages.?* However, the light-to-heat conversion efficiency of Au
nanomaterials such as NRs, shells and cages are highly dependent on the precise control of
their structure which may require multiple and complex process steps; a potential
disadvantage for industrial scale fabrication. For example, the company Nanospectra
Biosciences Inc. provides the Au shells AuroShell® and reported successful treatment of
prostate cancers in a clinical trial.>>° Assuming an average body weight of 70 — 90 kg, ~ 2 —
3 g of the AuroShell® were required for single treatment of each patient, highlighting the
need for production of near-IR active Au NPs that are cost-effective with scalable production.
While the shape strongly influences the optical resonance wavelength of the nanomaterial,
the size of NPs can control their excitation cross-section. For photothermal application high
relative contribution of the absorption with low scattering losses are preferred to increase
non-radiative decay of the NPs which governs the heat dissipation. The absorption-to-
scattering cross-section in Au nanospheres decreases with increasing NPs diameter, with
primary particle diameters of approximately 20 nm considered to be most effective with

scattering losses approaching zero.?>!

While material choice, size and shape of the NPs
influences the absorption peak of plasmonic NPs, the absorption can also be tuned by

controlling a process called plasmonic coupling.

Plasmonic coupling of Au nanospheres for near-IR absorption
To overcome the disadvantages of a multi-step, complex fabrication process of near-IR active

plasmonic Au nanomaterials, the absorption maximum of spherical Au NPs can be shifted
by controlling their interparticle distance.”>> When two or more plasmonic NPs are at a
proximity to each other with a distance lower than approximately one diameter’s length, their
individual LSPR hybridizes.
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Figure 6: Schematic illustration of interaction of light with plasmonic NPs. a) General overview of generation
of local electric field by coupling of the light frequency with the plasmon resonance due to displacement of the
electron cloud resulting in light absorption. b,c) Influence of plasmonic coupling on the light absorption for
polarization orthogonal to or along the interparticle axis resulting in a slight blue-shift, or distinct red-shift of

the absorption peak, respectively.
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This plasmon coupling tunes the LSPR of the coupled NP system and if the electric field
polarization happens along the interparticle axis the light absorption redshifts with decreasing
interparticle distance, enhancing the IR absorption.?>* Furthermore, constructive interference
of the plasmons enhances the electric field of the NP system. However, at a sub-nanometer
distance the classical plasmon interaction theory breaks down and different processes such
as quantum mechanical effects (i.e. quantum tunnelling of electrons) can cause a blueshift in
the light absorption, which is why it is important to finely tune the interparticle distance to

an optimum.>>*

2.2.3 NPs synthesis via FSP
The synthesis of NPs by flame aerosol technology is a widely employed process in industry

for large scale particle production. In fact, the fabrication of flame-made NPs from companies
like DuPont de Nemours Inc. constitute an estimated ~15 b$/ year market with application as
reinforcing agents in car tires (carbon blacks) or as whitening pigments in paints (TiO5)."
More recently, flame aerosol synthesis has also been explored to produce more functionally
complex NPs such as in the area of catalysis, sensors, and health care.'® One limitation in the
successful clinical translation of nanomedicines is the restriction in scale-up of many NPs
synthesis techniques. The employment of flame synthesis might overcome this limitation
since its proven industrial application, which was a main motivator for using flame-made
NPs in the work of this thesis. In the following chapters, a brief overview of flame-made NPs
for medical applications is provided to highlight the potential of using FSP for the fabrication
of medical NPs.

Particle formation in FSP
In general, flame aerosol technology can be categorized into three groups based on the

precursor and combustion conditions: (i) vapor-fed aerosol flame synthesis, (ii) flame-
assisted spray pyrolysis, or (iii) FSP.!® The metal NPs used in this doctoral thesis were
produced by FSP where a liquid organic solvent containing metal precursor is fed through a
nozzle. With the aid of an oxygen outlet, the organometallic liquid precursor solution is
aerosolized to form small, metal precursor-containing solvent droplets. By ignition of an
oxygen-methane gas, a small pilot flame is used to combust the liquid solvent effectively
creating a metal precursor vapor. The metal atoms in the vapor are supersaturated and by
nucleation form product monomers which grow into clusters of NPs via surface reactions.
These primary NPs coalesce and sinter to form nanoaggregates which upon leaving the high-
temperature zone of the flame further arrange into large fractal-like agglomerates via
Brownian coagulation.?>>?>® Various process parameters can influence the properties of the
NPs such as the high-temperature residence time, the vapor phase concentration, and the
metal precursor composition.”” Changing the burner configuration allows for the control
over these parameters, e.g. increasing the precursor feed rate or decreasing the dispersion gas
flow each increase the high-temperature residence time resulting in larger primary NP
sizes.?®
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Controlling plasmonic coupling in flame-made NPs
The composition of the precursor influences the properties of the NP aggregates. For

biomedical applications it is desirable to have plasmonic absorption in the near-IR region and
Ag or Au NPs are promising candidates for PTT due to their high light-to-heat conversion
efficiencies.!” However, spherical Ag and Au NPs do not typically absorb light in the near-
IR region. One possibility to enable near-IR absorption of Ag and Au NPs is via the control
of the plasmonic coupling through tuning the interparticle distance.'® Using dielectric spacer
materials, e.g. a SiOz layer,> enables such tuning. In FSP, an amorphous spacer SiO- layer
can easily be obtained by (i) injection of SiO precursor (i.e. hexamethyldisiloxan - HMDSO)

vapor above an enclosed flame reactor

19,260,261

or by (ii) co-mixing a SiO; precursor into the

liquid precursor solution.?**! The former allows for a hermetical sealing of the primary NPs,
whereas the latter has the advantage of being easily employed in a standard FSP reactor set-
up that does not require a reactor enclosure. Moreover, it readily permits the direct deposition
of the SiO»-coated NP aggregates onto substrates.
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Figure 7: Schematic depiction of the fabrication methods of various NP products using the FSP reactor (not to

scale). a) Synthesis of NPs made from Au or Ag + SiO; precursor as employed in Paper II-IV of this thesis.

b,c) Fabrication of NP-films on glass coverslips or MN molds made with Au + SiO, NPs as in Paper II.
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Film formation in FSP
The retrieval of NPs from the aerosol is often achieved via different routes (Figure 7). On the

one hand, the NPs are collected as powders via the filtration of the aerosol with the aid of
vacuum suction and synthetic or glass fiber filters. Alternatively, electrostatic precipitators
can be employed for the down-stream separation of NPs from the gas.?®? On the other hand,
the FSP technique allows for the direct in situ deposition of NPs onto substrates. The direct
deposition of NP aggregates from the hot aerosol is achieved by securing a substrate onto a
water-cooled holder which is orientated orthogonal to the impinging hot aerosol above the
burner.?’ The deposition rate of NPs in such a temperature gradient, as obtained between the
hot aerosol and the cooled substrate, is mainly controlled by thermophoresis. The
morphology of the NP films can easily be tuned: Tricoli et al. found that for concentrated
organometallic precursor solutions (0.05 — 0.5 mol L") important process parameters
influencing the deposition rate are (i) the precursor vapor concentration and (ii) the
temperature difference with increasing either resulting higher deposition rates.??

Furthermore, for temperature difference above 120 K a thermal equilibrium is obtained which
allows for a constant film growth rate. Increasing the deposition time at specific molarities
linearly increases the film thickness (confirmed for deposition times up to 6 min).?? In
addition, micropatterns of NPs films can be created by employing a stainless steel mask

covering the substrate.?®?

FSP-made NPs for infectious diseases
The flexibility of FSP for the synthesis of a wide variety of inorganic NPs lead to the rapid

expansion of the commercialization and research of functional nanomaterials for application
in the clinics. Most notably, the companies Hemotune AG and Anova Medical Inc. utilize
flame-made NPs for therapy. Hemotune AG harnesses the capabilities of magnetic NPs for
the blood purification in dialysis for the therapy of infections, intoxications, or autoimmune
diseases.’** Anavo Medical Inc. develops a medical nanoglue loaded with flame-made metal
oxide NPs for application in surgical or skin wounds.?®>2%7 Furthermore, flame-made Ag
NPs have been studied for their antibacterial properties due to ion release or as PTT
treatments, successfully reducing bacterial growth of species such as E. coli*®® P.
aeruginosa,’® and S. aureus.>® Therefore, FSP-made NPs are promising for clinical therapies
and may be further translated to the treatment of SSTIs. To do so, one needs to develop
appropriate skin delivery platforms for the delivery of the therapy provided by flame-made
NPs. An intra- and transdermal skin delivery platform for NPs and drugs that has recently
gained traction are MNss.

2.3 MN arrays

The overall goal of the work in this thesis was to develop a novel treatment strategy for the
simultaneous delivery of high local antibiotic concentrations and PTT from nanomedicine.
The employed delivery devices were MN arrays. MNs were first developed for transdermal
drug delivery by Henry et al. (research group around Prof. Prausnitz)?’® in 1998 and since
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then have been extensively studied and successfully brought to market.?”! MNs are miniature
needles with heights in the micron-scale that pierce the skin to deliver their cargo. Often,
hundreds of MNs are located on single skin plasters which are referred to as MN patches or
arrays. These MN arrays are promising and novel medical devices which could potentially
revolutionize the field of intradermal drug delivery as highlighted by the World Economic
Forum through their nomination of MNs as one of the “Top 10 Emerging Technologies in
2020”27

Advantages of MNs

Due to their micron-scaled sizes, MN arrays cause less pain compared to classic hypodermic
needles?’ which is promising for increasing patient comfort and compliance (Figure 8). The
application of MN arrays is straightforward, does not require trained personnel, and does not

leave sharp waste?”

making it an attractive medical device for the outpatient setting.

Furthermore, MN arrays are able to breach the skin’s protective barrier, the stratum corneum,
to deliver molecules into the epidermis and dermis or sample biomolecules from the
interstitial fluid.?’* The MN arrays designs and the corresponding drug delivery applications
are manifold extending their clinical application from administering small molecules to large

micron-sized particles.

Topical ID injection IV injection
administration

Figure 8: Schematic illustration of MN application for drug delivery compared to alternative administration
routes, such as topical application of creams, ointments, or transdermal patches, ID or IV injection. MN
administration combines the benefits of topical administration through reduced pain (pain indicated with red
arrows) and ease of application while benefitting from increased drug delivery because of the effective

penetration through the stratum corneum.
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MNs enable delivery of substances previously inhibited from topical administration
As explained in more detail above (chapter 2.1.4) the protective function of the skin inhibits

the delivery of hydrophilic, high molecular weight (> 500 Da) drugs via the topical route.
Furthermore, the stratum corneum and the epidermal-dermal basement membrane are
barriers in the skin permeation of topically applied NPs.?’> MN arrays have been extensively

studied for the delivery of hydrophilic, large molecules and NPs*

since the piercing of the
stratum corneum and basement membrane breaches the protective function effectively
allowing substances to be delivered transdermally which typically were unamenable to this
administration route.?’”” For this reason, MN arrays specifically disrupt the field of
vaccination as a pain-less, easy applicable delivery platform owning to the potential of MNs
to deliver large antigens via the topical route to directly interact with the abundant dermal
immune cells.?®*’® Another example of novel avenues for transdermal delivery of large
biomolecules is the administration of insulin with MN arrays,?”” which, besides application
in the skin, was recently also reported as an oral insulin delivery platform.?%?8! Furthermore,
using MN arrays micro- and NPs can be delivered into the skin as presented by Permana et
al. who delivered Ag NPs incorporated in bacteria-responsive microparticles via MNs
showing higher antibacterial effects against S. aureus and P. aeruginosa biofilms compared
to a cream formulation.?®?

The design of MNs influences the drug delivery
Overall, the design of MN arrays can be summarized in four main categories: (i) solid, (ii)

hollow, (iii) coated, (iii) dissolving, and (iv) hydrogel-forming MNs.?** Solid metal and
silicon MNs are used to perforate the skin to stimulate tissue regeneration and create channels
for improved skin penetration of topical formulation; such metal MNs are already widely
employed in the cosmetic industry.?®* Hollow MNss are solid needles with an inner channel
that allow for intradermal injections of solutions as successfully marketed by companies like
nanoBioSciences LLC .%%° Furthermore, solid MNs can be coated with a drug formulation
and upon piercing the skin the coating is deposited into the skin. The company Vaxxas Inc.?%
recently (November 2022) initiated a phase 1 clinical trial for evaluating their coated MN
patches for the vaccination against COVID-19. Alternatively, the MNs can be completely
made of dissolving polymer or of the crystalline drug allowing higher drug quantities to be
delivered intradermally compared to coated MNs. Companies such as Micron Biomedical
Inc.” and LTS Lohmann AG?® are exploiting such soluble MN arrays. Lastly, if the
dissolving polymer is hydrogel-forming, the MNs arrays can be combined with a topical drug
depot allowing for a sustained diffusion of drugs from the depot into the skin.?®” The work in
this thesis employed polymeric MNs which will be introduced in the following chapter.

2.3.1 Polymeric MNs for drug delivery
Polymeric MNs are specifically attractive in the field of drug delivery because of their

straightforward fabrication protocol, easy administration, biocompatibility, cost-
effectiveness, and control over delivery kinetics.>! Polymeric MN arrays are most commonly
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made following a mold-and-casting method where flexible molds made of
polydimethylsiloxane (PDMS) are produced as a negative copy of a metal MN array
fabricated with micromachining or lithography. The polymer of choice can be loaded with
dyes, drugs, or particles, concentrated in the MN mold, and detached as the final MN array
after drying. The mold-and-casting method is easily employed in standard laboratories
especially since the commercialization of the MN molds from companies such as Micropoint
Technology Ltd. Besides the mold-and-casting method, several alternative methods, such as

droplet-born air blowing,>”

allow for the fabrication of polymeric MNs, each methodology
with their own advantages and shortcomings.>! However, in the scope of this thesis specific
focus will be placed on polymeric MNs fabricated from a MN mold. Utilizing mold-and-
casting, MN arrays made from dissolvable polymers have been widely researched which
upon insertion into the skin disintegrate and deliver their drug cargo.’' Furthermore,
responsive polymers, e.g. polycaprolactone (PCL), allow control over the drug delivery via
external stimuli such as heat.?*!®?> By contrast, only few studies reported the use of non-
dissolvable polymers in the fabrication of MNs arrays, e.g. Choi et al used

polymethylmethacrylate (PMMA) for the production of electrically active MNs.?%

Overcoming the limitations of drug loading in polymeric MNs
One major obstacle in the successful drug delivery via polymeric MNs is the amount of drug

that can be incorporated into the MNs. The amount of incorporated drug is limited by (i) the
small size of the MNs, and (i1) the drug solubility in the polymer solution. Increasing the size
or number of the MNs allows for incorporation of more drug per skin area; however,

294

increasing the MN size and thickness increases pain of insertion”" whereas increasing the

amount of MNs per patch results in reduced MN insertion due to the “bed-of-nails” effect.?*’
Alternatively, the overall MN patch can be enlarged to deliver more drug, although this
approach necessitates the use of a flexible backing layer to allow MN insertion over curved
skin.??® Furthermore, the drug loading can be improved by using a tablet as a reservoir
secured onto hydrogel-forming MNs to sustain intradermal drug diffusion over time.?”’ To
overcome the shortcoming of low drug solubility in polymers, MNs can be fabricated from
pure drug by melt casting or concentration of the crystalline drug into MN cavities which
may expand MN-based delivery to drugs requiring high doses to be systemically

effective.?82%

Strategies to increase the deliverable drug dose in polymeric MN arrays
Another shortcoming of polymeric MN arrays is the small relative fraction of drug effectively

delivered into the skin due to the distribution of the drug from the MNs into the backing layer.
Moreover, due to the viscoelasticity of the skin, MNs are typically only inserted to 10 — 80%
of their length.3% To achieve higher delivery efficiency and lower pharmaceutical waste, the
drug should ideally be concentrated in the MN tips and approaches introduced in the literature
to achieve this are summarized in Figure 9. Two-layered polymeric MNs fabricated in a two-
step mold-and-casting method may result in MN tips with high drug concentration,*’!

38



2 LITERATURE REVIEW

although such highly drug-loaded MN tips depend on the specific drug and polymer
selections. Alternatively, increasing the viscosity of the polymers by increasing the weight

concentration of the aqueous polymer solution®*?

or utilization a fast-evaporating solvent in
the backing layer’® effectively reduces the unwanted drug diffusion. Furthermore,
introducing a bubble between the MN and backing layer allows for highly concentrated MN
tips increasing the drug delivery efficiency.’*>*** However, high polymer concentrations and
the introduction of a bubble decreases the mechanical strength of the MNs against
compression which needs to be accounted for to ensure successful skin penetration.>??
Finally, allowing complete drying of the drug-loaded MNs with subsequent attachment to
backing metal shafts®® or insertion of MNs without backing layer with the aid of
micropillars*® both inhibits drug diffusion from the MNs; however, complex fabrication and
precise needle alignment may be shortcomings of such inventions.

In the scope of this thesis (Paper I), the obstacle of drug diffusion from the MNs into the
support layer was addressed by using the water-insoluble polymer PMMA as opposed to the
water-soluble polymer polyvinylpyrrolidone (PVP) in the MN backing following a simple
two-step casting method. Simultaneously to our work, Li et al. showed that using water-
insoluble polymers as the material to form the MN backing layer effectively increases the
drug localization in the MN tips resulting in higher drug delivery efficiency in skin as
opposed to using water-soluble MN backings which held true for drugs of varying molecular
weight.?”” They hypothesize that such decreased drug diffusion within the MN patch is
caused by a phase separation between the MNs and backing due to the immiscibility of the
polymers and solvents forming a physical diffusion barrier of hydrophobic backing polymer
at the interface to the MN.

b Approach o )
High drug High wt% - Easy protocol |- Strength |
¢ loading in - limitations in handling
2 MNs & drug loading
S
g No drug Fast evaporation |. Easy protocol |- Tloxicitr}/ of
Drhug concelntrated in MNs in backing ! ! ! ! ! ! A solvents
- pharmaceutical waste |
- delivered drug dose 1 Bubble ~Very good ~ Strength |
retention of drug |- complicated protocol
s in MNs - breakage
g Metal shafts |- Very good - complicated protocol
> % retention of drug
= 2 in MNs
2 - — - A Thi Low miscibility |- Easy protocol |- Knowledge about
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Figure 9: Illustration of the problem of drug diffusion within polymeric MN arrays and approaches used in
literature to overcome the problem. a) Schematic depicting the unwanted drug diffusion within polymeric MN
arrays resulting in wasted drug in the backing layer. b) Overview of selected approaches to prevent unwanted

drug diffusion and allow for high drug loading in the MNs as introduced in the literature.
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2.3.2 Antibacterial MNs
Initially, MN arrays were explored in the field of vaccination, but the scientific community

quickly expanded the MN technology to other therapeutic areas including infectious diseases.
MN-assisted treatment can be applied to various infectious diseases such as viral,3%
fungal,>® and parasitic infections.>'° Furthermore, MN arrays have extensively been explored
for potential treatment of bacterial infections.”” As such, antibacterial MNs have been
developed (i) with coatings or inherent antibacterial functionality for self-sterilizing effects,
(1) for systemic antibiotic delivery against infections, and (iii) for local antibiotic delivery
for potential treatment of SSTIs.

Inherently antibacterial properties and coatings for self-sterilizing MNs

Although Donnelly et al. showed in 2009 that the infection risk after MN application is lower

compared to the use of hypodermic needles,’!!!?

several studies developed MN arrays
containing antibacterial coatings or as inherently antibacterial to allow a self-sterilizing of
the MN arrays and thus reduce any MN-associated infection risk. To the best of the author’s
knowledge, in 2009 Gittard ef al. were the first to report the development of antibacterial MN
patches by deposition of a silver coating on ceramic MNs showing antibacterial effect against
S. aureus.>'® Building on this, Gittard et al. later reported alternative coatings from silver and
zinc oxide also on acrylate-based MNs which inhibited the growth of common skin-
associated bacteria.’!* Likewise, zinc oxide was applied in form of nanobushes on the surface
of MNs by Chew et al. reducing the growth of S. aureus.>'> These studies enable antibacterial
properties on non-dissolvable MNs; however, MNs intended for drug delivery are often made
from dissolvable polymers. Several studies show that the rational selection of dissolvable
polymers for the fabrication of MNs can be exploited to provide antibacterial functionality.
For example, MNs made from the polymer Gantrez® AN 169 restricted bacterial growth of
bacteria such as E. faecalis, E. coli, and S. aureus.*'® Likewise, natural antibacterial materials

such as chitosan®!’

or manuka honey*'® were successfully employed for fabrication of
antibacterial MNs. Besides inherently antibacterial properties, MNs have been extensively

developed as a drug delivery platform for antibacterial compounds.

Systemic antibiotic delivery via MNs
Dissolvable MNs can be used to administer drugs transdermally due to the permeation of the

drug through the skin into the blood circulation. Such transdermal delivery of antibiotics may
have the advantage of reducing first pass metabolism and resistance development in the gut
microbiome which are associated with oral antibiotic administration. To the best of the
author’s knowledge, the first study to deliver antibiotics via MNs was the study by Gittard et
al. in 2010 who delivered gentamicin via dissolvable MNs.>!? The study was later expanded
by the research group around Prof. Donnelly, showing similar gentamicin plasma
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concentrations in rats after MN administration compared to intramuscular injection
successful treatment of lung infections in mice caused by Klebsiella pneumonia.>*' Besides

overcoming the disadvantages of oral antibiotic delivery, MNs also enable the delivery of

40



2 LITERATURE REVIEW

antibiotics which typically can only be given IV. One such antibiotic is the glycopeptide
VAN which was explored to be delivered with MNs locally into the skin in the work of this
thesis (Paper I) and at the same time by Ramadon et al. showing systemic delivery of
clinically relevant VAN concentrations in mice.*?? Interestingly, Ramadon et al. also reported
the local VAN concentration in the skin, showing an approximate S500-fold higher
intradermal VAN concentration after MN delivery compared to IV administration. Therefore,
MN-assisted local delivery of VAN can potentially be applied for the treatment of skin
infections, which we elucidated in Paper I of this thesis work.

Local delivery of antibiotics via MNs

Various antibiotics have been delivered and tested in in vitro models potentially relevant to

SSTIs, e.g. polymyxin against planktonic E. coli,>?

4

cephalexin for the inhibition of E. coli
and S. aureus lawns,*** and tetracycline against S. aureus.**® Furthermore, doxycycline
encapsulated in nanosuspension was successfully delivered into ex vivo porcine skin for
treatment of biofilm skin infections.??¢ However, other studies also explored MN-assisted
antibiotic delivery in clinically more relevant in vivo models: clindamycin was delivered in
ROS-responsive MNs for growth inhibition of P. acnes**’ or ofloxacin®?® for the inhibition
of E. coli and §. aureus with both approaches contributing to improved skin wound healing.
Highly relevant to the work presented in this thesis are the results recently published by Su
et al. who explored the delivery of VAN by dissolvable MNs together with AgNO3 and
Ga(NOs); into human ex vivo biofilm skin models of S. aureus and P. aeruginosa.’* They
showed that the antibacterial effect increased when using MNs opposed to needle-free mats
presumably associated with the improved penetration into the biofilm and skin. Furthermore,
the combination of three antibacterial modalities improved the biofilm reduction in a
synergistic fashion allowing VAN to show antibacterial effect against polymicrobial
biofilms. This highlights the potential of synergistic interactions to improve the antibiotic
efficiency specifically in the context of treatment of often polymicrobial SSTIs.

2.3.3 Photothermal MNs
The incorporation of photothermal agents into MNs has mostly been applied for the delivery

of anticancer drugs and treatments. Often, dissolvable polymeric MNs are fabricated
incorporating both a photothermal agent and a therapeutic. Upon MN insertion into the skin,
the photothermal agent and drug are delivered intradermally. Irradiation of typically near-IR
light at the local skin site results in heat dissipation from the photothermally active agent,
which may increase the treatment outcome by direct ablation of harmful cells or through
synergistic effects with the delivered drug. Besides therapy improvement, photothermal
agents in MNs can be exploited as a control mechanism for MN dissolution when combined

with heat-responsive polymers.292-330-332
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Photothermal MNs for synergistic anti-tumor treatments
MNs are an attractive administration route for the treatment of superficial tumors and skin

cancers since they can aid in overcoming drawbacks associated with successful clinical
translation of anti-cancer PTT.3** One obstacle is the delivery of high amounts of
photothermal agent locally into the tumor, which can be easily achieved by the delivery of
the agent via MNs into superficial tumors. Furthermore, another drawback is to provide a
mild temperature of up to approximately 50 °C that ablates malignant cells without causing
high damage to the surrounding, healthy tissue. One way to reduce PTT therapy to mild
temperature regions is to combine dual therapeutic modalities. MNs can easily be developed
for dual delivery of photothermal agents and drugs by combined incorporation in the
polymeric matrix. Photothermal agents incorporated into MNs that showed successful

334 335-340

treatment of superficial tumors includes melanin,’”* and indocyanine green, and various

inorganic nanomaterials, such as lanthanum hexaboride (LaBg) NPs, 271341342 Ay NR, 343344
Au nanocages,** and Au-core silica shells.**® All of the above studies evaluated the PTT in
synergy with pharmaceutical anti-cancer treatments, allowing for tumor growth reductions at

temperatures mostly around 50 °C.

Photothermal MNs for treatment of SSTIs
MNs show similar opportunities in PTT against SSTIs as they do for skin tumor therapy, i.e.

MN:ss allow the dual delivery of photothermal agents and antibiotics thus enabling synergistic
antibacterial treatments at mild temperature increases locally at the infected site. Although
substantial efforts have been devoted to the development of PTT-MNs for skin tumor
treatment, the application of PTT-MNs for antibacterial therapy is relatively scarce. Two
studies explored the antibacterial effect of PTT from MNs as an additional sterilization
functionality besides the intended anti-tumor application reporting inhibition of S. aureus
above 90% at 50 °C in vitro®* and in vivo.>*® Similar temperature increases to 50 °C were
used to synergistically eradicate S. aureus in vitro combining PTT with nanozyme function
(i.e. ROS production) thus contributing to improved wound healing.** Likewise, the
synergism between PTT at 45 °C for 6 min and AMP resulted in similar S. aureus growth
inhibition requiring only approximately 60% of the drug dosage.*** Furthermore, the authors
reported that the healing of diabetic foot ulcers in an in vivo rat model was higher for PTT
and AMP delivery via MNs compared to a topical formulation, highlighting the advantage of
using MNs for intradermal delivery. Similarly encouraging results were reported for MN-
assisted PTT in synergy with the delivery of a-amylase for the degradation of biofilm and
the antibiotic levofloxacin.*! The triple action resulted in 80% bacterial killing of pre-
formed, polymicrobial biofilm of S. aureus and P. aeruginosa in an in vivo model.
Synergistic effects of PTT and the antibiotic VAN delivered via MNs was explored in Paper
IV of this work for inhibition of MRSA.
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Avoiding nanotoxicological concerns of photothermal MNs
All the above studies developing photothermal MNs employed dissolvable polymers in the

fabrication of the MN patches thus delivering nanomaterials into the skin tissue. This can be
a potential bottleneck in the clinical translation of such MNs due to the uncertainty of the
long-term bioaccumulation in the body and ecosystem and the associated toxicological
effects of the nanomaterials.>*>*>} Although some studies mentioned above, report negligible
toxic side-effects from the employed photothermal agents, %3340 jt is difficult to
hypothesize about potential long-term effects and the fate of nanomaterials in the ecosystem.
Therefore, removal of NPs after treatment from the body could be advantageous in order to
avoid such nanotoxicological concerns altogether. In fact, a recent publication from 2020
developed an Au NR-coated, non-dissolvable MN array to remove the nanomaterial from the
skin after PTT.>? However, the study had multiple limitations such as (i) the thick Au coating
decreased the MN skin insertion capabilities, (ii)) MN arrays resulted in intradermal
temperature increases of only approximately 5 °C at high laser intensities of 2 W cm™, (iii)
the authors did not quantitatively study any reduced NPs deposition in the skin. To address
those limitations, in Paper II and Paper III of this thesis various methods are introduced to
fabricate non-dissolvable MNs with metal NPs for PTT.
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The overall aim of this thesis was to develop a MN technology that combines local antibiotic

drug release with near-IR PTT for the potential treatment of bacterial skin infections (Figure

10). We set out to explore a novel treatment option for SSTIs in which we chose to deliver

the antibiotic VAN, commonly administered only IV for the treatment of MRSA-associated

SSTIs, locally to the skin using MNs. Furthermore, we introduced various fabrication

methods for PTT MNs with the ultimate aim to combine VAN-MNs with PTT in a single
hybrid MN array.

More specifically the aims were:

I.  To employ a MN array for the local delivery of high concentrations of the antibiotic
VAN and to show its effectiveness in an ex vivo porcine skin infection model with
MRSA (Paper I).

II.  Todevelop various fabrication methods for non-dissolvable, photothermal MN arrays
using flame-made, plasmonic Au nanoaggregates to demonstrate the potential of
reduced NP deposition in skin (Paper IT).

IlI.  To produce photothermal MN arrays with a low-cost stereolitograhpy 3D printer
using flame-made, plasmonic Ag nanoaggregates and explore the antibacterial effect
against SSTI-associated bacteria (Paper III).

IV.  To combine the local delivery of the antibiotic VAN with PTT in a hybrid MN array
to synergistically eradicate MRSA (Paper IV).

Dissolvable MNs for high local Non-dissolvable MNs for PTT
antibiotic delivery
Au 4—Ag
"N |antibiotic  Heat M
Paper | l l Paper Il I Paper Il

Hybrid MNs for synergistic
antibacterial effect

4— VAN

Au

Paper IV

Figure 10: Graphical abstract of the research aims of the work in this doctoral thesis to develop a hybrid
antibacterial MN array employing high local antibiotic delivery combined with local PTT for improved

antibacterial treatment of bacterial SSTIs.
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4 METHODOLOGICAL CONSIDERATIONS

This chapter provides an overview of the methodologies used across the work in this thesis
and considerations of the chosen methodology are discussed. Where applicable, the method
description is combined for multiple publications and the detailed description can be found
in the Experimental Sections of the respective publication.

4.1 Regarding MN fabrication and characterization

MN:ss are the core theme running through all of the here presented publications. Therefore, it
is important to elucidate the fabrication of such MNs and their characterization first. In three
publications (Paper I, I1, and IV) the MN arrays were fabricated following a common mold-
and-casting method. On the other hand, in Paper III stereolithography (SLA) 3D printing
was selected to produce the MN arrays.

The mold-and-casting method
The mold-and-casting method is likely the most commonly employed methodology to

produce polymeric MN arrays in the literature.>>* In this method a solid master MN template
is produced often by nanolithography and a negative copy mold of the master template is
fabricated using typically the flexible polymer PDMS. Subsequently, a polymer-drug mixture
can be casted into the mold, concentrated with e.g. centrifugation or vacuum suction, dried,
and detached from the mold. The resulting polymeric MNs resembles the original solid
master template. In this thesis, the majority of MN arrays were fabricated via mold-and-
casting method because the molds can be obtained commercially at desired dimensions and
MN arrays can easily be produced with standard laboratory equipment. Furthermore, the
mold-and-casting method can be employed for a wide variety of different choices of
polymers, which was important in the scope of this thesis since both water-soluble and water-
insoluble polymers were used to fabricate the MN arrays. To fabricate the dissolvable MNs
containing drug and dye the water-soluble polymers polyvinyl alcohol (PVA) and PVP were
selected due to their known sufficient mechanical strength in MN applications, ease of
handling, safety consideration according to FDA-approvals, and quick dissolution after skin
insertion.>* For non-dissolvable MNs the water-insoluble polymer PMMA was chosen based
on a previous publication successfully employing PMMA in the mold-and-casting method of
MN arrays.>”
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SLA printing

3D-printing techniques can generally be divided into three groups: (i) material extrusion, (ii)
vat photopolymerization, or (iii) powder bed fusion.**® In the material extrusion and powder
bed fusion printing, heat is utilized to melt a thermoplastic polymeric filament with a heating
extrusion head or to sinter the particle powders through a heating beam, respectively.
Compared to vat photopolymerization, these two methods result in non-smooth surfaces and
might suffer from low resolution and printing accuracy.’*® Therefore, the majority of 3D
printed MNs thus far are fabricated using vat photopolymerization techniques. SLA printing
utilizes a light source, such as a laser beam, to selective cure UV-sensitive resin which
attaches to a building platform that moves upwards in a layer-by-layer fashion. In micro-SLA
printing an UV light source such as a liquid crystal display (LCD) is covered selectively with
a mask to cure the resin of each layer onto the building platform. In LCD SLA printing, the
printing resolution is defined by the pixel size and intensity whereas laser-based SLA often
allows for higher resolution defined by the accuracy of laser movement and spot size.
However, LCD SLA allows for faster prints compared to laser-based SLA since the complete
layer is cured at the same time and benefits from low printer costs. In Paper III, an LCD
SLA printer was employed for the fabrication of photothermal MN by mixing NPs into the
UV-curable resin enabling fast and low-cost printing of photothermal MN arrays.

Mechanical strength testing
The MNss in all of the publications of this thesis were analyzed for their mechanical strength.

In Paper I the MNs were tested for their failure against transverse force application whereas
in Paper II-IV MNs were analyzed for their height reduction after compression at axial
load.*>” Analysis of the stress-strain curve of MNs under compression is a commonly utilized
methodology to explore the axial load the MNs can withstand without failure aiming to model
the insertion of the MNs into skin. Furthermore, the group around Donnelly et al. reported
the typical force potentially applied to a MN array when inserted into skin by a human thumb
to be around 32 N.3>® Therefore, the height reduction of various MN arrays after exposure to
axial compression at 32 N for 30 sec allows for interpretation of differences in mechanical
strength of the MNs modelling real-world settings. Finally, the parafilm insertion method
was introduced by the same group to elucidate the insertion depth of MNs in an in vitro model
after finding only minor deviations of insertion depths of MNs in stacked parafilm layers
compared to ex vivo porcine skin.**® Both the height reduction after compression as well as
the parafilm insertion test were employed in publications of this thesis.

Drug quantification via high-pressure liquid chromatography (HPLC)
HPLC is an analytical methodology used to separate components of a sample and measure

them for example via their absorption with a UV/Vis detector. In HPLC, a column filled with
adsorbent material is used to separate the components based on specific interactions such a
hydrophobic or ionic interactions between the material and the component. The interaction
and thus the component separation is dependent on the temperature and the solvent, referred
to as the mobile phase, employed. The flow of the mobile phase through the column is
operated with a high pressure which allows for the separation of small samples. By running
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a standard material of known concentration, HPLC can be used to quantify specific
components of a mixture since the detector signal is a function of the component
concentration. In Paper I and IV a reversed-phase HPLC was employed to detect the
concentration of VAN loaded in MN arrays or from samples obtained of the transdermal
diffusion model. A previously published method for detection of VAN was used, employing
an aqueous, high-phosphate mobile phase and a non-polar C18 column.’*® The buffer
ammonium dihydrogen phosphate had been reported suitable due to the low signal
interference of the VAN absorption in the UV-region (here 220 nm).>* The use of HPLC
allows for increased accuracy, precision, and sensitivity compared to immune-enzymatic
assays which normally have quantification limits of a 1 — 5 pg mL'.3* Alternatively, liquid
chromatography for separation coupled with mass spectroscopy for detection (LC-MS) can
be used for the quantification of VAN with detection limits as low as 1 ng mL"!. However,
their implementation and operation is considered a high-cost investment and not feasible for

many laboratories.

Transdermal diffusion model
Horizontal diffusion cell, such as the Franz diffusion cell, is the most common technique to

evaluate dermal absorption in vitro and was used to evaluate VAN delivery from MNs in
Paper 1.°% In this technique, a membrane or skin sample is mounted between a donor
chamber and a receptor chamber. The donor chamber in horizontal settings is exposed to air
thus if skin samples are used typically the epidermis is facing towards the donor chamber
allowing for the application of the test substance. The receptor chamber is filled with a fluid
suitable to solubilize the test substance. The receptor fluid has a physiological pH and is often
temperature-controlled to 32 — 37 °C. If skin is used, freshly excised human skin is the ideal
model to replace in vivo human model. However, often porcine skin is taken as a replacement
due to reduced ethical concerns (see below). Furthermore, the skin may be frozen and thawed
and it is important to keep the freeze-thawing circles to as low as possible to not interfere
with the permeability of the skin samples. After application of a test substance to the donor
chamber, samples from the receptor chamber are withdrawn and analyzed over a suitable
time frame.*®® Thus, the penetration and permeation capacity across the skin of the tested
substance can be obtained. The skin preparation can vary from using split-thickness or full-
thickness skin samples. When using full-thickness skin the amount of drug retained in the
skin may be dependent on the skin thickness, thus flux calculations may not be reliable in
this setting.*¢!

Melting-point depression model
To predict the drug-polymer solubility the thermoanalytical technique differential scanning

calorimetry (DSC) can be used. In this method, the melting point of a sample can be
determined by evaluating the heat flow from the sample in comparison to a reference material
over a heating ramp. Upon phase transition the heat flow to the sample will increase or
decrease relative to the reference to maintain both at the same temperature. For example, if
the sample undergoes an endothermic transition from solid to liquid the sample require more
heat. If a crystalline drug is mixed with a polymer of high solubility more impurities in the
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crystal structure of the drug will lead to a depression of the melting point. Contrary, if the
drug-solubility is low the melting point depression is reduced. The data obtained for DSC
can further be modelled using the Flory-Huggins model to evaluate the drug-polymer
solubility at room temperature.***3%* The analysis for drug-polymer solubilities in Paper I
were performed by co-author Nele-J. Hempel.

4.2 Regarding NPs synthesis and characterization

NP synthesis with FSP
The NPs used in the work of this thesis were synthesized with the FSP technique. In this

synthesis method a liquid precursor solution is atomized using a capillary and oxygen gas
flow. Flamelets are employed to combust the organic part of the liquid precursor, resulting
in a precursor gas. The molecules in the gas phase undergo nucleation forming small NPs
that subsequently coalesce and sinter to larger nanoaggregates containing multiple primary
NPs. With increasing distance to the burner and thus decreasing aerosol temperature the
nanoaggregates further agglomerate. The fractal-like nanoaggregates and -agglomerates can
be collected as a powder with the aid of vacuum suction and filtration or directly deposited
onto substrates. The primary NPs can be controlled by various process parameters mainly
influencing the high-temperature residence time, such as the precursor flow, the gas flow, or
the enclosure of the reactor. Primary NPs sizes can be obtained with a few nanometers in
diameter; however, the fractal-like aggregates and agglomerates can be various hundred
micrometer in size. Although the primary NPs arrange in aggregates and agglomerates the
exposed surface area is high allowing for the application of such flame-made NPs powders
in biomedical settings. Overall, FSP is a scalable and reproducible synthesis technique for
fractal-like nanoaggregates.

NP characterization
In Paper II and III the size and morphology of the NPs and their films were analyzed using

X-ray diffraction, SEM, transmission electron microscopy (TEM), and energy-dispersive X-
ray spectroscopy (EDX)/ electron energy loss spectroscopy (EELS). In X-ray diffraction a
material can be analyzed for the crystal structure and atomic spacing. A finely ground and
homogenized powder of the material is exposed to monochromatic X-rays which
subsequently is diffracted by the crystal atoms. In crystalline materials the atoms are arranged
in lattices and depending on the lattice spacing and the incidence angle of the X-ray
wavelength the diffracted X-rays can interfere constructively. The diffracted X-rays are
recorded over a range of angles and when constructive interference occurs a peak in intensity
is registered. The height and width of these peaks are characteristic for different materials.
By fitting the experimental data to a calculated profile from a known material library,
information about the material identification is obtained. Furthermore, analyzing the peak
shape allows for calculation of the crystalline size at different angles of the material. In SEM,
a focused electron beam is scanned over a sample resulting in the interaction of the electron
with the atoms of the material. Such interaction can result in emission of secondary electrons
which are typically low in energy thus only able to escape from the superficial layers of the
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material providing information about the sample topography. The electrons can also interact
with the atoms of the specimen by elastic scattering resulting in back-scattered electrons.
These electrons are typically of high energy thus possibly emerging from deeper layers in the
sample. Compared to secondary electrons, back-scattered electrons give less resolution about
the specimen surface; however, since heavier atoms scatter more, back-scattered electrons
give information of the sample composition. TEM also employs the exposure of sample
material to an electron beam, but unlike SEM it forms images by detecting the transmission
of the electrons through the sample. Therefore, samples need to be very thin typically less
than 100 nm. In Paper II and Paper 111, the size distribution of primary NPs in flame-made
nanoaggregates were analyzed based on TEM images. A type of TEM is scanning TEM in
which a focused electron beam is scanned over the sample of a fine spot. When the incident
electron beam excites an electron of the inner shell of the atom, the ejected electron leaves
an electron hole that can be occupied from an outer shell electron. Upon changing of the
electron from the high-energy outer shell to the low-energy inner shell the energy difference
is released via X-ray. The emitted X-ray is dependent on the energy difference of the two
shells which in turn are characteristic to the emitting atom. By measuring the emitted X-ray
via EDX, information about the sample composition can be obtained. However, the process
of ejecting an inner shell electron is relatively scarce Furthermore, information of the sample
composition can be obtained by measuring the amount of lost energy due to inelastic
scattering of the incident electrons via EELS. In Paper II co-author Thomas Thersleff
performed combined EDX/EELS analysis on STEM images in order to provide spatial

information about the composition of the nanoaggregates.¢*

Elemental quantification with inductively coupled plasma mass spectrometry (ICP-MS)
The quantification of the Au content in MN and skin tissue samples in Paper II was

performed by the collaborator L. Vilela with help in method development by A. Julander, K.
Midander, and S. McCarrick. In ICP-MS a sample is nebulized, atomized, and finally ionized
using an ICP. The sample is nebulized with argon gas upon entering a spray chamber and
large droplets of the aerosol mist are removed. The fine droplets are transferred into a torch
that sustains an ICP. The ICP is obtained by flowing argon gas into the torch which end is
placed inside an induction coil. The radio frequency induction coil generates a fluctuating
magnetic field and upon introducing an electric discharge the alternating electric field results
in the oscillation of electrons which collide with and ionize the argon and sample atoms. The
positively charged, ionized atoms subsequently enter the MS where they are separated based
on their mass-to-charge ratio. By measuring a material standard of known concentration an
unknown sample can be quantified since the signal intensity is proportional to the sample
concentration.

4.3 Regarding bacterial work

The bacteria used in this work were quantified using two different methods. For adjustments
of liquid bacterial cultures, the optical density at 600 nm (ODsoo) was measured and diluted
to represent a predefined bacterial concentration. Additionally, in Paper IV the ODgoo over
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time was recorded to calculate the relative growth inhibition after 24 h. Based on this growth
inhibition, a synergy score was estimated with the aid of the software Combenefit utilizing
the Loewe additivity. For quantification of live bacteria after experimental interventions,
serial dilutions of the liquid bacteria were spread on agar plates. Due to the spatial
confinement on the agar the bacteria duplicate and grow in confined colonies, called colony
forming units (CFU), which represent metabolically active bacteria. In Paper I and IV the
bacteria employed was the strain SF8300 USA300-0114, a clinical wild-type isolate of
community-associated MRSA. USA300 is associated with the epidemic outbreaks of MRSA
infection specifically in North America. Furthermore, SF8300 USA300 has higher growth
rates on different carbon sources, which may partially contribute to the virulence of MRSA
in the skin tissue environment compared to methicillin-sensitive S. aureus making it
specifically suitable for testing in ex vivo infection models as employed in Paper 1.3%° In
Paper III the clinical isolates of S. aureus (ATC 25923) and P. aeruginosa (PAO1) were
employed as representatives gram-positive and -negative strains, respectively, commonly
associated with SSTIs.

4.4 Ex vivo skin models

To evaluate the application of MN arrays it is specifically relevant to test their successful
insertion and activity in realistic environments. Therefore, analyzing the insertion of MNs
into excised skin and the delivery of their drug cargo to and across the tissue is crucial in
predicting their clinical potential. Generally, freshly excised human skin is the best ex vivo
model that can be employed in this context. However, due to ethical considerations (more
further below) and restriction in availability, alternative ex vivo porcine skin samples have
been employed in Paper I-III. Full-thickness porcine skin from still-born piglets was
collected within 24 h after death and the thickness of the skin was measured. Skin samples
were frozen at -20 °C and utilized within one year after excision. Before use, the skin was
thawed at room temperature and the hair was shortened using a scissor to reduce the risk of
damaging the stratum corneum. Generally, porcine skin is the most suitable mammal model
for human skin due to the similarities in physiology, cellular composition, and drug
permeability.**® However, the freeze-thawing process significantly interferes with the
integrity and thus with the mechanical stability of the tissue. **® Therefore, additional analysis
in freshly excised human skin was performed to evaluate the MN insertion in Paper I of this
thesis. Another advantage in utilizing fresh skin samples is the potential to quantitively
analyze the cellular composition via immunohistochemistry, which may be limited in
previously frozen tissues due to the incurred cell damage and death.

4.5 Ethical considerations

Scientific research on human samples as was performed in the scope of Paper I of this thesis
requires ethical permits to reduce the risk of harm to the patient, safeguard the protection of
privacy and to ensure research conduct with respect to human dignity. The collection of
human skin in Paper I was performed only after approval of the ethical permit by the Ethics
Examination Committee according to the principles of the Declaration of Helsinki and
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written consent from the patient. To safeguard the privacy of the patient the material was
handled confidentially and coded at all times. Furthermore, the human skin used in the work
of this thesis was surgical excess after plastic surgery conducted at the Department of
Reconstructive Plastic Surgery, Karolinska University Hospital, Stockholm, Sweden.
Therefore, the patients were not recruited specifically for this work.

Besides human skin, in Paper I-III experiments were performed on excised porcine skin
from stillborn piglets. The animals were bred for agriculture purpose and the piglets died of
a natural cause. Stillborn piglets were collected after death and no animal was bred or harmed
with the intention to be used in scientific research. It was previously confirmed with the
Swedish Board of Agriculture (Jordbruksverket) that for the use of tissue material from
stillborn piglets no ethical permits are required as they are considered agricultural waste.
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Paper I: Vancomycin-Loaded Microneedle Arrays against Methicillin-Resistant
Staphylococcus Aureus Skin Infections

The overall aim of Paper I was to explore a novel local antibiotic delivery platform, namely
MN arrays, in the treatment of MRSA-associated SSTIs (Figure 11). The investigated
antibiotic was chosen to be the glycopeptide VAN which due to its large molecular weight
and hydrophilicity can almost exclusively be administered IV. However, systemic
administration of VAN suffers from shortcomings such as site effects and low local drug
concentration. Therefore, we set out to evaluate the local delivery of VAN to the skin using
MN arrays.

The MN arrays were fabricated following a traditional mold-and-casting method utilizing the
water-soluble polymer PVA to form the VAN-loaded MNs. As the backing layer the two
polymers PVP (water-soluble) and PMMA (water-insoluble) were explored to investigate the
effect of the polymer choice in the backing layer on the drug diffusion withing the MN array.
As described previously, polymeric MN arrays produced via mold-and-casting method might
suffer from low drug delivery efficiency and high pharmaceutical waste due to the diffusion
of the drug form the MNs into the whole array which restricts the delivery of the full drug
dose. We explored whether such drug diffusion within the MN array can be reduced by using
the water-insoluble PMMA instead of the water-soluble PVP. Loading the MNs with a dye
visually confirmed the reduced dye diffusion when using PMMA. Furthermore, DSC analysis
revealed that VAN has a lower solubility in PMMA compared to PVP which may contribute
to a reduced diffusion of VAN to the backing layer when PMMA is used.

The two-layered VAN-loaded MN arrays were subsequently tested for their mechanical
strength, insertion capability, and drug delivery. Insertion into a model membrane, parafilm,
and mechanical testing against transverse force showed no clear effect of VAN loading up to
150 ug per MN array on the insertion depth or strength of the array. However, digital images
of the parafilm layers after removal of the MN array revealed high breakage of the MNs from
the array for VAN loading at around 100 pg. Therefore, VAN-MN arrays with 100 pg were
tested for their insertion into thawed porcine skin and freshly excised human skin. The MNs
successfully pierced the skin with insertion depths of 16 — 33% of their height, which is
comparable to the literature. Furthermore, employment of freshly excised human skin
allowed for histochemical analysis showing that the MNs successfully pierced the basement
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membrane which may be beneficial to ensure VAN delivery into the viable part of the skin.
Finally, the intra- and transdermal delivery of VAN was analyzed using the Franz diffusion
assay and we observed local delivery in line with previous reports which evaluated VAN
delivery from dissolvable MN arrays in an in vivo mouse model. Furthermore, the results of
the transdermal VAN delivery after 10 min or 24 h of MN array application resulted in

choosing 10 min as the application time for subsequent ex vivo infection experiments.

Finally, the activity of VAN was studied after release from the MN array in an in vitro agar
disk diffusion assay and an ex vivo MRSA porcine skin infection model. The growth
inhibition of MRSA in the agar disk diffusion test is similar between the VAN released from
the MN array and the positive control (aqueous VAN solution on filter paper) indicating that
the incorporation of VAN in the MN array developed here does not seem to negatively impact
the antibiotic activity. Finally, the antibacterial effect of VAN was evaluated in an ex vivo
MRSA infection model in which significant growth inhibition was achieved after twice
application of VAN-MN for ten minutes. The bacterial inhibition was higher for decreasing
initial bacterial infection load or decreasing establishment time for the infection which may
be associated with biofilm formation. To summarize, Paper I demonstrated the successful
development of MNs arrays for the local delivery of the antibiotic VAN for potential
treatment of MRSA-associated SSTTIs.

L Dissolvable tip
—Vancomycin (VAN)
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Figure 11: Illustration of the VAN-loaded MN arrays developed in Paper I and its potential application in

MRSA-associated skin infections. MN arrays were developed comprised of water-soluble VAN-loaded MNs
and a water-insoluble backing layer. Upon insertion into the skin tissue, the water-soluble MNs dissolve,
releasing high concentrations of VAN intradermally. In case of SSTIs, the intradermal VAN can locally interact

and inhibit the bacterial growth for example of the common SSTI-associated bacteria MRSA.
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Paper lI: Highly Efficient Near-IR Photothermal Microneedles with Flame-Made
Plasmonic Nanoaggregates for Reduced Intradermal Nanoparticle Deposition

In Paper II, four different mold-and-casting methods for the fabrication of photothermal
MNs employing flame-made, plasmonic Au nanoaggregates were developed (Figure 12).
The interparticle distance between the primary Au NPs and their plasmonic coupling was
controlled by the addition of SiO> which acts as a spacer material. The non-dissolvable,
photothermal MN arrays were produced with different mold-and-casting methods employing
(1) direct in situ deposition of the nanoaggregates in the flame, or (ii) collected NP powders.
The fabrication methods were compared in terms of the MN morphology, the photothermal
effect in air and in skin, and the temperature increase as a function of Au content. Finally,
the reduction of intradermal NP deposition from photothermal MN arrays by rational choice
of the polymer and fabrication method was evaluated in ex vivo porcine skin.

The Au/ Si0; nanoaggregates with varying Si0; content (0 — 50 wt%) were deposited on
glass coverslips and analyzed for their extinction in the near-IR region. Decreasing the SiO»
content increases the near-IR extinction in line with previous findings*® confirming a red-
shifted plasmonic coupling in flame-made Ag/SiO; aggregates. Furthermore, correlating the
increased extinction with the photothermal response at near-IR laser irradiation showed ideal
temperature increases at SiO> contents of 0.5 — 6 wt% and 4 wt% was selected for subsequent
experiments.

The NPs were located and distributed within the photothermal MNs depending on the
employed fabrication method as interpreted from microscopic analyses. The in situ direct
deposition (deposition method) results in MNs with a thin Au coating, whereas the collection
of the NPs as powders and redispersion in solvent results in thicker coatings for dispersion
in liquid (coating method) or in NP nanocomposite MNs for dispersion in polymer
(incorporation method). Furthermore, a fourth method was developed in which an outer, thin
polymeric layer was casted before adding the NPs dispersed in liquid (sandwich method).
MN arrays made from all methods successfully increased the temperature upon near-IR
irradiation, with the sandwich method outperforming the other three methods in terms of
reproducibility and heat increase. However, upon analyzing the heat efficiency by plotting
the temperature increase as a function of Au content in the arrays, the deposition method
results in the highest heating efficiency. This improved photothermal efficiency for MN
arrays fabricated by the deposition method may be associated with the utilization of
centrifugation in the other three methods resulting in highly agglomerated, thick NP layers.
This is further supported by higher photothermal efficiency for all methods at lower NP
content highlighting the importance of evenly distributed NPs within photothermal MN
arrays to reduce material waste.

Finally, the photothermal MNs were evaluated for their performance in ex vivo porcine skin.
For the MN arrays at selected conditions, the MNs fabricated with either of the four methods
successfully pierced the skin. Upon near-IR radiation for 10 min the MN arrays heated the
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skin to 13—18 °C with the coating and sandwich method resulting in the highest temperature
increase. Such temperature increases lie in the therapeutical relevant range, showing the
potential of the developed MN array to be employed for improved therapy. Finally, the
deposition of NPs from the MN into the skin was compared for non-dissolvable MNs
developed here compared to equivalent MN arrays fabricated with a dissolvable polymer as
commonly employed in the literature. We found a 127-fold reduction of NPs deposition when
employing non-dissolvable polymers. Furthermore, the deposition method resulted in the
lowest NP deposition of all four methods. Upon evaluating the NPs deposition relative to the
Au mass in the MNs, the sandwich method resulted in the lowest NP fraction released from
the MN array. This is specifically interesting since it indicates that the outer polymeric shell
fabricated in the sandwich method may act as a protective layer reducing the NP-tissue
interface. Compared to the deposition method, the protocol of the sandwich method is more
feasibly employed in a standard laboratory and serves as a potential novel methodology to
reduce NP deposition after usage of photothermal MNs. Overall, the work in Paper II
introduced four fabrication methods for photothermal MNs utilizing flame-made Au

nanoaggregates.
2) NP Comparison of four fabrication
powder methods for photothermal MN arrays
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Figure 12: Schematic illustration of the study concept in Paper II. FSP was used to fabricate Au/SiO;
nanoaggregates that were employed in the mold-and-casting fabrication of photothermal MNs via (i) direct
deposition of the nanoaggregates on the MN molds, or (ii) collection of the NP powder. The four different
fabrication methods resulted in control over the MN morphology and the location of the NPs which in turn

influenced their photothermal performance and the deposition of NPs intradermally.

58



5 RESULTS & DISCUSSION

Paper lll: Customizable Fabrication of Photothermal Microneedles with
Plasmonic Nanoaggregates Using Low-cost Stereolithography 3D-printing

Paper III describes the use of low-cost SLA 3D-printing employing nanocomposites with
flame-made Ag/Si0; nanoaggregates for the fabrication of photothermal MNs (Figure 13).
In the literature, photothermal MNs are typically fabricated following a multi-step mold-and-
casting method, which commonly requires overnight procedures. In Paper III, the use of
3D-printing allowed for the fabrication of photothermal MNs in only approximately 2 — 3
hours. These photothermal MNs showed sufficient mechanical strength to pierce the skin and
heat skin to therapeutically relevant temperatures upon near-IR irradiation. Finally, we
showed that the photothermal MNs can be employed to eradicate two SSTI-associated

bacterial strains S. aureus and P. aeruginosa.

The flame-made, plasmonic Ag/SiO> nanoaggregates used in Paper III have previously been
evaluated for their ideal plasmonic coupling and photothermal performance by our group.?
After confirming that 2 wt% SiO; results in a high extinction in the near-IR spectrum, in line
with the previous evaluations, the dispersion of such nanoaggregates in UV-curable resin was
explored. Nanocomposites were prepared by (i) vortexing, (ii) sonicating, or (iii)
homogenizing the nanoaggregates in the 3D-printing resin. Cured droplets of
nanocomposites were imaged with SEM and the average agglomerate size was measured
revealing that the use of sonication and homogenization improves the dispersion of the
aggregates resulting in reduced agglomerate sizes. Furthermore, the improved dispersion
results in an increased photothermal response of the nanocomposites.

In order to evaluate the potential of such nanocomposites for the printing of a medical device,
photothermal MNs were produced with nanoaggregates only present in the MNs. The printer
settings anti-aliasing, grey level, and image blurring were optimized. Photothermal MNs with
optimized printer settings were successfully printed at varying dimensions, height-to-width
(H/W) ratios, and heights (1.5 — 2 mm). In line with previous results in the literature,*®’ the
output height of the MNs was significantly smaller than the input height with a difference of
approximately 50 — 75%. However, the reduction followed a linear trend for all three H/'W
ratios. The mechanical stability of the photothermal MNs was analyzed showing reduction
in strength against compression for higher H/W ratios and NPs concentrations. Higher H/'W
ratios lead to thinner needles thus explaining a higher height reduction under compression.
Furthermore, increasing NPs concentrations in the nanocomposite might interfere with the
complete and even curing of the resin which may reduce the mechanical strength.

The 3D-printed photothermal MN arrays heated up successfully under near-IR irradiation at
808 nm showing higher temperature increases for decreasing H/W ratio, increasing NP
concentration, and increasing laser intensities. Furthermore, disinfection of the MNs with
ethanol did not negatively impact their heating response for up to five heating cycles. The
photothermal MNs were subsequently tested in ex vivo porcine skin and bright field
microscopy of tissue cross-section show successful penetration into the skin. The intradermal
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temperature increase of full-thickness skin of approximately 1.2 cm thickness was evaluated
under near-IR irradiation at 808 nm showing high temperature increases up to ATmax 0f 40 °C
within 10 min of irradiation at only 0.5 W cm™ laser intensity. The heating profile confirmed
a decrease of ATmax for increasing distance to the MN array.

Finally, the antibacterial effect against planktonic bacteria of the photothermal MNs arrays
was studied under near-IR radiation for increasing time. After 10 min irradiation the growth
of both bacterial species S. aureus and P. aeruginosa was reduced by 4-log corresponding to
a killing of 99.99% of the bacteria. Importantly, P. aeruginosa was more susceptible to the
heat damage with maximum antibacterial effect reached within 5 min of treatment, which
may be associated with the thin bacterial cell wall of gram-negative bacteria. However, the
temperature of the planktonic culture reached 65 °C after 10 min treatment which may be
disadvantageous for application in the human body. It is advised to explore combinational
treatment with such 3D-printed, photothermal MN arrays in the future to reduce the final
temperature increase. To conclude, in Paper III the use of flame-made nanocomposites with
3D-printing is introduced for the fast and low-cost fabrication of customizable photothermal
MN arrays.

Photothermal
microneedles

Nano-
particle
resin

- - Particle-free

— — support
Figure 13: Graphical abstract of the content of Paper III in which SLA 3D-printing was employed to fabricate
photothermal MN arrays. MN arrays with NP-free support layer were printed in a customizable, cost-effective,
and fast manner. The printed, photothermal MN arrays successfully pierced and heated skin locally.
Furthermore, high antibacterial effect against the SSTI-associated bacteria S. aureus and P. aeruginosa was

demonstrated after 10 or 5 min near-IR irradiation, respectively.
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Paper IV: Hybrid Microneedle Arrays for Antibiotic and near-IR Photothermal
Synergistic Antimicrobial Effect Against Methicillin-Resistant Staphylococcus
aureus

The overall aim of this thesis was to combine local antibiotic delivery with PTT in a single,
hybrid MN array which is described in Paper IV and Figure 14. Two-layered MNs were
developed comprising of a VAN-loaded, dissolvable outer layer and an Au-SiO»
nanoaggregate-loaded, non-dissolvable core. The influence of the choice of polymer used in
the fabrication of the outer, drug-loaded layer on the MN morphology, the photothermal
effect, and the drug delivery was evaluated. Finally, the growth inhibition against MRS A was
studied and synergistic effects evaluated.

Two water-soluble polymers, PVA and PVP, were studied for their use as the matrix material
of the outer, drug-loaded layer in the hybrid MNs. Using PVP resulted in the formation of a
drug-loaded MN tip, whereas PVA formed an outer shell around the MN which was
confirmed with bright-field, fluorescence, and SEM microscopy. Using PVP in the
fabrication of the hybrid MNs results in lower drug-loading and photothermal response
compared to MNs fabricated with PVA. The lower drug-loading may be caused by a
decreased drug diffusion into the non-dissolvable photothermal core when employing PVA
compared to PVP since VAN has a higher solubility in PVA as was shown in Paper 1.
Furthermore, the higher photothermal response in hybrid MNs fabricated with PVA might
be explained with the formation of a complete needle when using PVA, opposed to a stub as
is formed when PVP is employed.

Finally, the synergism of the antibacterial effect between VAN and PTT from the hybrid MN
arrays was explored. The investigation revealed additive to synergistic interactions between
VAN and PTT on the growth inhibition of MRSA. Furthermore, increasing the treatment
duration in the therapeutic temperature window of >45 °C from 10 to 15 min in vitro did not
significantly increase the growth inhibition of MRSA. However, upon utilizing MN arrays
for the treatment of MRSA, 15 min MN application under near-IR irradiation resulted in
around 10 min temperature therapy of >45 °C and such discrepancy between MN and
effective treatment application is important to be corrected for. Upon treating MRSA for 15
min with hybrid MNs under near-IR radiation, a time-dependent growth inhibition as
observed with increasing treatment effect after 24 h for high VAN concentrations of 10 pg
mL!. Furthermore, the heat increase enhanced the antibacterial effect. To conclude, Paper
IV describes the development of hybrid MN arrays for potential application against MRSA.
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Figure 14: Graphical summary of the development of hybrid MN arrays described in Paper IV. Two different
water-soluble polymers, PVA and PVP, were employed for the fabrication of an outer, drug-loaded layer and
the water-insoluble polymer PMMA loaded with flame-made Au/SiO, nanoaggregates was used for the

fabrication of a photothermal core. The antibacterial effect of hybrid MN arrays under near-IR irradiation

Controlling the hybrid MN morphology
PVA: VAN shell PVP: VAN tip

/ /
core

Synergistic antibacterial effect against MRSA
MRSA

VAN release

against MRSA was evaluated in vitro.

62




6 CONCLUSIONS

6 CONCLUSIONS

Throughout the work of this thesis various MN arrays have been developed and evaluated
for potential novel treatment of bacterial SSTIs. The two major treatment modalities explored
were (i) high intradermal antibiotic delivery and (ii) PTT via flame-made metal
nanoaggregates in MNs. Ultimately, the two modalities were combined into a single hybrid
MN array allowing for simultaneous release of VAN and PTT under near-IR irradiation
successfully inhibiting the growth of MRSA.

Delivery of high local VAN concentration was achieved by developing MN arrays with a
water-insoluble backing layer and VAN-loaded MNs. Such VAN-MN arrays successfully
breached the biological skin barriers the stratum corneum and the basement membrane in
freshly excised human skin. Furthermore, after twice application of VAN-MN arrays for 10
min the growth of MRSA in an ex vivo porcine skin model was significantly reduced
indicating the potential of MN arrays as novel drug delivery platforms for antibiotic delivery
in the treatment of SSTTs.

Furthermore, various fabrication methods for photothermal MNs were developed using
flame-made Au/ SiO; or Ag/ SiO> nanoaggregates. Following four different mold-and-
casting methods, flame-made Au/ SiO> were used to produce photothermal MN arrays with
difference in MN morphology, NPs distribution in the MNs, PTT efficiency and removal of
NPs after skin application. Importantly, we introduced a novel fabrication step of adding an
outer polymeric layer to photothermal MN arrays which allows for the reduction of the NP-
tissue interface and thus the relative intradermal NPs deposition. In addition, Ag/ SiO>
nanoaggregates were incorporated in nanocomposites with UV-curable resin for the
customizable, cost-efficient, and quick fabrication of photothermal MNs using SLA 3D-
printing. Such 3D-printed MNs showed high photothermal efficiency under near-IR
irradiation and successfully killed S. aureus and P. aeruginosa. However, high final
temperatures might limit the application of photothermal MN alone, thus combinational
antibacterial might be a suitable approach to reduce the required temperature.

Such combinational antibacterial therapy between high local VAN delivery and PTT was
achieved through the development of hybrid MN arrays. The rational choice of the polymer
used for the outer, dissolvable, drug-loaded layer of such hybrid MN arrays allows for the
optimization of drug loading and photothermal performance. Finally, synergistic interaction
of VAN and PTT resulted in successful growth inhibition of MRSA in vitro.
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The overall way forward for the work in this thesis, would be to evaluate the hybrid MN
arrays in clinically more relevant ex vivo and in vivo models in order to better define potential
treatment regimens and the real-world therapeutic potential. Thus far, the conceptual
development of MN arrays was described; however, it remains to be elucidated if and how
such hybrid MN arrays can be translated to the clinics. Especially in the context of the high
variety of clinical presentations of SSTIs as outlined in the literature review of this thesis,
prospective work would urgently need to define the specific dermatological application of
such antibacterial hybrid MN arrays and to evaluate their effectiveness in suitable models. It
might be beneficial to also consider testing the hybrid MN arrays in polymicrobial infections
as they are often encountered in the clinics. Furthermore, studies evaluating any side effects
from high local VAN release, PTT or polymer deposition into the skin would be crucial for
successful clinical translation of such MNs. Finally, an additional important question could
also be to evaluate the immune reaction of the skin to the MN application which could be
explored using immunohistochemistry analysis on freshly excised human skin samples.

Besides the overall potential clinical translation of antibacterial hybrid MNs, during the work
of each of the sub-projects in this thesis additional avenues of investigation have presented
themselves. In Paper I, in collaboration with the co-authors, the DSC methodology was
utilized to study the solubility of the drug VAN in three different polymers in an attempt to
explore possibilities to reduce unwanted drug diffusion within MN arrays. However,
undoubtful the approach is rather simplified and a more systematic analysis of the influencing
factors in the drug diffusion of antibiotics within MN arrays would potentially advance the
field of polymeric MNs. Scientific questions left unanswered could be: what role plays the
drug-polymer, the drug-solvent, and polymer-solvent solubility in the drug diffusion during
MN array fabrication? What is the degree of impact on drug diffusion of the drug size
compared to solubility and miscibility of the different polymer matrices? It would also be
important to evaluate whether the effects of drug-polymer solubility as explored in Paper I
hold true for other antibiotic-polymer selections.

The fabrication methods of photothermal MN arrays described in Paper II can also be
evaluated further. In terms of photothermal efficiency, the MN arrays fabricated with the
deposition method showed the highest promise for industrial translation. However, there are
still some obstacles that would need to be elucidated in order for the deposition method to

65



7 FUTURE PERSPECTIVE

show commercial potential. First of all, the MN molds that were able to be coated
simultaneously was very limited and reduction in reproducibility was observed for increasing
the number of molds deposited at the same time, potentially caused by the dilution of the NP-
aerosol on the edges of the flame due to air entrainment. It could be of interest to place MN
molds instead of a filter higher above the burner than the substrate holder in Paper II.
However, in such scenario the deposition rate likely will not be governed by thermophoresis
due to a smaller temperature gradient thus it remains to be elucidated whether photothermal
MNs can be fabricated in industrial scale utilizing the deposition method. The other three
methods could prospectively be improved upon by trialing to obtain a more even distribution
of the NPs within the mold and replacing the strong centrifugation employed in the work here
with alternative coating strategies.

The MN arrays fabricated in Paper III show great potential for clinical translation because
of their customizability, low-cost and fast fabrication method. However, the temperature
needed to obtain an antibacterial effect is too high to be employed in the clinics as a
monotherapy for SSTIs. Future studies could develop hybrid MNs based on 3D-printed
photothermal MNs. Preliminary studies performed based on previous literature evaluated to
produce an outer soluble polymeric layer onto the 3D-printed photothermal MNs by (i)
pressing the photothermal MNs into a MN mold filled with drug-loaded polymers, or (ii) by
drop coating. Such combinational therapies might allow for a reduction of heat dose through
additive and synergistic effects making this invention potentially more attractive for
application in the human body.

Finally, the work presented in Paper IV could be improved by exploring the properties of
the polymers on the formation of an outer tip or shell in more detail. The exact processes
governing the formation of the different shapes of MNs remain to be elucidated and a key
question left unanswered is: what is the role of surface attraction of the polymer to the PDMS
mold and the molecular weight of the polymer on the tip formation? Furthermore, an
evaluation of the intradermal heating of the hybrid MN arrays needs to be performed.
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