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Abstract

The skin is the largest organ of the human body. It fulfills various functions, such as preventing
the loss of salts and fluids as well as regulates the body temperature. In addition, the skin acts
as a highly complex and effective biological barrier, hindering the penetration of harmful
substances (feature mostly attributed to the stratum corneum; SC). Overcoming the SC
represents a great challenge in dermal and transdermal therapies, leading to the development
of multiple strategies to enable the permeation of therapeutics across the skin. Using
penetration enhancers (chemical or physical) has proven to increase the penetration of
therapeutics. Nevertheless, the use of penetration enhancers exposes a great risk, as they can
lead to permanent damage on the skin, reducing its barrier efficiency and resulting in the
intrusion of harmful substances, which can result in inflammation.

Nanoparticle based dermal and transdermal drug delivery approaches represent promising
tools to deliver drugs to the target site, while reducing or eliminating side effects. It has been
found that soft nanoparticles can induce skin hydration and subsequently deliver therapeutics
into the skin. Due to their high surface area, tunable sizes, easy functionalization (in situ or
post-synthetic) and large encapsulation capacities, nanocapsules (NCs) represent a promising
strategy for topical drug delivery. NCs are generally defined as hollow nanoparticles composed
of a cross-linked shell surrounding a core forming space. Herein, we aim to synthesize soft
thermoresponsive nanocapsules (tNCs) to induce skin hydration, thus enabling the skin
penetration of high molecular compounds. For this purpose, NCs with a thermoresponsive
shell and a void of 100 nm diameter, were synthesized. These NCs can shrink or swell upon a
thermal trigger, which can be used to induce the release of water and or other encapsulated
molecules in a controlled fashion. The tNCs were built using silica nanoparticles as sacrificial
templates (to ensure the reproducibility or their core) in a seeded precipitation
polymerization. Different ratios of poly(N-isopropylacrylamide) (PNIPAM) and poly(N-
isopropylmethacrylamide) (PNIPMAM) were employed as thermoresponsive polymers and
either N,N’-methylenebisacrylamide (BIS) as cross-linker or dendritic polyglycerol (dPG) as
macrocross-linker were utilized to build the tNCs’ shell.

Firstly, the effect of the synthesis on the mechanical properties of the tNCs was investigated.
For this purpose, a comprehensive study was performed to investigate the mechanical

properties of well-known (PNIPAM-BIS) thermoresponsive nanoparticles. In the study,
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nanogels, nanogels with a hard core and nanocapsules were investigated below and above
the volume phase transition temperature (temperature at which the particles change from a
swollen state to a collapsed state) (VPTT) using nanoparticle tracking analysis (NTA),
cryogenic-electron microscopy/electron tomography, and atomic force microscopy (AFM) in
liquid. It could be shown, that the different structure of the particles affects their
thermoresponsive behavior. Moreover, outstanding thermomechanical changes were found
for the NCs (Young modulus changes from kPa to GPa upon crossing the VPTT). These findings
underline the importance of fully characterizing the particles as their thermomechanical
properties could enhance or limit their further applications. Additionally, these results were
used to rationally design novel tNCs to induce skin hydration using dPG to introduce non-
thermoresponsive domains within the shell; thus, leading to flexible materials even above the
VPTT. By varying the ratio between PNIPAM and PNIPMAM, the VPTT, as well as the shell
density, could be controlled. Next, the interactions and effects of tNCs on the stratum
corneum were investigated using fluorescence microscopy, high resolution microscopy, and
stimulated Raman spectromicroscopy. It could be shown, that the thermoresponsive
properties of the tNCs could increase skin hydration. Finally, the potential of the NCs as
penetration enhancer was assessed by using Atto Oxal2 NHS ester (a high molecular weight
dye) as a model drug. It could be demonstrated, that the NCs increased the penetration of
Atto Oxal2 in comparison to an aqueous formulation and a solution of the dye in 30% DMSO.
This thesis demonstrates that both material properties and core-nanoarchitecture can
considerably affect the thermomechanical properties of soft nanoparticles. In addition, it
could be proven that the dPG-based tNCs cause skin hydration and that their
thermoresponsive features can further enhance the hydration of the skin. Moreover, this
work underlines the outstanding potential of tNCs to act as penetration enhancers for high

molecular weight compounds by inducing skin hydration.
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Kurzzusammenfassung

Die Haut ist das grofSte Organ des menschlichen Korpers. Sie erfiillt verschiedene Funktionen,
z. B. die Verhinderung des Verlusts von Salzen und Flissigkeiten sowie die Regulierung der
Korpertemperatur. Dartber hinaus wirkt die Haut als hochkomplexe und wirksame
biologische Barriere, die das Eindringen von Schadstoffen verhindert (ein Merkmal, das
hauptsachlich dem Stratum Corneum zugeschrieben wird; SC). Die Uberwindung des SC stellt
eine groRRe Herausforderung fiir dermale und transdermale Therapien dar und fiihrte zur
Entwicklung mehrerer Strategien, um das Eindringen von Therapeutika in die Haut zu
ermoglichen. Um die Penetration von Therapeutika zu verbessern, werden sogenannte
penetrationsverstarker (chemisch oder physikalisch) eingesetzt. Ihre Verwendung stellt
jedoch ein groRes Risiko dar, da sie permanente Schaden an der Haut erzeugen konnen.
AuBerdem kann durch die Verwendung von Penetrationsverstarkern die Barriereeffizienz der
Haut verringert werden und dadurch das Eindringen von Schadstoffen ermdéglichen, die zu
Entziindungen flihren kénnen.

Auf Nanopartikeln basierende dermale und transdermale Wirkstofftransporter stellen
vielversprechende Werkzeuge dar, um Arzneimittel an die Zielstelle zu transportieren und
dadurch Nebenwirkungen zu reduzieren oder zu eliminieren. Es wurde festgestellt, dass
weiche Nanopartikel die Haut hydrieren und dadurch den Transport von Therapeutika in die
Haut ermoglichen kdnnen. Nanokapseln (NCs) sind aufgrund ihrer groBen Oberflache,
einstellbaren GrolRen, einfachen Funktionalisierung (in situ oder postsynthetisch) und grofRen
Verkapselungskapazititen eine vielversprechende Strategie flir den topischen
Wirkstofftransport. Nanokapseln werden im Allgemeinen als hohle Nanopartikel definiert, die
aus einer vernetzten Hille bestehen, die einen Kernbildungsraum umgibt. In der vorliegenden
Arbeit wollen wir weiche thermoresponsive Nanokapseln (tNCs) synthetisieren, um die Haut
zu hydrieren und so das Eindringen hochmolekularer Verbindungen in die Haut zu
ermoglichen. Zu diesem Zweck wurden NCs mit einer thermoresponsiven Hille und einem
Hohlraum von etwa 100 nm Durchmesser synthetisiert. Diese NCs kdnnen nach einem
thermischen Stimulus schrumpfen oder anschwellen, wodurch die Freisetzung von Wasser

und anderen eingekapselten Molekilen auf kontrollierte Weise induziert werden kann. Die



tNCs wurden unter Verwendung von Silika-Nanopartikeln als Opfertemplat (um die
Reproduzierbarkeit des Kerns zu gewahrleisten) in einer angeimpften Fallungspolymerisation
hergestellt. Verschiedene Verhaltnisse von Poly (N-isopropylacrylamid) (PNIPAM) und Poly (N-
isopropylmethacrylamid) (PNIPMAM) wurden als thermoresponsive Polymere verwendet und
N, N'-Methylenbisacrylamid (BIS) oder dendritisches Polyglycerol (dPG) wurden als Vernetzer
bzw. als Makrovernetzer verwendet, um die Schale der tNCs zu aufzubauen.

Zundchst wurde der Einfluss einiger Syntheseparameter auf die mechanischen Eigenschaften
der tNCs untersucht. Zu diesem Zweck wurde eine umfassende Studie durchgefiihrt, um die
mechanischen Eigenschaften bekannter (PNIPAM-BIS) thermoresponsiver Nanopartikel zu
analysieren. Nanogele, Nanogele mit einem harten Kern und tNCs wurden unterhalb und
oberhalb der Volumen-Phasenlibergangs-Temperatur (Temperatur, bei der die Partikel von
einem gequollenen Zustand in einen kollabierten Zustand lbergehen) (VPTT) mithilfe von
Nanopartikel-Tracking-Analyse (NTA), Kryoelektronenmikroskopie/Elektronentomographie
und Rasterkraftmikroskopie (AFM) in Losung untersucht. Es konnte gezeigt werden, dass die
unterschiedlichen Architekturen das thermoresponsive Verhalten der Partikel beeinflusst.
Darliber hinaus wurden herausragende thermomechanische Anderungen fiir die NCs
gefunden (Young-Modul-Anderungen von kPa zu GPa beim Uberqueren der VPTT). Diese
Ergebnisse unterstreichen die Bedeutung einer vollstandigen Charakterisierung der Partikel,
da ihre thermomechanischen Eigenschaften ihre weiteren Anwendungen verbessern oder
einschranken kdonnten. Zusatzlich wurden diese Ergebnisse verwendet, um neuartige tNCs zu
entwerfen, um die Haut zu hydrieren. Dafiir wurde dPG eingesetzt, um nicht-
thermoresponsive Bereiche innerhalb der Schale einzufiihren, wodurch die Synthese von
flexiblen Partikeln auch oberhalb der VPTT mdglich werden sollte. Durch Variation des
Verhéltnisses zwischen PNIPAM und PNIPMAM konnten die VPTTs sowie die
Vernetzungsdichte der Schalen gesteuert werden. Als nachstes wurden die
Wechselwirkungen und Wirkungen von tNCs auf das SC unter Verwendung von
Fluoreszenzmikroskopie, hochauflosender Mikroskopie und stimulierter = Raman-
Spektromikroskopie untersucht. Es konnte gezeigt werden, dass die thermoresponsiven
Eigenschaften der tNCs die Hydrierung der Haut erhdhen kdnnen. Schlielllich wurde das
Potenzial der tNCs als Penetrationsverstarker unter Verwendung von Atto Oxal2 NHS-Ester

(einem Farbstoff mit hohem Molekulargewicht) als Modellwirkstoff bewertet. Es konnte



gezeigt werden, dass die tNCs die Penetration von Atto Oxal2 im Vergleich zu einer wassrigen
Formulierung und einer Losung des reinen Farbstoffs in 30% DMSO erhohten.

Diese Arbeit zeigt, dass sowohl die Materialeigenschaften als auch die Nanoarchitektur des
Kerns die thermomechanischen Eigenschaften weicher Nanopartikel erheblich beeinflussen
kénnen. Dariiber hinaus konnte nachgewiesen werden, dass die auf dPG basierenden tNCs die
Haut hydrieren koénnen und dass ihre thermoresponsiven Eigenschaften die
Feuchtigkeitsversorgung der Haut weiter verbessern konnen. Dariiber hinaus unterstreicht
diese Arbeit das herausragende Potenzial von tNCs, als Penetrationsverstarker fir

Verbindungen mit hohem Molekulargewicht zu wirken.
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1 Introduction

Due to its good accessibility and large surface area, the skin is regarded as an attractive

administration route in drug delivery.! It has been demonstrated, that by applying therapeutic
agents directly on the skin, side effects can be minimized as well as patient compliance can be
improved.? The main challenge for both topical and transdermal therapies is to overcome the
skin as a physical barrier.> Among the diverse functions of the skin, perhaps the most
important one is to hinder the intrusion of harmful substances from the environment into the
human body. This feature is mostly attributed to the stratum corneum (SC).*> Overcoming the
SC is one of the greatest challenges in topical and transdermal drug delivery. Although both
drug delivery strategies are applied on the skin, their concepts and effects are different.
Topical drug delivery induces a localized effect, increasing the total amount of drugs on the
skin as well as reducing undesired side effects. Using topical drugs eliminates the need for
systemically administered drug therapies. Contrary to topical drug delivery, transdermal drug
delivery is utilized to induce a systemic effect. In this type of therapy, the skin is regarded
solely as the entry for therapeutics into the body. Despite their different goals, in both topical
and transdermal therapies overcoming the SC is crucial and directly affects the efficacy of the

therapy.
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1.1 General Structure of the Skin

The skin can be divided in mainly two layers: epidermis and dermis (Figure 1).
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Figure 1: The skin layers and the subdivisions of the epidermis: (I) stratum corneum, (l1)

stratum granulosum, (lll) stratum spinosum and (IV) stratum basale.

The epidermis is the outermost layer of the skin, only interrupted by hair follicles and sweat
glands. As it is hindering the loss of water/salts as well as the intrusion of foreign agents into
the skin, it has important protective functions. The epidermis is comprised of five different
layers (Table 1); the deepest layer (stratum basale) is where keratinocytes originate and

migrate towards the skin surface, while undergoing different biological modifications such as

increasing keratinization (Figure 1, inlet).®’
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Table 1: Layers of the stratum corneum and their characteristics.

Epidermis layer Characteristics

(IV) Stratum basale | Deepest layer of the epidermis; place of origin of keratinocytes.

(111) Stratum Keratinocytes flatten and become prickle like (spiny cells).
spinosum

(1) Stratum Beginning of keratinization and start of the apoptosis of the
granulosum keratinocytes. Cells produce granules of keratohyalin, which later

becomes keratin.

Stratum lucidum Only present in thick skin (e.g. soles of the feet). Cells are flattened,

lack nucleus and cannot be distinguished from each other.

(1) Stratum corneum | Outermost layer of the epidermis. Comprised of proteins (mainly
keratin), lipids and dead keratinocytes. The dead keratinocytes are
renewed periodically (usually every 28 days in healthy skin) in a

process denominated desquamation.

The dermis is the largest part of the skin. It is located directly beneath the epidermis and its
main role is to provide structural support to the skin.® The dermis comprises of both collagen
and elastin, embedded in a gel-like substance which is rich in hyaluronic acid (ground
substance).’ Moreover, the dermis contains blood vessels and hair follicles, which not only
transport nutrients to the epidermis, but also absorb components through the skin into the

systemic circulation.®?

1.2 Penetration Routes

The stratum corneum (SC) selectively discriminates the substances (small molecules and
micro/ nanoparticles) that can permeate through or into the skin. Three main permeation
routes are described: intracellular, intercellular and through the hair follicle (Figure 2).2° The
intracellular route is the most direct and fast pathway for a substance to permeate the skin;
however, this pathway is very challenging as the particle needs to overcome the lipophilic and
lipophobic structures within the skin cells.!* The intercellular route is one of the most

common skin permeation mechanisms, wherein the penetrating substance crosses the SC by
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diffusion between the cells. It has been proposed, that for this pathway, the penetrating
particle needs to be flexible.?? Rigid substances (e.g. rigid particles) have been found to rather
stay on the surface of the SC as they are not flexible enough for the intercellular pathway.?
For rigid particles the preferred route for penetrating the skin is via the hair follicle; however,
hair follicle penetration has been found to be highly dependent on the size and rigidity of the
particles.!* Calderdn et al. synthesized nanogels with different sizes and studied their hair
follicle penetration. Nanogels with sizes between 300 nm and 500 nm exhibited effective hair
follicle penetration.

The limitations imposed by the barrier function of the SC lead to the investigation and
development of compounds that can increase the penetration across the skin, so-called

penetration enhancers.

Intracellular Intercellular Follicular

Figure 2: Schematic representation of the main three skin penetration routes.
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1.3 Penetration Enhancers*

Penetration enhancers are compounds or methods which aid the intrusion of other
molecules/therapeutics into the deepest layers of the skin, either by changing the solubility
of the transported therapeutic or by disrupting the SC, and are mostly used in transdermal
therapies.'®!” Penetration enhancers can be categorized into two classes: physical or chemical

penetration enhancers.8

1.3.1 Physical Penetration Enhancers

The physical disruption of the SC can be achieved by utilizing electroporation, ultrasound, jet

injection or microneedles (Figure 3).%®

Physical Penetration Enhancers

Electroporation Ultrasound Microneedle
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Figure 3: Examples of commonly used physical penetration enhancers.

*The following segments (Penetration Enhancers to Chemical Penetration Enhancers) are part or have been
modified from the review entitled: Smart nanocarriers for skin applications: from basic studies to clinical
development. In the mentioned publication, the author revised and summarized relevant literature. The author

developed the outline and worked on the manuscript together with the other co-authors.
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Physical penetration enhancers can be further categorized into methods that do not puncture
the skin (hence no pores are created e.g. electroporation, iontophoresis and sonophoresis),
and methods that puncture the skin (e.g. microneedles).'® Techniques that do not puncture
the skin enhance the skin penetration by permeabilizing the lipid bilayers in the skin. These
techniques are associated with the use of short duration and high intensity electric pulses
(electroporation), continuous low intensity electric field at a constant current
(iontophoresis)® and low frequency ultrasound (sonophoresis).?® However, they are usually
expensive, have a limited application area and rather limited penetration depths.?! An
attractive alternative is to use techniques which create channels (pores) within the skin (e.g.
microporation and microneedles). In microporation, an electric current is pulsed through the
array of resistive elements placed on the skin resulting in localized ablation of the corneocytes
in the SC.?223 Intradermal injections using microneedles is another popular technique for the
direct delivery of therapeutics (irrespective of their size) to the viable tissue layers of the skin
using several micrometer sized needles.?* This is the easiest and cheap technique for the
transdermal delivery and with the advancement in the technology various kinds of
microneedles are available including solid, coated, dissolving and hollow.?> Recently
microneedles have been attracting great interest as these can be used to create micron size
pathways in the skin, helping the drug reaching the epidermis or upper dermis, from where
they can enter the systemic circulation.?® Microneedles can also be designed to degrade under
specific conditions, helping to control the release of the transported cargo.?6?° Prausnitz et al,
reported the development of a reversible contraceptive microneedle patch to slowly release
the contraceptive hormone, levonorgestrel. The slow release of levonorgestrel was achieved
by the slow degradation of poly(lactic-co-glycolic) acid, which was used for encapsulating the
drug, over the course of a month in rats.3° Jung et al, investigated the delivery of a wide range
of biomolecules (including vaccines, peptides and proteins) across the skin by employing
hyaluronic acid backbone-based dissolving microneedles (DMNSs). In this study, the authors
optimized the shape of the microneedles to achieve tissue interlocking (TI) as well as enhance

the penetration efficacy of various biomolecules into mouse skin.3?
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1.3.2 Chemical Penetration Enhancers

Another commonly used strategy to enhance the penetration of compounds into the skin is
the co-formulation with chemical agents which disturb the SC. There is a great number of
chemical compounds able to enhance skin penetration (Figure 4 and Table 2). Their effect on
the skin depends on the chemical class of the compound and its specific interaction with the

skin.28
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Figure 4: Examples and structures of commonly used chemical penetration enhancers.

Table 2: List of selected chemical penetration enhancers and their chemical class.

Chemical class Enhancer

Alcohols Ethanol, propanol, isopropyl alcohol,

decanol, octanol, oleyl alcohol

Fatty acids Lauric acid, linoleic acid, stearic acid

Surfactants Sodium lauryl sulphate, Tween 80, alkyl

trimethyl ammonium halides

Oligosaccharides Cyclodextrin

Water Water

Short chain alcohols like ethanol and isopropyl alcohol are known to have skin penetration
features; however, their exact mode of action still needs to be clarified. In a comparative study

by Fuji, Imai et al., the penetration enhancement of ethanol, propanol and iso-propanol were
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investigated on Yucatan micropig skin using p-hydroxy benzoic acid methyl ester (HBM) as a
model pro-drug.3? This study showed that all three alcohols were able to enhance the
penetration of HBM; however, the metabolism of HBM in the skin was found to be alcohol
dependent. It was found that each alcohol induced different species and amount of
metabolite which ended up modifying the skin permeation and retention of the drug. These
results highlight the importance of understanding the effect of the alcohol metabolites on the
drug metabolism within the skin before topical application. Esters of terpene alcohols were
also found to induce skin penetration. Vavrova et al., synthesized hybrid terpene-amino acids
from a great variety of natural terpenes (e.g. citronellol, nerol, linalool, menthol, etc.) and 6-
(dimethylamino) hexanoic acid using ester linkage.?*® The skin penetration features of the
obtained compounds was assessed ex vivo by studying their ability to enhance the delivery of
theophylline and hydrocortisone in human skin. Especially citronellyl, bornyl and cinnamyl
esters demonstrated great penetration enhancing properties as well as low cellular toxicity.
Utilizing infrared spectroscopy, it was implied that the esters fluidized the SC; however,
transepidermal water loss and electrical impedance investigations of the treated skin revealed
full recovery after 24 h.

Other chemical classes that enjoy great representation in commercially available products are
fatty acids and surfactants. Fatty acids are part of diverse plant oils such as jojoba oil, coconut
oil or olive oil and have been found to be beneficial for the skin, hence, being part of many
skin care products (e.g. lauric acid or linoleic acid).3* Kim et al., studied the effects of chain
length and unsaturation degree of various fatty acids on the penetration enhancement of
diclofenac on rat skin.?> Propylene glycol was used to solubilize the fatty acid and diclofenac,
while Keshary-Chien diffusion cells were employed to investigate the permeation of the drug
through rat skin. Utilizing saturated fatty acids, a correlation between their enhancement
efficacy and the length of their carbon chain was reported. It was found that palmitic acid
exhibited the greatest permeation rate among the tested saturated fatty acids. Interestingly,
when investigating the permeation effect induced by unsaturated fatty acids, a combination
effect between the fatty acid and propylene glycol was established. Oleic acid was found to
exhibit the greatest penetration enhancement properties among the studied unsaturated
fatty acids.

Most of the investigations regarding the penetration enhancement features of fatty acids are

performed in presence of a co-solvent, hence the analysis of the individual properties of the
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fatty acids in question are difficult to investigate. In an effort to address this issue, Li et al.
studied the penetration enhancement properties of commonly used fatty acids to transport
estradiol (E2R) through human epidermal membrane (HEM) in presence of volatile solvents
as co-solvents.3® Furthermore, they investigated the permeation enhancement effect Emax of
the fatty acids. Emax refers to the permeation enhancement achieved by a compound on the
lipoidal pathway of HEM close to a thermodynamic equilibrium. It was claimed that saturating
the SC lipid domain with high amounts of fatty acids induces comparable conditions to when
Emax is reached. SC uptake studies hinted that the penetration enhancement mechanism
induced by the fatty acids was induced by mostly enhancing the penetration partitioning into
the SC intercellular lipid domain.

Surfactants are one of the most commercially used penetration enhancers, they are part of
many formulations in various products ranging from cosmetics to pharmaceutics.?’
Surfactants disrupt the lipid and protein layers in the stratum corneum, therefore enhancing
the penetration of formulated molecules. The chemical properties of surfactants to self-
assemble into micelles increase the solubility of strong hydrophobic compounds leading to
stable formulations. However, high amounts of surfactants often cause irritation. Sodium
lauryl sulfate (SLS) is an anionic surfactant, widely used due to its ability to enhance skin
penetration by increasing the fluidity of epidermal lipids.3® Bergeron et al., investigated the
influence of SLS on the efficiency of gel formulations containing foscarnet, an antiviral agent,
against herpes simplex virus type 1 (HSV-1) infected mice. It was found that adding 5% of SLS
to the gel formulation lead to a significant reduction of the lesion score, which was attributed
to the enhanced penetration of foscarnet into the epidermis. Further studies revealed that
SLS also inhibited cytopathic effects caused by the strain F of the HSV-1.%7

An interesting strategy is the combination of surfactants. Mitragotri et al., reported on the
effects of using sodium dodecyl sulfate (SDS) and dodecyl trimethylammonium bromide
(C12TAB) on the skin barrier. It was found that the addition of C1,TAB reduced the disruption
of the skin barrier properties induced by SDS while C1,TAB decreased the concentration of
monomers and sub-micellar aggregates. It could be shown that the concentration of
monomers and sub-micellar aggregates directly correlate with the perturbation of the skin
barrier properties. In contrast, the total surfactant concentration was not found to have a

correlation with the surfactant induced skin barrier disruption.3®
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Another class of well-known chemical penetration enhancer are oligosaccharides, among
these, especially cyclodextrins (CDs) have been extensively investigated. Cyclodextrins are
natural cyclic oligosaccharides, comprised of D-glucopyranose units linked by a—(1,4)
glycosidic bonds. A typical characteristic for CDs is their hydrophilic outer surface as well as
hydrophobic core. This core is usually exploited to entrap small hydrophobic compounds.*°
Although, CD is known to be a penetration enhancer, the exact permeation mechanism has
still not been revealed. Some authors claim that the drugs entrapped within CD are in a
diffusive form, due to the solubilization in the CDs, at their exterior and hence separating from
the CDs void into the lipophilic barrier.*! In contrast, other reports suggest that the CDs could
extract some of the lipophilic components of the SC, thus disrupting the otherwise highly
ordered barrier.*?

Jain et al., reported the use of cyclodextrin to solubilize curcumin as well as enhance its skin
penetration through rat skin.*® This work highlights the increased permeability of curcumin
when complexed in CD. Furthermore, it could be demonstrated that the curcumin-CD complex
caused less irritation as compared to curcumin alone. Using a paw edema model to test the
anti-inflammatory efficacy of the curcumin-CD complex revealed significant enhanced
biological activity in comparison to the curcumin gel alone.

Among the penetration enhancers, water is a special case, as it is inexpensive, and the skin
can quickly recover from its exposure. Many clinical formulations and products (e.g.
ointments, patches) utilize water to enhance the penetration of formulated drugs.'®
Generally, the skin hydration seems to increase the transdermal delivery of both hydrophilic
and hydrophobic compounds, although in some cases hydrophobic compounds have been
found to not penetrate and further induce skin irritation.828

Nanoparticles able to induce skin hydration have been found to be advantageous in skin
delivery applications, as these can enhance the penetration of previously encapsulated

cargos.
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1.4 Nanoparticles and Nanomedicine

The development of nano-sized particles (typically ranging between 10 to 1000 nm) paved the
way to designing new, exciting therapy and diagnostic strategies in medicine, leading to the
creation of nanomedicine. Nanomedicine is a medical field in which nano agents are employed
to diagnose, treat or prevent diseases or abnormal physiological conditions. One of the crucial
aims of nanomedicine is to increase the efficacy of approved therapeutics as well as reduce
or eliminate their side effects. For this purpose, many researchers have been inspired by the
Nobel prize winning concept of Dr. Paul Ehrlich: The magic bullets (1900).** The idea is to be
able to only kill the source of a disease (e.g. microbes), without damaging any other part of
the human body. Advances in fields such as biology, molecular biology, genetics and chemistry
have allowed the development of targeting strategies for specific diseases, enabling the
creation of diverse nanotherapeutics.*> The main goal is to develop personalized treatments
for each patient, while exploiting the biological or molecular characteristics of their diseases.
The use of nanoparticles to transport therapeutics within the human body has demonstrated
great potential for treating different diseases such as cancer, brain diseases as well as
inflammatory skin disorders. 468 Nanoparticles can be created out of inorganic as well as
organic materials and can possess very defined architectures, all of which can be tailored
depending on the desired application (Figure 5).#>2 Several advantages of nanoparticles
include protecting therapeutics from the biological environment as well as increasing the
therapeutics solubility, biocompatibility, and prolong its circulation time in the
bloodstream.>3>> In addition, nanoparticles can be functionalized to recognize disease

characteristic functional groups, allowing the disease’s specific targeting.>¢>’
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Figure 5: lllustration of some of the most used nanoparticles for biomedical applications.

1.4.1 Soft Nanoparticles and the Skin

Delivering therapeutics through the skin offers multiple benefits over other administration
routes (e.g. oral and intravenous drug delivery), specifically when it comes to the treatment
of skin diseases. It prevents the digestion or clearance of the therapeutic as well as possible
digestion in the gastrointestinal tract. In addition, it allows the application of the therapeutic
directly at the biological site of action, therefore decreasing undesired side effects. Soft
nanoparticles have been found to be suitable strategies for delivering bioactives across the
SC.>%>® Among the most well-known nanoparticles systems, micelles, nanogels and

nanocapsules deserve a special mention.

Micelles are defined by the type of intermolecular forces that form them. They can be
classified as amphiphilic micelles, polyionic complex micelles (pic) and micelles built by metal
complexation.®® Micelles are self-assembled structures of surfactants, and form
spontaneously when the concentration of the surfactant is high enough, above the so-called

critical micellar concentration.®! During the micelle formation, the hydrophobic tails of the
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surfactants aggregate in water, while the hydrophilic parts are exposed; hence leading to
particles with a hydrophobic core and a hydrophilic shell. This process is called micellization
and is both thermodynamically as well as entropically favourable.®? This has therefore been
exploited to encapsulate hydrophobic therapeutics for biomedical applications. Polymeric
micelles are not only interesting in research but have also made it to the market due to their
easy scale-up, low cost and facile formulation.®® However, micelles still present major
drawbacks, such as the lack of cross-linking, which leads to micelles being very sensitive to
environmental changes (salt concentrations, osmosis, pH, etc.).

Nanogels (NGs) are 3D cross-linked polymer networks, capable of absorbing great quantities
of water. These versatile nanomaterials have been found to be an excellent nanocarrier,
finding a wide range of applications.®4®” Unlike micelles, NGs are physically entangled or
chemically cross-linked, hence they are more robust and not that prone to mechanical failures
(e.g. micelles can burst easily). In addition, if smart building blocks are employed, NGs can
respond to internal and/or external stimuli (e.g. pH, temperature, light, magnetic fields,
etc.).%8 Smart NGs undergo strong physico-chemical changes when exposed to such stimuli,
which enables the controlled release of previously encapsulated therapeutics in a controlled
manner.®®70 Especially, thermoresponsive NGs (which can shrink or swell upon applying a
thermal trigger) have been found to be suitable candidates to transport therapeutics across
biological barriers such as the skin.!

Calderdn et al., developed thermoresponsive NGs based on dendritic polyglycerol as a cross-
linker as well as linear polyglycerol as thermoresponsive polymer (tPG). The NGs were
synthesized using a nanoprecipitation approach which enabled their facile decoration with -
CD (7 D-glucopyranose). The B-CD decorated NGs could be used to encapsulate the
corticosteroid dexamethasone (DXM) and could transport it to deeper layers of the skin.”*
Electron paramagnetic resonance investigations demonstrated that DXM was localized in the
hydrophobic void of the -CD units of the NGs. The studies revealed that the 5-CD NGs
transported DXM into the epidermis and dermis of human skin in ex vivo in a more efficient
fashion than commercially available DXM-based cream. The therapeutic efficiency of the DXM
loaded B-CD NGs system was assessed on inflammatory skin equivalents. It could be
demonstrated that DXM loaded [-CD NGs could downregulate the expression of

proinflammatory thymic stromal lymphopoietin (TSLP). Moreover, -CD NGs showed better
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results than a commercially available DXM formulation (LAW cream), as well as the non-
decorated NGs, highlighting their potential as strategy for treating skin inflammatory diseases.
Thermoresponsive soft systems (e.g. NGs or hydrogels) have been found to induce skin
hydration and further enhance the penetration of hydrophilic compounds (ranging from dyes
to proteins).”>’3 Recent studies by Calderdn et al., highlight the skin hydration features of
thermoresponsive nanogels (tNGs).”> Employing dPG as macro-crosslinker and PNIPAM,
poly(glycidyl methyl ether-co-ethyl glycidyl ether) (p(GME-co-EGE)) and p(di(ethylene glycol)
methyl ether methacrylate - co - oligo ethylene glycol methacrylate) p(DEGMA - co -
OEGMAA475) as thermoresponsive polymers, three types of tNGs were synthesized. The NGs
were labeled with indodicarbocyanine (IDCC) and loaded with fluorescein. The IDCC enabled
to track the penetration of the tNGs across the skin, while the release of fluorescein could be
independently studied using fluorescence microscopy. Combining electron microscopy with
Raman spectromicroscopy it could be demonstrated that the SC of the treated skin samples
exhibited a disruption in the structure of proteins and lipids. It was claimed that these findings
arose from hydration effects induced by the tNGs.

Exploiting the thermoresponsive features of tPG, Calderdn, Hedtrich et al. designed a novel
water-in-water thermo nanoprecipitation for synthesizing tNGs.”* This novel approach utilizes
very mild conditions, thus allowing the in-situ encapsulation of etanercept (ETR), an anti-TNFa.
fusion protein. Studies on inflammatory skin models revealed that the NGs transported ETR
into the viable epidermis. Moreover, the delivered ETR was able to reduce the inflammation,
thus proving its therapeutic efficiency. Additional experiments corroborated that the
encapsulation and release procedures did not cause structural changes in ETR.

One challenge with dealing with responsive nanogels is that the controlled release usually only
works for larger, high molecular weight compounds (e.g. proteins), while small molecules can
freely diffuse out of the nanogel.®”””> Moreover, many therapeutic relevant drugs are
hydrophobic and thus it is difficult to encapsulate them within the hydrophilic nanogel
network.>®

Nanocapsules (NCs) represent an interesting option for overcoming the issues presented with
micelles and nanogels, while at the same time taking advantage of their features.
Nanocapsules are water soluble/dispersible hollow core-shell nanoparticles.”®’” Like NGs and
micelles, NCs can be build out of any polymer material and are suitable nanocarriers for

biomedical applications (e.g. skin applications).”®7?
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1.4.1.1 Nanocapsules

The core of NCs is often used as reservoir for hosting large amounts of diverse therapeutics,
which highlights the potential of NCs as drug delivery systems.8%8! Furthermore, the polymeric
shell can enhance the circulation lifetime of the nanoparticles and the cargo. Additionally, the
shell can shield the payload from the biological environment (e.g. protection from pH,
enzymes, etc.), while at the same time diminish possible side effects by decreasing the leakage
of the cargo.8? Moreover, the empty void and thick shell of the NCs are very appealing for
tuning their mechanical properties to better overcome diverse biological barriers. These
features can be exploited for transporting delicate and not hydrophilic cargo through the skin,
like quercetin. Quercetin is a flavonoid that exhibits great antioxidant and anti-inflammatory
properties, therefore handled as a potential candidate in skin applications.®? In addition, NCs
have been found to efficiently deliver other flavonoids and antioxidants across the skin.®* L.
Marchiori et al. synthesized a gel formulation based on silibinin-loaded pomegranate oil NCs
as an alternative for topically treating cutaneous UVB radiation-induced damages (sun burn
caused by radiation from 280-320 nm).8> The formulation exhibited a similar in vivo anti-
inflammatory properties as compared to the commercially used formulation (hydrogel
containing silver sulfadiazine).

In a follow-up work, L. Cruz et al., found that a Pemulen®TR2 gel based on NCs formed by the
interfacial deposition of previously synthesized polymers showed good silibinin (a flavonoid)
encapsulation and could significantly reduce the inflammation in contact dermatitis in mice
without altering the properties of healthy skin.8®

Furthermore, the use of NCs to transport larger cargos has been found advantageous. Studies
revealed that NCs were able to encapsulate and transport collagen across the skin.?’ This was
investigated in a murine model for local dermal fibrosis. It could be demonstrated that the
NCs were able to induce a stronger reduction of the fibrosis compared to commercially
available injections of the free enzyme.

Primarily, there are two options to form the shell of the nanocapsules. The first option is to
produce the shell directly in a synthetic procedure, the other option is to use pre-formed
polymers to embed the core utilizing deposition techniques. Over the years, many synthetic
approaches have been developed for vyielding NCs such as miniemulsion/ inverse

miniemulsion polymerization and the template-based method.2°
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Miniemulsion based synthesis is based on mixing two immiscible phases forming an emulsion
(water-in-oil or oil-in-water) in which one of the liquids is distributed in the other one in the
form of droplets. Next, the size and polydispersity of the droplets is tailored by applying
external forces, e.g. high shear forces through ultrasonication.®® The droplets are stabilized
throughout the whole process by surfactants, which among others, prevent the droplets from
coalizing.”! The final agent needed to form stable miniemulsions is an osmotic pressure agent,
which helps against the Ostwald ripening. The osmotic pressure agent increases the osmotic
pressure inside the droplets, thus counteracting the Laplace pressure and leading to a
pressure equilibrium.®? Depending on the miniemulsion, the osmotic pressure agent needs to
be extremely hydrophobic (for oil-in-water) or hydrophilic (for water-in-oil).”” The formation
of the shell is also based on the immiscibility of the resulting polymer and the droplet. The
first known nanocapsules synthesized via miniemulsion polymerization was reported by
Landfester et al.”® It was proven, that poly-styrene as well as poly(methyl methacrylate) NCs
can be obtained depending on the surfactant and reaction conditions employed. The study
also showed, that the NCs were formed as the growing polymer became insoluble in the
droplet and phase separation occurred. Using emulsion polymerization it is possible to scale-
up the synthesis, as well as in-situ encapsulate therapeutic agents; however, the high amounts
of surfactant required to stabilize the reaction can often be problematic as it is difficult to
purify the products.?? In addition, it has been claimed, that NCs produced via miniemulsion
polymerizations can often not be entirely hollow; thus, the advantages of the empty void
cannot be used.® In contrast, NCs prepared by employing sacrificial cores, allow a precise
control of the core void size, high reproducibility at the nano-scale and narrow
polydispersity.8%9°

Studies have shown that NCs prepared using sacrificial templates also allow the precise
control of the structural features of the polymer shell of the NCs (e.g. shell thickness, surface
charge, permeability and mechanical properties).’® For this methodology, the choice of the
template is crucial; it should be easy to synthesize and later to digest (Table 3).97%
Additionally, the template needs to be chemically inert during the formation of the shell, while
allowing the grafting of the shell to its surface (the grafting can be charged based (often used

in layer-by-layer approaches) or covalent).®®
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Table 3: Examples of commonly used core materials, their digestion conditions and

information about their ability to encapsulate active substances prior to the NCs’ synthesis.

Core material Pre-synthetic loading of Digestion conditions
active substance

Poly(methyl methacrylate) No Organic solvent*

Polystyrene No Organic solvent*
Melamine formaldehyde No HCI

Nanogels based on calcium Yes Ethylenediaminetetraacetic
arginate acid
Silica nanoparticles Yes NaOH or HF

*organic solvents like tetrahydrofuran, chloroform or dichlormethane.

Typical templates include colloidal particles formed from poly(methyl methacrylate),
polystyrene and melamine formaldehyde. These templates have the advantage of being
commercially available in a wide range of sizes (from 100 nm to several um) and with narrow
polydispersity indexes. However, none of the mentioned possible templates allows a pre-
synthetic loading of active substances, which ultimately leads to low encapsulation efficiency
as well as poor release reproducibility.’® An attractive alternative is to use nanogels or
hydrogels as sacrificial templates, these are able to entrap therapeutics within their network
before building the shell of the NCs. Nanogels based on calcium alginate are quite popular as
they can be digested by utilizing ethylenediaminetetraacetic acid (EDTA); however, the
complete removal of the core is often challenging due to high cross-linking degrees within the
polymeric network as well as high swelling pressure after the nanogels digestion which often
leads to the rupture of the NCs’ shell.1® Furthermore, nanogels exhibit relatively higher
polydispersity values when compared to some inorganic particles (e.g. silica nanoparticles)
due to the poor size control during their synthesis.1® Silica nanoparticles are commercially
available in a vast variety of sizes and with different surface charges but can also be easily
synthesized and functionalized in the laboratory.%? Employing the well-known Stéber method
it is possible to synthesize silica nanoparticles with narrow polydispersity and defined sizes (10
nm to several micrometer).1%? In addition, it is also possible to control the porosity of silica

nanoparticles, thus allowing the loading of therapeutics before the synthesis of the NCs.03
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Moreover, silica nanoparticles can be fully digested in presence of sodium hydroxide or
hydrofluoric acid, thus fulfilling the template criteria for yielding NCs. 194105

One of the greatest limitations in the field of NCs is to control the permeability of the shell as
this directly controls the release kinetics of therapeutics (Figure 6, (1)). For this purpose, the

use of smart materials as building blocks has proven useful (Figure 6, (1) and (ll1)).
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Figure 6: () lllustration of the importance of the control of the permeability of the NCs’ shell.
Control of the permeability of the shell by introducing responsive polymers to (Il) degrade the
shell (e.g. polymers responsive towards light, magnetic field or pH), or to (lll) change the size

of the shell (e.g. by using polymers responsive towards pH or temperature changes).

NCs build with thermoresponsive polymers are promising, as the volume phase transition
temperature (VPTT) could be used to control the permeability of NCs’ shell (Figure 6 (111)).1%°
Depending on the type of thermoresponsive polymer employed, the NCs can exhibit either a
lower critical solution temperature (LCST) or an upper critical solution temperature (UCST)

behavior.1% LCST-type polymers remain hydrated by hydrogen bonds with water molecules
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below the LCST causing the NCs to swell; however, with increasing temperature (above the
LCST) the polymers become hydrophobic therefore leading to the shrinkage of the NCs. This
effect is caused due to the prevalence of the entropic contributions by the expelled water
molecules from the polymeric network.°” Ultimately, the NCs could aggregate if not sufficient
hydrophilic components are present in the shell as strength between the thermoresponsive
polymer chains becomes stronger than the polymer-water interactions.'% After cooling, the
NCs should regain their original shape and size, in a fully reversible manner. In contrast, UCST-
type polymers exhibit a contrary behavior as LCST polymers. When in solution, UCST polymers
transition from a shrunken state (below the UCST) to a swollen state (above the UCST) by
increasing the temperature. However, the transition is often more delicate than the transition
for LCST-polymers and can often be disturbed by diverse factors such as the polymer
concentration, the salt content and the pH of the solution; thus, limiting its application.
Regardless of the thermoresponsive polymer type employed, nanoparticles displaying
thermoresponsive features are great drug delivery nanocarriers as the change from swollen
to shrunken state can be precisely controlled.”

Despite of extensive studies on thermoresponsive polymers for building nanocarriers, only the
following thermoresponsive NCs systems have been reported so far: poly(N-
vinylcaprolactam), poly-(N-isopropylacrylamide)-N,N’-methylenebisacrylamide (PNIPAM-BIS)
and poly-(N-isopropylmethacrylamide)-BIS (PNIPMAM-BIS).#%7677.108 pye to the excellent
results obtained by using thermoresponsive NGs for skin applications, this thesis is devoted to
exploring the synthesis of thermoresponsive NCs with suitable mechanical properties as a
novel alternative for enhancing the penetration of, as well as transporting therapeutics inside

the human skin.

1.5 Physico-mechanical Properties of Nanocarriers and How to Measure them

It was not until recently, that the importance of physico-mechanical properties of nanocarriers
emerged as a new exciting field for targeting. This strategy is inspired by cells and viruses,
which can alter their physico-mechanical properties in order to obtain specific biological
functions.1® This concept has been already proven to be a suitable strategy for targeting,
otherwise difficult biological sites, such as caveolae for overcoming the sterically obscure (e.g.

through plasma-lemma vesicle associated protein) endothelial barrier.!19 Additionally, it has
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been reported, that the physico-mechanical properties of nanocarriers can often decide their
drug delivery efficacy.!!! In particular, elastic nanocarriers have been found to penetrate
biological barriers more efficiently than rigid nanocarriers.!*? In the case of the skin,
elastic/deformable nanocarriers have been found to penetrate across the SC, into the deeper
layers of the skin and even reach the blood circulation.'!® Transferosomes are an example for
such nanocarrier, they are specially designed liposomes for transdermal and/or topical drug
delivery purposes. It has been hypothesized that the efficacy of transferosomes resides in
their high deformability, feature that can be exploited for changing their shape in order to
pass through the natural pores within the SC.*** Furthermore, many studies have highlighted
the benefits of using elastic nanocarrier systems, and in some cases these have even
outperformed commercially available or conventional treatments.11>116

One of the issues limiting this new exciting targeting field are the dimension of the particles
and the reproducibility and quantification of their mechanical properties. Although there are
many classical methods for investigating mechanical properties (e.g. rheology, tensile tests,
etc), these are conceived for larger systems (e.g. films).11-11° To study nanoparticles utilizing
classical methods it is necessary to create films or hydrogels out of the nano-systems;
however, this could alter their intrinsic mechanical properties; hence the measured properties
could strongly differ from the mechanical properties of the nanoparticles. Therefore, it is
imperative to use techniques to study the mechanical properties of nanoparticles which can

detect changes at the single particle level (e.g. atomic force microscopy).

1.5.1 Atomic Force Microscopy (AFM)

In 1986 atomic force microscopy (AFM) was developed and marked a milestone in the history
of diverse fields, such as physics, biology, chemistry and medicine.'2° AFM is used to study the
structural features of samples immobilized on substrates, while being able to study
guantitative physical and chemical properties, simultaneously. In general, the working
principle of the AFM consists on ‘sensing’ the sample’s surface using a precise control of the

forces acting between a small probe and the material, generally via a feedback mechanism.

Nowadays, this technique is extremely sensible, allowing the observation of atomic-scale

structures via high-resolution images, and controlling forces down two the pN scale.*?! The
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AFM is considered to be one of the most versatile analytical methods in nanoscience, as it can

122124 One of these

image almost any surface under numerous environmental conditions.
conditions enables the AFM to operate in liquids, at different temperatures, which allows the
study of biomolecules in their native conditions, with nanometer lateral resolution.'>® For
example, AFM has enabled the discovery of the nature of the rotary catalysis of F1- adenosine
triphosphate driven motors, or unravel and quantify the biomolecular dynamic processes
within natural and synthetic nuclear pore complexes.’?® In order to obtain high resolution
images and additional quantitative information of highly complex biological samples (e.g.
proteins, viruses, cells and tissues) various AFM specialized modes and probes have been
developed over the years.'?” These advances take full advantage of the nature of the sample,
as well as the great signal-to-noise ratio and high sensitivity of the AFM to obtain both high-
resolution images with physico-mechanical quantitative information about the sample’s
properties, as elasticity, adhesion, hydrophilicity, deformability and magnetic properties
among many others, 128130

From the technical point of view, the AFM is usually comprised of a probe, a photodiode,
specialized electronics, and a piezoelectric element, which allows control of probe motion.
The scanning process is driven by an (x,y,z) scanner that allows to move the sample and/or
the stage with respect to the probe, or viceversa.?#131132 The AFM probe is composed by a
sharp tip that is fixed to a cantilever. This latter element acts as a diving board, reacting under
the interactions between the atoms at the apex of the tip and the samples’ surface. The
movement of the cantilever causes a change of its inclination and angle, which can be usually
tracked by the variations of a laser beam reflecting from the cantilever into a 4-segmented
photodiode.33134 |n the final step, the vertical movement of the probe is quantified from the
cantilever bending. An image is obtained by laterally mapping the surface of a sample, while
the vertical movement of the tip is continuously corrected to obtain a constant setpoint, via a
feedback mechanism.32 Any difference in these forces as a function of the tip (x,y,z) position
with respect to the atomic arrangements of the samples’ surface is employed to build the
image. The morphological information of the sample is usually displayed at each pixel of the
image as a measurement of the samples’ height.'33 This information is typically shown by a
false color image, that uses a colour gradient varying from dark (low height) to bright (high

height). From these sort of images, it is possible to measure peak-to-valley distances, calculate
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histograms for the heights, as well as investigate fine details of the surface like helical pitch
and chirality of polymer helixes (e.g. nanocellulose fibrils).13>

Depending on the utilized mode, the way of action of the AFM changes. In contact mode the
deflection of the cantilever as a result of the interatomic forces between tip and surface
(up/down) is kept constant throughout imaging. In contrast, intermittent contact techniques,
as the so-called tapping mode, monitor the amplitude at which the cantilever vibrates, near
its resonant frequency, to obtain information about the samples’ surface.’*® These two modii
are perhaps the most widely used for investigating nano/microparticles and soft biological
samples; however, these techniques still have decisive limitations.'3” Contact mode allows to
generate high resolution images, yet soft samples can sustain great damage due to shear
forces. Tapping mode is advantageous for very soft materials as the tip causes negligible
friction and shear forces. However, the applied force is not easily monitored. Also, the phase
signal generated during tapping mode imaging is difficult to interpret as it is the result of the
convolution of various volume and surface parameters (e.g. adhesion forces, contact area,

elasticity, dissipation and viscosity).
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Figure 7: (A) Schematic representation of the mapping of a nanoparticle with an AFM, as well
as the AFM components. (B) Typical force separation curve obtained by the AFM in PeakForce
QNM mode. Reprinted with permission from reference 138. Copyright 2020 American

Chemical Society.

In recent years there have been several developments focused on to overcoming these issues.
JPK has developed the gi mode, Assylum Research the AM-FM viscoelastic mapping, and
Bruker the PeakForce QNM (PF-QNM) mode. This latter scanning mode is among the most

cited in recent literature since it allows to obtain high resolution images and mechanical
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information through fast mapping and without exerting excessive damage to the sample while
at the same time continuously monitoring the applied force.'?213% Also, PF-QNM allows the
study of the mechanical properties of materials in solution (Figure 7A).122128140 Also, this
operation mode has been used to investigate the morphology as well as quantify the
mechanical deformation induced by the AFM tip on soft nanoparticles at the single particle
level 128141142 A importan advantage of PF-QNM ist that the system records the applied force
on the sample during the scanning.'?? In brief, the probe is oscillated sinusoidally at a
frequency much lower that the resonant frequency of the cantilever (typically 1 or 2 kHz). The
interaction of the moving probe with the sample surface leads to the generation of force
separation curves, produced at each contact between the tip and the samples’ surface. During
the scan process, each force separation curve is analyzed in real time, enabling the
guantification of numerous nanomechanical properties, as deformation, adhesion and
Young’s modulus, among others.1?8140 The maximum value of the applied force, known as
peak force, is used as feedback parameter. This complete analysis allows the visualization of
the mechanical properties as 2D or 3D mechanical maps, while observing structural features
via the height image.

The detailed analysis of the force separation curve is schematically shown in Figure 7B for a
full approach-retraction cycle. Firstly, the tip is pulled down to the samples’ surface due to
attractive forces (e.g. van der Waals, electrostatic, capillary). Next, the attractive forces
overcome the stiffness of the cantilever causing the tip to touch the samples’ surface (contact
point, DO in Figure 7B). From this point on, the tip pushes the sample from the contact point
until the force set point at Fmax is reached. For soft materials, the distance between contact
point and Fmay, is the deformation depth reached by the tip. This information can be used to
create a contrast in maps of surface topography or height and deformation. Further
parameters like adhesion force and energy dissipation, can be obtained by investigating the
withdrawal of the tip after reaching Fmax (red curve in Figure 7B). Using PF-QNM it is possible
to obtain information about the Young’s modulus (elastic modulus) of the sample. This

parameter is calculated by fitting the retraction curve to a proper model of contact mechanics.
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(A) (B)

Figure 8: (A) lllustration of the contact between a sphere and a flat surface (Derjaguin-Miiller-
Toporov model). (B) Representation of the deformation of an elastic surface by a rigid conical

indentor (Sneddon model).

The Derjaguin-Miller-Toporov (DMT) model refers to the contact between a sphere of defined
radius and a flat surface (Figure 8A). In its simplest yet powerful form, the DMT model is an
extension of the Hertz model of contact mechanics, comprising more parameters such as
attractive interactions around the contact area (adhesive forces between the tip and the
surface).'® In the DMT model the Young’s modulus (E) can be calculated from the force F as

follows139:143;

E 3/2
(1 —v)? VRd W

F — Faan = :

3
where Fis the applied force, Fagn the adhesion force, R is the effective radius of the tip, v is the
Poisson’s ratio of the sample, and d is the separation distance. Generally, the DMT model is
applicable to high-density polymers with poor deformability and should not be used for rather
soft materials (Bruker Application Notes). For this reason, when performing PF-QNM mapping
and nanoindentations (also known as force spectroscopy analysis) on soft materials, it is

recommended to use other models in order to extract the Young’s moduli.'** Especially, the

Sneddon model has proven to be suitable for calculating the elastic modulus of soft materials
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such as cells.'* This model describes the interaction between an elastic half space deformed

by a rigid conical tip (Figure 8B; Eq. 2).14®

2
T (1-v2)

Eq. 2 F= * tan (a) * d?

In this model F represents the load force, E is the Young’s modulus, d is the indentation depth,
a is the half-angle of the tip and v is the Poisson’s ratio.

Nanoparticles that induce skin hydration, hence enhancing the skin penetration of other
compounds across the skin, need to hydrate the SC. It is known that nanoparticles need to
penetrate within the SC layers and release there the encapsulated water.!*” In order to
penetrate the SC, the right balance between flexibility and robustness of the NCs’ shell needs
to be found. Therefore, it is imperative to analyze the mechanical properties of the NCs below

and above their VPTT, which can be achieved by employing AFM in PeakForce mode.
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2 Scientific Goals

Transporting therapeutics through the skin is a challenging task, as the skin is one of the most
complex and efficient biological barriers of the human body. The barrier function of the skin
is crucial and is mostly attributed to the stratum corneum (SC), which restricts the intrusion
of foreign substances. Thus, resulting in low penetration of therapeutics and therefore low
therapeutic efficacy. Methods to enhance the penetration of therapeutics into the skin are
well-known, nevertheless these often can cause strong side effects such as irritation or even
irreversible damage to the skin. An alternative for skin penetration is to induce the hydration
of the skin, which has been found to disturb the lipids and proteins structure of the SC;
therefore, enabling the penetration of therapeutics. However, to induce skin hydration,
exposure to water is insufficient, as the skin requires a long time to hydrate. Over the years,
the use of nanocarriers to deliver sensitive therapeutics into the deeper layers of the skin, has
shown great potential. Especially the use of nanocarriers which can react to the biological
changes within the skin, have demonstrated fascinating results. Thermoresponsive
nanocapsules (NCs) are great candidates for topical applications as they allow the release of
therapeutics in a controlled manner with interesting mechanical properties (e.g. flexibility) for
overcoming the SC.

The main objective of this thesis is to synthesize novel thermoresponsive NCs for skin
applications and study the effects of the thermoresponsive features and core structure on the
nanocarrier as well as on the skin (Figure 9). The obtained information will be better analyzed
by comparing the results of the NCs to well-known thermoresponsive core-shell nanoparticles
(nanogels and nanogels with an inorganic core). The network of NCs and nanoparticles will
contain the same building blocks (thermoresponsive polymers and cross-linker) but their core
will differ, which should suffice to generate great differences regarding the nanocarriers’

mechanical properties, hydrophilicity and interaction with the skin.
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Figure 9: lllustration of the goals of the thesis. (1) Investigation of the effect of the core on the

thermomechanical properties of nanocapsules. (1) Effect induced by the thermoresponsive

features of nanocapsules on the skin (hydration).

The choice of thermoresponsive polymer and cross-linkers is crucial for tailoring the volume
phase transition temperature (VPTT) of the nanocarriers as well as to control their mechanical
properties to address specific biomedical applications. Section 3 of this doctoral thesis
consists of two chapters that describe the development and evaluation of thermoresponsive
NCs with regard to their mechanical properties and interaction with excised human skin

(hydration).

In section 3.1, the temperature driven changes in the mechanical properties of three different
thermoresponsive nanocarriers shall be investigated i.e., NCs, nanogels and nanogels with a
silica core. To validate the findings, only well-known thermoresponsive nanoparticles shall be
utilized. Functionalized silica nanoparticles shall be used as sacrificial templates for
synthesizing the NCs and the same quantities of N-isopropylacrylamide (NIPAM) and N,N’-
methylenebisacrylamide (BIS) shall be used to build the network of the three nanocarriers.
State-of-the-art techniques such as atomic force microscopy in PeakForce mode in liquid,
nanoindentations, cryogenic electron microscopy (cryo-EM) and computational simulations
(finite element method) shall be utilized to understand how the nanoparticle’s core and inner
structure affect the thermomechanical properties of thermoresponsive, soft nanoparticles.

The obtained findings shall serve as platform for the rational design of novel, soft
thermoresponsive NCs. In section 3.2, the aim is to develop novel thermoresponsive NCs with
a large core-void and thick polymeric shells that can induce skin hydration. These NCs are

cross-linked by dendritic polyglycerol (dPG) as well as NIPAM and N-isopropylmethacrylamide
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(NIPMAM) as thermoresponsive moieties that are inspired by dPG-PNIPAM nanogels. Thus,
they should be able to induce skin hydration, which shall be studied by investigating the SC
with label-based as well as label-free microscopy methods. In addition, the combination of
specific ratios of NIPAM and NIPMAM shall be investigated to allow control over the VPTT of
the NCs. The aim is to obtain NCs with a VPTT higher than the normal body temperature (37
°C) to be able to investigate the effect of the thermoresponsive features of the NCs upon
hydration of the skin. Moreover, the penetration enhancement properties of the NCs shall be

proven, utilizing Atto Oxal2 NHS ester as a model dye for high molecular weight compounds.
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3 Publications & Manuscripts

3.1 Effect of Core Structure on the Mechanical Properties of Soft Nanoparticles

E. R. Osorio-Blanco, J. Bergueiro, B. E. Abali, S. Ehrmann, C. Bottcher, A. J. Mdller, J. L. Cuéllar-
Camacho, M. Calderén, Chemistry of Materials 2020, 32, 518-528.

The article is electronically available: https://doi.org/10.1021/acs.chemmater.9b04258

Figure 10: Illustration of the investigation of the mechanical properties of thermoresponsive,
polymeric nanocapsules via AFM. Reprinted with permission from reference 138. Copyright

2020 American Chemical Society.

Abstract:

The mechanical properties of nanoparticles, especially those designed for biomedical
purposes, have a large impact on their performance and have been scarcely studied.
Thermoresponsive polymer-based nanoparticles are increasingly being used in biomedical
applications; therefore, it is crucial to determine their thermo-mechanical response in the
regime beyond their volume phase transition temperature (VPTT). The morphological
characterization and comparison of thermoresponsive nanogels (NGs), silica core nanogels
(SiO2@NGs), and nanocapsules (NCs) in liquids, both below and above the VPTT, are explored
in this study. We employed atomic force microscopy in Peak Force QNM mode as well as by

dynamic light scattering, nanoparticle tracking analysis and cryogenic electron microscopy
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(cryo-TEM). Surprisingly, nanocapsules presented increased resistance to deformation, when
compared to nanogels, above the VPTT. This was attributed to differences in the cross-link
density radial distribution between nanogels and nanocapsules derived from the synthetic
approach employed. In addition, the Young’s modulus was calculated from nanoindentations
and by computer simulations, showing a significant change in NCs upon crossing the VPTT
from MPa to GPa. Conversely, NGs displayed a Young’s modulus in the kPa range, both below
and above the VPTT. The findings of this study show that structural design and
thermoresponsivity strongly influence the thermomechanical properties of nanoparticles.

This in turn needs to be taken into consideration in the design of future nanocarriers.

Author’s contribution:

In this publication, the author contributed with the concept and the experimental design of
the study. The synthesis and characterization of the three types of nanoparticles were
conducted by the author including the synthesis and functionalization of the silica
nanoparticles employed during the study. Analytical characterization of the polymeric
nanoparticles using NMR, DLS, NTA, and part of the AFM and TEM measurements were carried
out by the author. Furthermore, the author developed the outline and wrote the article with

collaboration of the co- and corresponding authors.
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Cover art proposal:

Figure 11: The mechanical properties of nanoparticles, in particular those designed for
biomedical purposes, can have a tremendous effect on their performance. Atomic force
microscopy in PeakForce mode, together with nanoindentations can be used to examine the
thermo-mechanical properties of soft, thermoresponsive nanocarriers with different core-

architecture. The cover art proposal was not selected.
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3.2  Polyglycerol-based Thermoresponsive Nanocapsules Induce Skin Hydration and
Serve as Skin Penetration Enhancer

E. R. Osorio-Blanco, F. Rancan, A. Klossek, L. Hoffmann, J. H. Nissen, J. Bergueiro, S. Hasenstab-

Riedel, A. Vogt, E. Rihl, M. Calderdn, ACS Appl Mater Interfaces 2020.

The article is electronically available: https://doi.org/10.1021/acsami.0c06874

Figure 12: Graphic representation of how thermoresponsive nanocapsules induce skin

hydration. Reprinted with permission from reference 147. Copyright 2020 American Chemical

Society.

Abstract:

The use of penetration enhancers (chemical or physical) has been proven to dramatically
improve the penetration of therapeutics. Nevertheless, their use poses great risks, as they can
lead to permanent damage on the skin, reducing its barrier efficiency and resulting in the
intrusion of harmful substances. Among the most used skin penetration enhancers, water is
greatly accepted since skin quickly recovers from its exposure. Nanocapsules (NCs) represent
a promising combination of carrier system and penetration enhancer becasue their water
containing void combined with their polymer-based shell can be used to induce high local skin

hydration and simultaneously to transport drugs across the skin barrier. In this study,
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nanocapsules were synthesized with a void of 100 nm size, a thermoresponsive shell based on
different ratios of poly(N-isopropylacrylamide) (PNIPAM) and poly(N-
isopropylmethacrylamide) (PNIPMAM) as thermoresponsive polymers, and dendritic
polyglycerol (dPG) as macro cross-linker. These NCs can shrink or swell upon a thermal trigger,
which was used to induce the release of the entrapped water in a controlled fashion. The
interactions and effects of thermoresponsive NCs on the stratum corneum of excised human
skin were investigated using fluorescence microscopy, high resolution microscopy, and
stimulated Raman spectromicroscopy. It could be shown that the thermoresponsive NCs could
increase the amount of deuterated water penetrated in the viable epidermis (VE). Moreover,
NCs increased the skin penetration of a high molecular weight dye (Atto Oxal2 NHS ester,
MW = 835 g/mol) with respect to formulations in water or 30% dimethylsulfoxide (DMSO),

emphasizing the features of the NCs as a skin penetration enhancer.

Author’s contribution

In this publication, the author contributed to the concept of dPG-based thermoresponsive
nanocapsules (NCs). The author developed new synthetic methodologies for the dPG NCs as
well as their characterization. Together with Dr. Fiorenza Rancan, the author designed the
experimental outline to study the interaction between the NCs and excised human skin,
especially regarding skin hydration. The author developed the outline and wrote the
manuscript in close collaboration with Dr. Fiorenza Rancan. The co- and corresponding

authors contributed throughout the experimental and write processes.
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Cover art proposal:

Figure 13: Skin hydration can be induced by soft thermoresponsive nanocapsules and can be
further enhanced by increasing the temperature. This effect can be used to enhance the
penetration of high molecular weight compounds into the deeper layers of the skin and is
therefore an attractive technology for topical drug delivery. Cover art proposal was not
accepted.
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4  Conclusions & Outlook

The design of nanocarriers for delivering therapeutics across the skin was incited by the aim
of improving the local treatment of inflammatory skin diseases or the systemic delivery of
therapeutics by increasing patient compliance, reducing treatment derived pain and side
effects, as well as increasing the therapy efficacy. It is undeniable that, as a result of multiple
studies, a great understanding about the biological and physico-chemical properties of healthy
and diseased skin has led to the development of multiple nanocarrier systems that could
improve already existing therapies. Nonetheless, most nanocarrier systems still remain in
preclinical studies, as their synthesis is highly demanding, and more efforts are needed
towards their clinical translation and upscaling. Another limiting factor is the complexity of
the skin barrier that represents a major obstacle for nanocarriers and other penetration
enhancement technologies. Therefore, it is crucial to find the right balance between
enhancing the penetration of therapeutics across the skin, while ensuring no irreversible or
long-term damage to the protective barrier.

This thesis consists of two main projects that aim to develop novel thermoresponsive
nanocapsules, with a large void core size and thick polymeric shells to facilitate the transport
of therapeutics into the skin. The nanocapsules were synthesized using modified silica
nanoparticles as sacrificial templates. This synthetic approach was chosen due to the facile
digestion of silica nanoparticles (by incubation either in sodium hydroxide or in hydrofluoric
acid) as well as to ensure reproducible void core sizes and narrow polydispersity. Hence, the
well-known Stéber method was adapted to yield silica nanoparticles with diameters of around
100 nm and their surface was modified with the ligand 3-(trimethoxysilyl) propyl methacrylate
(TPM).19%148 The silica nanoparticles were then used as seeds during a seeded precipitation
polymerization, wherein the newly introduced methacrylic functionalities served as anchor
points to grow a polymeric network around the silica nanoparticles. Poly(N-
isopropylacrylamide) (PNIPAM) and poly(N-isopropylmethacrylamide) (PNIPMAM) were
chosen to build the thermoresponsive shell of the nanocapsules with the goal to control the
temperature at which the nanocapsules undergo a transition from swollen to shrunken state

(volume phase transition temperature; VPTT).
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For the rational design of thermoresponsive nanocapsules for skin applications, it is
imperative to understand the physicochemical properties defined by the material chemistry
of the nanocapsules and their interaction with the skin as these could affect their biomedical
performance. In the first project, the goal was to study the effect of the chosen synthetic
pathway on the mechanical properties of the nanocapsules. As the investigation of the
mechanical properties of soft nanoparticles is very challenging at the nanoscale, it was crucial
to perform an unprecedented, comparative study utilizing different characterization
techniques on well-known nanoparticle systems. For this purpose N,N’-
Methylenebisacrylamide (BIS) was chosen as cross-linker and PNIPAM as the
thermoresponsive motif to synthesize three different thermoresponsive nanoparticles with
morphological differences in their core: nanogels (NGs), nanogels with a silica core
(SiO2@NGs) and nanocapsules (NCs). By employing the same synthetic approach, as well as
maintaining the same amounts of cross-linker (5 mol%) (BIS), sodiumdodecylsulfate (SDS) as
surfactant, potassium peroxodisulfate (KPS) as initiator and monomer (NIPAM) it was
intended to ensure a similar crosslinking density, pore size and thermoresponsive behavior
for the three types of nanoparticles. The three nanoparticle systems exhibited similar
thermoresponsive tendencies and similar VPTT (between 33 °C and 34 °C), as confirmed from
dynamic light scattering and nanoparticle tracking analysis. These findings suggested that the
synthesis does not influence the thermal transition of PNIPAM based nanoparticles. However,
cryogenic electron microscopy investigations (below and above the VPTT) revealed surprising
differences regarding the polymer density distribution within the nanoparticles. It was found,
that NGs presented a dense, uniform polymeric network in comparison to SiO2@NGs and NCs,
which displayed a polymer gradient with increasing density towards the core, suggesting
different mechanical properties for the nanoparticles. This was further investigated by AFM
in PeakForce QNM mode both below and above the VPTT of the nanoparticles in solution.
AFM in PeakForce QNM allows to obtain not only morphological information and high-
resolution images of the particles, but also, several mechanical parameters. This technique
allowed the discovery of local differences in the internal material properties of the
investigated nanoparticles. During this study it could be shown, that the different
nanoarchitecture of the nanoparticles resulted in different structural responses towards the
external applied deformation, although the same synthetic procedure, as well as same ratios

of the monomers were employed. These results were attributed to the internal cross-linking
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distribution within the nanoparticles, wherein NCs and SiO2@NGs exhibited similar results but
different tendencies were found for the NGs. Due to these pioneer findings, point
nanoindentations were performed in order to corroborate the results of the PeakForce
studies. By controlling the force and speed of the indentation it was possible to evaluate
intrinsic changes in the mechanical properties of the nanoparticles. Notably, NCs exhibited a
significant increase in their Young’s modulus from low MPa to GPa range by increasing the
temperature from 20 °C to 37 °C. Contrary to the NCs, the NGs showed a Young’s modulus in
the kPa range both below and above the VPTT. The marked differences between both
nanoparticle systems was attributed to the presence or absence of silica nanoparticles during
the synthesis. Owing to the high reactivity of BIS and the functionalized surface of the silica
nanoparticles (in comparison to NIPAM) it is probable, that more BIS was consumed at the
beginning of the reaction, resulting in a highly cross-linked, continuous, polymeric network
(ring) present around the void of the NCs. This strongly cross-linked area within the NCs,
together with their thermoresponsivity were found to be responsible for the tremendous
increase of the NCs’ Young’s modulus above the VPTT. Conversely, no continuous highly cross-
linked area was observed for the thermoresponsive network of the NGs. Instead, the force-
separation curve course indicated possible non-thermoresponsive localized areas in the core
of the NGs. Thus, the NGs still remained highly flexible upon crossing the VPTT, hence resulting
in no significant change in their Young’s modulus. These results are endorsed by the findings
of Suzuki et al., wherein temperature controlled high speed AFM studies on PNIPAM-BIS NGs,
synthesized using precipitation polymerization, exhibited non-thermoresponsive deca-
nanometer sized domains within the NGs’ core.'*® Computer simulations (finite element
method) were performed using the parameters of the experiments to corroborate our
findings. This not only confirmed the results of our study, but also proved that the Sneddon
model (usually only used for macroscopic systems) can also be applied on soft nanoparticles.
Altogether, this study highlighted the interplay between core architecture and material
properties and their effect on the mechanical properties of soft nanoparticles.

These findings were taken into consideration while designing the novel NCs for inducing skin
hydration in the second project. It was hypothesized that due to their polymeric network and
large void core size, NCs should be able to induce high local skin hydration, which should serve
to enhance the penetration of compounds into the skin. Like in the first study,

thermoresponsive NCs were synthesized using modified silica nanoparticles as sacrificial
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templates. Dendritic polyglycerol (dPG) was chosen as macrocross-linker, as it is highly
hydrophilic, biocompatible and can be easily synthesized and functionalized.1>0-1>2
Additionally, it has been shown, that dPG-based thermoresponsive nanocarriers can transport
therapeutics across the skin by inducing skin hydration.>®’%1>3 Moreover, by introducing dPG
into the NCs shell we aimed to create a more flexible shell than in our previous studies with
NIPAM-BIS NCs. The hypothesis was that dPG should serve as non-thermoresponsive defects
within the polymeric network of the shell (similar to the highly cross-linked non-
thermoresponsive parts in the core of the NGs from the first project), hence resulting in a
flexible system both below and above the VPTT. NIPAM and NIPMAM were chosen to tailor
the VPTT of the NCs. Interestingly, varying the ratio between both monomers did not only
result in different VPTTs (34 °C to 47 °C) but also allowed a control over the thickness of the
NCs’ shell. Upon dissolving the silica core, the elasticity of the NCs were found to be increased.
This was indirectly proven by examining the NCs with the AFM in soft tapping in air as well as
in PeakForce mode in liquid. The NCs showed higher spreading on the substrate’s surface as
compared to before the digestion of the silica core. Unfortunately, no direct quantification of
the elasticity properties could be obtained as imaging of the NCs with minimal forces (less
than 200 pN) resulted in significant damage of their structure (puncturing and smearing of the
NCs). To evaluate the skin hydration properties of the NCs as well as the effect induced by
their thermoresponsive features, stimulated Raman spectromicroscopy (SRS) was employed.
SRS is a state-of-the-art, label-free technique, which allows to track deuterated water within
the different skin layers.?>* The NCs were lyophilized, re-dispersed in D20 and subsequently
apply them on excised human skin. SRS served to investigate the D0 in the skin, therefore
directly evaluating the skin hydration induced by the NCs. For this study, NCs with a high VPTT
were chosen to investigate the effect of thermoresponsive feature of the NCs on skin
hydration. By labeling the NCs with rhodamine B, it was possible to track the nanocarriers
through the skin using fluorescence microscopy imaging. It was found, that NCs were able to
penetrate deeper into the SC after digestion of their silica core, a result probably owed to an
increase in the nanoparticles’ flexibility. The SRS results showed, that the NCs indeed induced
skin hydration, and that skin hydration increased after digesting the NCs’ core. More
importantly, it was demonstrated that the thermoresponsiveness further enhanced the D,0
concentration in different skin layers, hence the skin hydration. Especially the concentration

in the viable epidermis drastically increased after applying a thermal trigger. In order to
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evaluate if the skin hydration induced by the NCs sufficed to enhance the skin penetration of
high molecular weight compounds, Atto Oxal2 (a high molecular weight dye) was employed
as model drug. Studies showed that formulating the dye together with the NCs enhanced the
skin penetration of Atto Oxal2 as compared to an aqueous formulation as well as a solution
of the dye in 30% DMSO.

In conclusion, it could be shown that the interplay between the structure of the nanoparticles’
core and material properties of the shell can dramatically affect the thermomechanical
properties of nanoparticles. Additionally, the tremendous potential of thermoresponsive,
soft, NCs to facilitate the delivery of high molecular weight compounds across the skin barrier
was highlighted. Additionally, unprecedented findings about the effect of thermoresponsive
properties on the skin could be unraveled.

As a future perspective, NCs with different Young’s modulus should be studied in order to find
the right balance between flexibility, deformability, structural integrity and skin penetration
of the nanoparticles. Moreover, different sacrificial cores could be investigated as an
alternative to silica nanoparticles. Especially the use of soft, hydrophobic beads could be
interesting, as these could be loaded with hydrophobic drugs before performing the seeded
precipitation polymerization. In light of the fascinating potential of thermoresponsive NCs for
skin applications, it would be important to put more efforts in protocols for working under
good manufacturing practice regulations, as well as reduce cost production to ease a possible
transition from research to market. Additionally, it would be important to upscale the
synthesis. For this purpose, the semi-batch methodology could be further explored. The semi-
batch procedure, which allows the precise control over the monomer addition, could prove
beneficial for improving the reactions yield. In addition, this process can be performed in

reactors in a semi-automatic way, enabling the scale-up of the reaction.
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6.1.1 Effect of Core Structure on the Mechanical Properties of Soft Nanoparticles
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Materials

Ammonia solution (Roth, 25%), bisacrylamide (BIS; Sigma-Aldrich), ethanol (dry) (Acros
Organics, 99.8%), potassium peroxodisulfate (KPS; Merck), sodiumdodecylsulfate (SDS;
Sigma-Aldrich) sodium hydroxide (NaOH; Merck Millipore), tetraethylorthosilicate (TEOS;
Sigma-Aldrich), 3-(trimethoxysilyl) propyl methacrylate (TPM; Sigma-Aldrich) were used
without further purification. The monomer N-isopropylacrylamide (NIPAM; Sigma-Aldrich)
was purified by recrystallization from hexane (Sigma-Aldrich). The water used during the
project was purified using a Milli-Q system (Millipore).

Methods

Reactions under oxygen- and water-free conditions were performed under an argon inert gas
atmosphere, using standard Schlenk techniques. Reagents and solvents were added with
syringes via septum under argon flow. Solids were added as a solution or as powder under argon
flow. The characterization of the nanoarchitectures was performed by 'H-NMR, IR, and UV.
Size and polydispersity were analyzed by DLS, NTA, TEM, SEM, and AFM.

Proton nuclear magnetic resonance ("H-NMR): The spectra were recorded with Jeol ECX
(400 MHz) at concentrations between 5-20 mg/mL. The samples were dissolved in deuterated
solvents (D20, 'H: 4.79 ppm; CDCls, 'H: 7.26 ppm). The results were analyzed using
MestReNova (version 7.1.2). The multiplicities are listed as follow: s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet).

Fourier transform infra-red spectroscopy (FT-IR): FT-IR spectra were recorded on a Jasco
FT/IR-410 spectrometer (4000-500 cm™) and analyzed using Omnic software.

Dynamic light scattering (DLS): Size distribution was measured at various temperatures by
dynamic light scattering (DLS) using a Zetasizer Nano-ZS 90 (Malvern, UK) equipped with a
He-Ne laser (4 = 633 nm) under a scattering angle of 173°. For equilibration, samples with a
concentration of 1 mg/mL were incubated at the desired temperature for 5 min prior to the
measurement. Particle size distributions are given as the average of three measurements from
intensity distribution curves. Due to the monomodal distribution as well as single exponential
decay of the autocorrelation functions of the samples, the hydrodynamic diameters are reported
from the intensity distribution curves.

Nanoparticle tracking analysis (NTA): Nanoparticle size and concentration were measured
by NTA using a Nanosight NS500 (Malvern Instruments, Malver, UK). Nanoparticle
concentrations of 1 pug/mL were used for the analysis. Particle sizes and concentrations are
given as the average of three measurements.

Svnthesis and characterization of thermoresponsive nanoarchitectures (NGs., SiO2@NGs,

and NCs)

Synthesis and characterization of PNIPAM-BIS nanogels (NGs): NGs were synthesized
using a precipitation polymerization technique. NIPAM (100 mg) was dissolved together with
BIS (7.8 mg) and SDS (2 mg) in Milli Q water (5 mL). The solution was purged with Argon
for 1 h and then heated up to 70 °C. The reaction was started by adding a solution of KPS in
water (2 mg dissolved in 1 mL water) to the reaction mixture. The polymerization was stirred
for 4 h at 70 °C and subsequently dialyzed for 5 d. The product was lyophilized and kept in the
fridge for further analysis via '"H-NMR, TEM, AFM and DLS. Yield: quantitative. "H-NMR
(400 MHz, D20); 6: 1.19 (s, 6 H, isopropyl groups of NIPAM), 1.62 (br, 2 H, polymer
backbone), 2.15 (br, 1 H, polymer backbone), 3.92 (br, 1 H, isopropyl group NIPAM).
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Figure 1. Size versus Temperature trend.

Synthesis and characterization of nanogels with silica nanoparticles in their core
(SiO:@NGs): Silica nanoparticles (SiO2NPs) were synthesized using the Stober method. A
mixture of 11 mL ammonia and 130 mL extra pure ethanol was heated up to 60 °C in a 300 mL
three-neck round flask equipped with a reflux condenser and a magnetic stirrer.! After 60
minutes equilibration time, a preheated solution of TEOS (5 mL) in ethanol (15 mL) was rapidly
added. The reaction mixture became turbid within 30 minutes after the addition. The reaction
was stirred for 24 hours at a constant temperature of 60 °C. Afterwards the mixture was cooled
down to room temperature and TMP (5.3982 x 10-!8 ¢ TMP per SiO2NP) was added dropwise.
The dispersion was stirred for 12 hours at room temperature and then refluxed for 1 hour.
Finally, the SiO2NPs were purified by centrifugation (3 cycles of 6000 rpm, 1 hours) and re-
dispersed in fresh ethanol to yield a dispersion with a concentration of 0.045 g mL"!. The
characterization of the product was done via IR analysis. Yield: 100%; IR (cm™!): 1733 (C=0),
1652 (C=C), 945 (Si-O-Si), 791 (Si-OH).

The synthesis of SiO2@NGs was performed following a previously reported seeded
precipitation polymerization methodology.? NIPAM (100 mg) was dissolved together with BIS
(7.8 mg) and SDS (2 mg) in Milli Q water (5 mL). The solution was purged with Argon for 1
h and then heated up to 70 °C. After 30 minutes equilibration time, a solution of modified silica
NPs (10 mg) with a concentration of 45 mg/mL was added dropwise. The reaction was started
by adding KPS (2 mg dissolved in 1 mL water) to the solution, becoming turbid within ten
minutes. The reaction was stirred for 4 h at 70 °C. The product was purified by centrifugation
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and redispersion in fresh Milli Q water and afterwards lyophilized and kept in the fridge. The
characterization of the product was done via 'H-NMR, TEM, AFM and DLS. Yield: 65%. 'H-
NMR (400 MHz, D20); 6: 1.14 (s, 6 H, isopropyl groups of NIPAM), 1.57 (br, 2 H, polymer
backbone), 1.95 (br, 1 H, polymer backbone), 3.89 (br, 1 H, isopropyl group NIPAM).
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Figure 2. Size versus Temperature trend.

Synthesis and characterization of PNIPAM-BIS nanocapsules (NCs): PNIPAM-BIS
Si02@NGs (10 mg) were dissolved in 20 mL of NaOH (0.05 M). The solution was stirred for
4 days at r.t. Finally, the NCs were purified by dialysis in water until a neutral pH was achieved.
Subsequently, the NCs were lyophilized and stored in the fridge. The characterization of the
product was done via 'H-NMR, TEM, AFM and DLS. Yield: 100%; "H-NMR (400 MHz, D20);
6: 1.18 (s, 6 H, isopropyl groups of NIPAM), 1.59 (br, 2 H, polymer backbone), 1.95 (br, 1 H,
polymer backbone), 3.91 (br, 1 H, isopropyl group NIPAM). The core dissolution was
confirmed using TEM and AFM.
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Cryogenic transmission electron microscopy (cryo-TEM):

Figure 4. Cryo-TEM images of SiO,@NG at (A) 20°C; (B) 40°C and NCs at (C) 20°C and (D) 40°C and NGs at
20 °C(E) and 40 °C (F). Scale bar represents 200 nm (A-D) in the upper and 100 nm (E and F) in the lower
images.

Figure 5. Isosurface representation of reconstructed cryo-ET data: (A) NGs and (B) SiO@NGs. For better
depiction of the silica core, the volume is only shown half. (visualization by AMIRA software V 6.0.0 (Thermo
Fisher Scientific Inc., Waltham, Massachusetts, USA)).
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PeakForce quantitative nanomechanics (QNM):

B Deformation
Laser ( ) A < depth

Photodetector Fmaxk------

Cantiliever DMT Approach
g |m | =
uo.. Retraction
Dissipation
Adhesion

Separation distance

Figure 6. Schematic representation of the working principle of AFM in PeakForce QNM mode. (A) Key elements
and parameters in the AFM tip indenting process. A very sharp tip attached at the end of a flexible cantilever
indents at each point on the sample surface as the piezo is approach and retracted during a scan. If a calibrated
cantilever is being used, then the vertical deflections of the cantilever can be recorded on a 4-segmented photodiode
through the measurement of the reflections of a laser beam from the back of the cantilever. For the case of soft
particles adhered on a hard substrate, and with a defined maximal force set point applied by the tip, a region can
be scanned and the degree of deformation on soft material can be quantified. As shown in (A), deformation and
height of nanoparticles can be directly measured. (B) Representation of a typical force-separation curve from
which physical parameters like height, deformation, adhesion, Young’s modulus and dissipation can be obtained
and mapped into 2D/3D reconstruction images. As the tip approaches the sample surface, the contact point defines
the beginning of the interaction between tip and sample surface for a particular force set point. From the contact
point the tip compresses the sample until it reaches the force set point at Fax. If a soft sample is investigated, the
separation distance between contact point and Fay, is the deformation depth by the tip. A contrast in maps of
surface topography or height and deformation is expected if a soft sample (i.e. soft nanoparticles) is imaged on a
hard background (substrate). In the retraction curve from model force-separation curve, further withdrawal of the
AFM tip after Fmax has been reached, provides other useful information like adhesion between tip and sample and
dissipation.
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Figure 7. Cross section profile for deformation of NGs at 37 °C. The cross section is taken along a different
direction as the one shown in the main text in Figure 3CIV, in order to better understand the different features of
deformation on the NG. From the profile, is seems that deformation by the tip increases up to almost 50nm at the
beginning of deformation by the tip and then suddenly drops almost entirely. The arrows indicate the lateral
distance from where the NG response is obtained. A possible explanation for this, is that our 500pN force set point,
could still be above the force threshold to damage and penetrate the NG structure.
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particle, three cross-sections (always chosen in the same directions, two diagonal and one vertical to the mapping
direction) were analyzed.
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Figure 9. Force separation curves of NCs (A, C) and NGs (B, D) at 20 °C or 37 °C and their fit to the Sneddon

model.

Finite element method: In order to describe the large displacement adequately, a distinction
between current and reference frames needs to be done, as well as employing a continuum
mechanical formulation suitable for providing accurate results under large deformations. We
follow a well-established formulation and computational implementation based on the finite
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element method.> All computations are established by using open-source packages and the
codes are available to be used under the GNU public license.
The objective is to compute the displacement « in nm. As units we use kg for mass and s for
time leading to nN for force and GPa for stress (energy density) as well as aJ (1 aJ = 10-18]) for
the energy. The displacement is a vector in space X € R® and is used to compute the
displacements of the continuum body occupying the region B. By using an energy density, Y
in aJ/nm? = GPa, the structure is modeled by a scalar function. This approach is beneficial since
energy, e, is a measurable quantity,

e= [ padv. (D)
By using Castigliano’s theorem, the force, f can be obtained, generating the displacement, .,

at the tip of the indenter
de

f=5 2
We consider statics, i.e., the inertial effects are assumed to be negligible, since the mechanical
loading is slow with respect to the response time of the material. In this case, the energy, e,
needs to be minimized, this assertion is mathematically equivalent to constructing an action,
A= [pav, (3)
And setting its variation to zero, A = 0. Furthermore, the deformation is induced by
mechanical loading applied on the body. Related to the mechanical loading, effects of
gravitational forces are negligible. The variational formulation based on the action principle in
Eq. (3) can be further developed for describing the energy density by displacement. In
mechanics, this energy density is called stored energy density indicating the reversible character
of the underlying material. For the isothermal case, Y is equivalent to the free energy density.
Neglecting the viscous character of the underlying material; an elastic, brittle response in the
nm length scale is expected. Moreover, this concentrated loading could lead to a sharp change
in strain around the contact point. Therefore, a material model accurately capturing such a sharp
change is needed, herein the so-called neo-Hookean energy density is employed
2 P
With the material parameters, A, pu. We use standard continuum mechanical notation and
Einstein’s summation convention over repeated indices. The deformation gradient, F, gives the
relation between the energy and the displacement, «, defined as a function in space, X, which
is tantamount to the position of material particles at the “stress free” or reference frame. The
simulation is started by using a spherical nanocapsule (in a collapsed state) being at the
reference frame and apply a deformation along the x-axis mimicking the nanoindentation
experiment. The pyramid indenter tip is approximated as a conical indenter such that the
distribution of displacement at the contact point---the origin set at the contact point---between
the indenter tip and material body can be approximated by using a Gaussian distribution:
2 2
u, = dexp (—%) . (5)
The contact radius, 7, is used to utilize the standard deviation, o = r,./2. The simulation is
started with a given small contact radius that is updated depending on the indentation depth, d,
by means of the geometric relation for a cone, 7, = dtan(a), with the constant tip angle set as
a = 20° based on the specification of the indenter tip. The amplitude of the Gaussian
distribution is set analogous to the experiments, in 60 s the amplitude reaches 10 nm:
Implementation and computation are very challenging in the case of a so-called point force.
The proposed distribution is an accurate model. For the description of the energy density in Eq.

(4), the so-called Lame constants are used
1=—Lr = _EF (6)
(1+v)(1-2v) K 2(1+v)’
They are related to the engineering constants: Y oung’s modulus, E, and Poisson’s ratio, v. E =

17.1 GPaand v = 0.45 are used in order to mimic the experimental results (the used values are
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the result from the nanoindentation of the representative NCs shown in the main article Figure
5C). Young’s modulus is obtained with the aid of the Sneddon’s solution and we expect to be
able to justify the simplifications in this solution by comparing the computational and
experimental results.

In order to solve §A = 0 with Eq. (3), the finite element method (FEM) is used with the aid of
open-source packages developed under FEniCS project. Geometry is constructed in Salome
and its triangulation is established by NetGen algorithm. Only a quarter of the spherical is used
owing to the symmetry conditions. In Figure 10, the geometry and the regions for the symmetry
conditions are shown.

Figure 10. Geometry constructed and visualized in Salome. The quarter of the nanocapsule is simulated by
applying symmetric boundary conditions along x on blue, along y on orange and along z on green surfaces.

The mesh out of tetrahedron elements are generated as in Figure 11. Around the contact point
of the indentation tip, a gradually finer mesh is utilized.

Figure 11. Mesh is generated by NetGen in Salome and visualized in ParaView. Left: computational domain.
Right: a close up showing the finer mesh around the nanoindentation.

The computation of 429 531 degrees of freedom has been established in parallel on 6 Intel
Xeaon E7-4850 v4 on Supermicro running Ubuntu Operating System in 2 hours of computation
time by using a conjugate gradient type iterative solver with an algebraic multigrid
preconditioner. For the simulation of 60 s, a time step of 0.5 s is chosen. Up to 10 nm is indented
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by using the aforementioned distribution in Eq. (5). The displacement at the final time is
visualized (without scaling) in Figure 12 by using ParaView.

[ul in nm
012345678910
bl | —

Figure 12. Displacement at the final time with amplitude of 10 nm. The close up around the origin is shown in
ParaView by mirroring the solution for the sake of a better visualization. The colors denote the magnitude of
displacement, whereas the displacement is shown without scaling.

The energy in the whole body is computed for each time step; the force at the contact point is
extracted out of the energy by using Eq. (2).

400

Energy, e in aJ
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Figure 13. Energy versus nanoindentation depth.
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6.1.2 Polyglycerol-based Thermoresponsive Nanocapsules Induce Skin Hydration and Serve

as Skin Penetration Enhancer
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Riedel, A. Vogt, E. Riihl, M. Calderdn, ACS Appl Mater Interfaces 2020.

Reprinted with permission from reference 147. Copyright 2020 American Chemical Society.
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Analytical Methods

Proton nuclear magnetic resonance (*H-NMR)

The spectra were recorded by a Jeol ECX (400 MHz) spectrometer at concentrations between 5-20
mg/mL. The samples were dissolved in deuterated solvents (D,0, 'H: 4.79 ppm). The results were
analyzed using the software MestReNova (version 7.1.2). The multiplicities are listed as follow: s (singlet),

d (doublet), t (triplet), g (quartet), m (multiplet).

Fourier transform infra-red spectroscopy (FT-IR)
FT-IR spectra were recorded on a Jasco FT/IR-410 spectrometer (4000-500 cm) and analyzed using

Omnic software.

Dynamic light scattering (DLS)

Size distributions of NC were measured at various temperatures by dynamic light scattering (DLS) using
a Zetasizer Nano-ZS 90 (Malvern, UK) equipped with a He-Ne laser (A = 633 nm) under a scattering angle
of 173°. For equilibration, samples with a concentration of 1 mg/mL were incubated at the desired
temperature for 5 min prior to the measurement. Particle size distributions are given as the average of

three measurements from intensity distribution curves.

Atomic Force Microscopy (AFM)

AFM measurements were recorded on a Multimode 8 microscope which was equipped with a
Nanoscope V controller (Bruker Corporation). Freshly cleaved mica coated with 5 pL Poly-L-lysine (Sigma-
Aldrich, MW: 70-150 kDa) solution was used as a substrate. After substrate preparation, 15 pL of highly
diluted sample solution (10 ug/mL) was deposited on the substrate and incubated at room temperature
for 15 minutes. Cantilever A, type SNL-10 from Bruker with a nominal tip radius of 2 nm and nominal
spring constant of 0.35 N/m were used in these experiments to map the samples. Prior imaging,

cantilevers were calibrated on the naked mica surface. A compression on mica was taken to extract the
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cantilever sensitivity and then, the thermal noise method was used to derive its spring constant.>3
Imaging in soft tapping mode (sTM) was performed at room temperature in air. Imaging in PeakForce
mode was carried out with a maximal applied force of 200 pN using a 512 points per line at a scan rate
of 0.7 Hz. Image analysis was performed using NanoScope Analysis 1.5 software. All images were
processed by the Plane fit program and the flatten tool (order 1) to correct from effects of bowing from
the piezo movement. Measurements in the liquid phase were performed in a closed fluid chamber using

Milli-Q water.

Cryogenic transmission electron microscopy (Cryo-TEM)

200 mesh grids covered with perforated carbon film (R1/4 batch of Quantifoil, MicroTools GmbH, Jena, Germany)
were cleaned with chloroform and hydrophilized by 60 s plasma treatment at 8 W in a BAL-TEC MED 020 device
(Leica Microsystems, Wetzlar, Germany). 4 uL aliquots of the sample solution were applied to the grid, blotted
(blotting time: 4.5 s, drain time: 1 s) and subsequentially plunge frozen in liquid ethane by using of a Vitrobot
Mark IV (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). The vitrified samples were mounted on
autogrids and transferred under liquid nitrogen into a 200 kV TALOS ARCTICA cryo transmissions electron
microscope (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) using the microscopes’ autoloader
system. 4096x4096 pixel images (binning 1) were acquired by a 4k Falcon Il Direct Electron Detector (Thermo
Fisher Scientific Inc., Waltham, Massachusetts, USA) at a nominal magnification of 29k, corresponding to a

calibrated pixel size of 0.37 nm. The exposure time was 1.2 s.
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Table S1: Reaction conditions of the screening for yielding dPG-PNIPAM SiO,@NGs, the results of the reactions

are described are marked with a + if stable SiO,@NGs were formed and with a - if no SiO,@NGs were formed.

The amounts of NIPAM (67 mg), dPG (33 mg) and the initiator (3.3 mg) were kept constant throughout the

screenings.
Initiator (mg) SDS (mg) Temperature (°C) Result Average Size Yield (%) Color in
(nm); PDI Figure S1

APS 0 70 - - - -

APS 1.8 70 - - - -
APS/TEMED 1.8 r.t. - - - light brown
APS/TEMED 1.8 70 - - - red

KPS 0 70 + 181;0.12 35 blue

KPS 0.5 70 + 174;0.18 20 dark green

KPS 1 70 + 169; 0.27 18 -

KPS 1.8 70 + 178; 0.24 13 green

KPS 5 70 - - - light green
KPS/TEMED 0 r.t. - - - -
KPS/TEMED 1.8 r.t. + 123;0.31 6 -
AIBN (VA0S6) 1.8 r.t. + 118; 0.26 6 magenta
AIBN (VA0OS6) 1.8 70 - - - purple
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Figure S1: 'H-NMR spectra from selected results from synthetic screenings: different initiator types and
different SDS content (amount used is given in mg in the brackets). APS/TEMED was studied at r.t. (light brown)

and at 70 °C (red). The AIBN (VA086) was used as UV-initiator at r.t. (magenta) and at 70 °C (purple).

30.0 nm

Figure S2: (A) Height image and (B) Deformation map of dPG-PNIPAM (A B) SiO,@NGs imaged by AFM in

PeakForce mode in the liquid phase.
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Figure S3: TEM images of dPG-PNIPAM-co-PNIPMAM (1:1) (A) SiO2@NGs and (B) NCs.

10.0 nm

Figure S4: (A) Height image and (B) Deformation map of dPG-PNIPAM-co-PNIPMAM (1:1) NCs imaged by AFM
in PeakForce mode in the liquid phase.
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