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Biological membranes and human interfaces are maintained under non-equilibrium conditions, where they are
constantly exposed to different stimuli. The aim of this work is to advance our knowledge of human interfaces
and evaluate how they respond to stimuli they naturally encounter, such as fluctuations in external humidity
conditions, temperature, or UVB irradiation.

In the first part of this thesis work, the behavior of model systems inspired by human interfaces such as lung
surfactant and tear film lipid layer (TFLL) is investigated. Mixtures of phospholipids or phospholipids:triolein
dispersed in water are added to a drying-cell setup, where the solutions naturally form multilayer films at the
capillary edge exposed to ambient air. The structural characterization along the water gradient is performed by
means of synchrotron X-ray mapping, while the composition gradient is traced either by Confocal Raman
Microscopy or Confocal fluorescence Microscopy using fluorescent probes. Taken together, the results show
that the lipids segregate along the hydration gradient in the vicinity of the air interface. For the DOPC:DPPC
systems, the composition gradient preferentially forms a solid gel lamellar phase characterized by shorter-range
interbilayer repulsion and reduced swelling in drier conditions. This finding shows that the solutes partition
according to their ability to swell in water, which can be generalized to a broad range of soft-matter systems
under non-equilibrium hydration gradients. For a system composed of polar and non-polar lipids
(DOPC:DOPE:triolein) in water, a pronounced phase segregation in the vicinity of the air interface is observed.
The isotropic oil-rich phase wets the lamellar multilayer from both sides and preferentially accumulates at the
dry interface over time. These findings highlight a mechanistic framework for how lipid layers covering drying
interfaces, such as the TFLL, can maintain the balance between lubrication and barrier integrity.

In the second part of this thesis work, the responses of different components of the outermost skin layer,
stratum corneum (SC), are evaluated with respect to external stimuli such as temperature and levels of hydration.
The behavior of SC lipids in a water gradient is evaluated by employing the drying-cell setup in combination with
the same experimental techniques. The results show that the SC lipids respond to the changes in hydration in a
functional way, by altering the balance between solid and fluid lipids within a solid lamellar structure.
Furthermore, the antioxidative and structural responses of the SC components to UVB radiation and oxidative
stress are evaluated. The results show that UVB has a strong effect on the antioxidative properties of native
catalase, while the structural and molecular characteristics of the SC matrix that surrounds the enzyme are
largely unchanged for comparably high UVB doses. Taken together, these results highlight the structural integrity
of the SC layer and introduce a new experimental approach to evaluate the response of the SC components,
which can in turn prove useful knowledge to improve transdermal delivery processes.
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Popular Summary

Our body is covered by protective barriers such as the tear lipid film covering our eyes,
the surfactant layer in our lungs, or the outermost layer of the skin. These layers are
composed of diverse protein and lipid mixtures, specifically tailored for a multitude of
physiological processes. What they share in common, is that they form an interface
that separates a wet inner-body environment from the drier ambient conditions. These
layers are constantly exposed to changes in external conditions (such as humidity and
temperature) and work against water evaporation, chemical and microbial intrusion, as
well as the harmful effects of solar radiation. Understanding how these interfaces
respond to fluctuations in their environment and external stimuli is important for
human health, skincare, and drug delivery.

Research presented in this thesis shows that lipids in these layers naturally
segregate and structurally adapt to a water gradient in the vicinity of an air interface.
It is observed that: 1) the phospholipids preferentially form a solid membrane structure
with lower permeability to water in the driest conditions, 2) the non-polar and polar
lipids phase-separate at the air-interface, forming a multilayer barrier with an oily layer
which wets the polar-lipid layer, and 3) the skin lipids mostly preserve their solid
structure but are able to adjust their mobile-to-solid lipid fraction in response to
changes in external conditions. Additionally, it is observed that UVB irradiation has a
more severe effect on the antioxidative properties of the outermost skin layer than on
its structural components.

Together, all these insights improve our understanding of how human interfaces,
such as the tear lipid film covering our eyes, the surfactant layer in our lungs, or the
outermost layer of the skin, function and maintain their protective integrity under stress
by structural adaptation. These insights can guide further development of drug delivery
processes and be directly applied to the development of new bio-adaptive technologies.
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Populirvetenskaplig Sammanfattning

Kroppen ér tickt av skyddande barridrer, sdsom lipidskiktet som técker dgats yta,
surfaktantlagret i lungorna och det yttersta hudlagret. Dessa barridrer bestir av
komplexa blandning av proteiner och lipider som dr specifikt anpassade for olika
fysiologiska funktioner. Det de har gemensamt dr att de utgdr en gransyta som
separerar kroppens inte fuktiga miljo fran den torrare omgivningen. Dessa lager &r
aven stindigt utsatta for variationer i den yttre miljon (som relativ fuktighet och
temperatur) och maste effektivt motverka vattendunstning, kemiska och
mikrobiella angrepp samt skadliga effekter av solstrdlning. De underliggande
mekanismerna bakom hur dessa barridrer anpassar sig till fordndringar i
omgivningen dr dnnu inte fullt forstadda, vilket har motiverat detta arbete. En
fordjupad kunskap inom dessa processer ir av stor betydelse for minniskans hélsa,
hudvard samt for utvecklingen av mer effektiva metoder for lakemedelstillforsel
till kroppens inre.

Forskning som presenteras i denna avhandling visar att lipider i dessa
skyddande barridrer segregerar och strukturellt anpassar sig till en vattengradient
i ndrheten av en luftgrinsyta. Resultaten visar att: 1) fosfolipider segregerar och
bildar helst en fastare membranstruktur med ldgre vattenpermeabilitet i ldgre
vattenhalt i ndrheten av en luftgrinsyta, 2) blandningar av poléra och icke-polédra
lipider fas-separeras och bildar en barriér dér ett oljigt (icke-polart) lager omsluter
det poldra lipidskiktet, samt att 3) hudlipider behaller sin fasta struktur i en
vattengradient men kan anpassa sig genom att 6ka sin rorlighet i vissa delar av
strukturen. Dessutom har det observerats att UVB-stralning har en storre paverkan
pa de antioxidativa egenskaperna i hudens yttersta lager dn pa dess strukturella
komponenter.

Tillsammans bidrar dessa insikter till en fordjupad forstaelse av hur
kroppens griansytor fungerar och bevarar skyddande funktion under olika
péfrestningar. Dessa insikter kan leda till framsteg inom likemedelstillforsel och
tillimpas i utvecklingen av nya bioadaptiva teknologier.

15
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1. Motivation behind the research
questions

Water is the main component of the human body, making up approximately two-thirds
of its total mass (1). In the body, water is distributed between the intracellular and
extracellular spaces, where it supports a multitude of physiological processes such as
thermoregulation, blood pressure regulation, cellular homeostasis, and electrolyte
balance, all of which are crucial for survival (1-3). Cellular membranes are highly
permeable to water, and water moves between different environments due to the
gradient in osmotic pressure (4, 5). Similarly, when hydrated tissue is exposed to
ambient air, the imbalance in the osmotic pressure derives the water molecules to
transform from a liquid state into a gaseous state and escape from the tissue in a process
called evaporation (6). In nature, different strategies have been developed to minimize
water evaporation across biological interfaces and to protect against the potential threat
of drying out. In the human body, one can distinguish between several biological
interfaces (biomembranes) such as the skin, the alveolar interfaces in the lungs and the
tear lipid layer on the surface of the eyes, which are exposed to air. These
biomembranes are mainly composed of a mixture of different lipids and proteins
specifically tailored for a multitude of physiological processes, for example enabling
breathing, providing mechanical and antioxidative protection and supporting visual
perception (7, 8). What the above-mentioned biomembranes share in common is that
they function at the boundary between dry and hydrated environments, constantly
adapting to non-equilibrium conditions.

The aim of this thesis is to advance our understanding of biomembrane responses
to the water gradient and other stimuli that they naturally encounter, such as UVB
radiation. The compositions of the lung surfactant layer covering the alveolar interface
and the outermost tear lipid layer, serve as sources of inspiration for the composition
of the model systems used in Paper I and II, while the response of different protein
and lipid components of the outermost skin layer, known as stratum corneum (SC), are
evaluated in Papers III and IV. These biological interfaces will now be described in
greater detail, along with how they inspired the research questions addressed in the
papers.

17



1.1  Biological membranes and Human interfaces

1.1.1 Lung surfactant

Breathing is one of the most vital processes, enabling oxygen uptake and carbon
dioxide release between the air in the alveoli of our lungs and the blood in pulmonary
capillaries (9, 10). The alveolar interface is covered by a lung surfactant layer which
separates the hydrated epithelial tissue from the air. The lung surfactant layer is
composed of approximately 90 wt% lipids and 10 wt% proteins, where the majority of
the proteins belong to the surfactant proteins: SP-A, SP-B, SP-C and SP-D (11, 12).
The lipid matrix is mainly composed of phospholipids, where the majority belong to
the zwitterionic phosphatidylcholines (PCs) (>80 %), with the fully saturated
dipalmitoyl-phosphatidyl-choline (DPPC, 16:0/16:0-PC) as the main component. The
remaining phospholipids belong to the phosphatidylglycerol (PG), phosphatidylserine
(PS), phosphatidylethanolamine (PE) and phosphatidylinositol (PI) classes, and
cholesterol is also found (13, 14). The main function of the surfactant layer is to act as
a protective barrier against exogenous substances and to prevent alveolar collapse
during respiration (15, 16). While the structural response of the surfactant layer with
respect to lung expansion and compression is still under debate, a common view
suggests formation of a lipid monolayer at the interface associated with a multilayer
architecture that responds to the inhalation and exhalation cycle (15, 17). A schematic
model of the lung surfactant multilayer architecture is shown in Fig. 1 (12).

SELECTIVE SQUEEZE-OUT SELECTIVE INSERTION
of non-DPPC molecules of DPPC

SPRA sustained
DPPC-fich reservolr

| I

FOMAAEAME
g

Figure 1. Schematic model of surfactant layer from 1998. Adopted from (12) with permission from
Elsevier.
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The deficiency of the lung surfactant layer is particularly linked the Neonatal
Respiratory Distress Syndrome (NRDS), which is caused by the inability to inflate the
lungs (18). The early replacement therapy based on aerosolized DPPC had no effect
on the survival rate of premature infants suffering from NRDS (19). Subsequent
developments in our understanding of the biophysical surfactant properties have led to
improved lung surfactant replacement products (20-22), but the animal-derived
replacement products still remain far superior to the synthetic ones (23, 24). This
motivates further study of the behavior of the model lipid mixtures at the drying
interface. It has been shown that one of the clinically used lipid mixtures (Curosurf)
exhibits complex phase behavior in the vicinity of an air interface, forming coexisting
lamellar structures that would otherwise not form under equilibrium conditions (25).
This finding has been the primary source of inspiration for further evaluating the
determining factors behind the gradient formation in the aqueous phospholipid
mixtures in the vicinity of an air interface. The key questions asked in Paper I and
initiating work done in Paper II are:

e Does the water gradient introduce a gradient in the phospholipid
composition?

e How do these gradients influence the self-assembly behavior in the vicinity
of an air interface?

In Paper I, the behavior of lipid mixture composed of two PC phospholipid (DOPC
and DPPC) is evaluated along the water gradient. The two lipids have the same
headgroup characteristics but different hydrocarbon chains, which makes them to
preferentially self-assembly to liquid- and solid lamellar structures, respectively. In
Paper 11, this work is extended to study the behavior of two phospholipid with
different headgroups but the same hydrocarbon chains characteristic namely, DOPC
and DOPE. In this system, one of the lipids (DOPE) promotes formation of nonplanar
self-assembly structures.

1.1.2 Eye lipid layer

Another example of a biological interface that separates a water-rich environment from
the dry air is the outermost layer of our eyes, known as the tear film lipid layer (TFLL).
The TFLL is ca. 100 nm thick and located on the surface of the aqueous tear solution,
which is located on top of the corneal epithelium cells and separated by a mucin layer
(26-28). The TFLL has many vital functions such as preventing water evaporation
from the aqueous phase, acting as a defensive barrier against external contamination
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and pathogen intrusion, and serving as a lubricant to smooth the ocular surface (7, 29,
30). While some of these functions are directly comparable to those of the lung
surfactant layer, the molecular composition and interfacial structures are clearly
different between the two systems. The TFLL is mainly composed of non-polar lipids
(up to 80%), together with polar lipids and lower amount of proteins (31-33). The
nonpolar lipids are mainly secreted by the Meibomian glands from the eyelids during
blinking, while the polar lipids and other aqueous solutes are thought to reach the
interface from below (7, 34). Most of the non-polar lipids belong to the classes of wax
esters, cholesteryl esters, and triglycerides, which naturally form an isotropic oily
phase rather than self-assemble into mesostructures. The polar lipid components
mainly consist of PCs, PEs and free fatty acids (31-33), which have a natural tendency
to assemble at water-oil and water-air interfaces. Due to the polar and non-polar nature
of the lipids in the TFLL layer, several models propose that the lipids phase-separate
into a multilayered structure where the polar lipids stabilize the water-oil interface
formed by the non-polar lipids (35-37). A schematic model of the tear film and TFLL
is shown in Fig. 2 (37).

Air-lipid interface

\_ T comllgurallon

CE ° of polar phase
ﬂ]
P
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Aqueous-mucin

Layer
Tear Film Legend
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® Cerebroside
Lipid I @ Phosphatidylethanolamine
“"")’ awes) & Spl Ingodn¥yolln
Aqueous-mucin layer
i gty | Frootatyacdoe

Glycocalyx
Corneal epithelium p Phospholipid ! = Carboxyl or ester group
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TG Triglyceride (mono & diunsaturated)

Figure 2. Schematic model of the tear film and TFLL from 1997. Adapted from (37) PMC Open Access
PMID: 9440164.
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One important observation regarding the TFLL, is that when the eye is forced to stay
wide open, the TFLL film deteriorates quickly and breaks within a minute. The so-
called tear break-up time has been widely used in eye health diagnostics and correlated
with several diseases (38, 39). For example, in dry eye disease, the integrity of the
TFLL is compromised immediately or within few seconds after blinking, which results
in desiccation and irritation of the ocular surface (34). The instability of the TFLL film
has more recently been linked to Meibomian gland dysfunction and altered lipid
secretion (40, 41) highlighting the importance of the lipid matrix composition. These
insights have been used in the development of new lipid-based therapeutics, resulting
in better film stability and lubrication than artificial saline tear solutions (42, 43).
Furthermore, the polar and non-polar nature of the TFLL lipids has enabled
development of different formulation strategies. For example, liposome-based
formulations exploit the self-assembly behavior of phospholipids to form lipid vesicles
as pharmaceutical carriers, whereas emulsion-based formulations use non-polar lipid
droplets as delivery carriers (44, 45). These formulations can be designed for different
target regions with different objectives, for example, to act as topical lubricants or to
deliver active substances to the corneal barrier of the eye (42, 46). What they have in
common is that when deposited on the ocular surface, they become rapidly mixed with
the tear liquid and washed away. The remaining formulation residues encounter a
permeability barrier (for example, the TFLL or the mucin layer), often resulting in the
delivery of a small fraction of the formulated dose (43, 47). These insights motivate
further study of the behavior of lipid vesicles and oil droplet formulations in the
vicinity of an air interface. Concentration of such systems (composed of polar and non-
polar lipids) at a drying interface can result in vesicle fusion, lipid segregation and
macroscopic phase separation, which can be used in development of new formulation
strategies. The composition of the formulations used in Paper 1I is inspired by the
natural components of the TFLL, where a triglyceride (triolein) is used as the non-
polar lipid representative and two phospholipids with different self-assembly
properties (DOPC and DOPE) are selected as the polar lipid representatives. The
interfacial organization of these systems can mimic the TFLL and provide further
insight into the behavior and response of the layer to a water gradient. The key
questions asked in Paper II are:

e How are the polar and non-polar lipid mixtures structuring at the drying
interface?

e Can the observed phenomena be related to the properties of the tear lipid
layer?

21



1.1.3 Stratum corneum

Skin is the largest organ of the human body, which protects us from chemical and
microbial intrusion as well as prevents desiccation. The outermost layer of the skin,
known as the stratum corneum (SC), separates the viable part of the skin from the
ambient air (48). The SC is approximately 20um thick and characterized by a low
water content. It is mainly composed of dead corneocyte cells (ca. 85wt% of dry SC
mass) (49), which are joined together by corneodesmosomes (50) and embedded in a
multilamellar lipid matrix (51). Structurally, the SC resembles a wall of bricks and
mortar (Fig. 3A). The outer shell of the corneocytes (bricks) is composed of a cornified
cell envelope of highly insoluble proteins (50). An important observation is that the
corneocytes can swell and take up a substantial amount of water (52, 53). This implies
that the cornified envelope is penetrable to water and most probably to other small
polar molecules. The intracellular region of corneocytes is filled with solid keratin
filaments, which reinforce the corneocyte structure (48). Each keratin filament is ca. 8
nm thick and composed of eight protofilaments. Each protofilament is composed of
side-by-side stacked heterodimers with a coiled-coil structure. The heterodimers are
strictly 50nm long and composed of one acidic (type I) and one neutral or basic (type
1I) keratin monomer, where each monomer has a secondary o-helix structure (54). It
has been shown that the inter-chain distance (d-spacing) in the a-helix structure of the
coiled-coil filament starts swelling when the SC is exposed to RH above 80% (55).

The extracellular lipid matrix is regarded as the main barrier component of the SC
against water evaporation and chemical uptake, as it forms the only continuous path
for transdermal entry (56). The lipid matrix is composed of an equimolar mixture of
ceramides (CERs), free fatty acids (FFAs) and cholesterol (57-59). The matrix exhibits
extraordinary species diversity, with up to 1,500 different CERs species identified to
date (60). The majority of the CER and FFA lipids have exceptionally long
hydrocarbon chains (from C12 to C36 and on average C20-22) and are fully saturated
(61), which in turn contributes to the crystalline nature of the lipid matrix. Several
studies have reported that the structure consists of multilamellar stacks with two
typical repeat units of ca. 130A and 60A with orthorhombic and hexagonal chain
packing. These repeat units are commonly referred to as the long periodicity phase
(LPP) and the short periodicity phase (SPP) (62-64). Several studies have also shown
that not all SC lipids in the lamellar matrix are solid, a smaller fraction of fluid lipids
have been identified (65-70). The presence of a fluid lipid phase domain in the lamellar
structure can have profound consequences for the transport efficiency of compounds
across the lipid matrix, as the permeability of the fluid lamellar is several orders of
magnitude larger than that of the solid lamella (65, 71). Fig. 3 shows the “brick and
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mortar model” of the SC structure (63), and the solid-fluid lamellar model of the LPP
phase which composes the intercellular lipid matrix (mortar) (64).

A) B)

CORNEOCYTE MEMBRANE
ENVELOPE KERATIN

Gradual change in cha|n \Li".,lme

Stacking of CER &=
alternating fluid and crystalline

INTERCELLULAR
LIPID

Figure 3. A) Schematic illustration the “Brick and Mortar” model of the SC layer proposed in 1988.
Adopted from (63) with permission from American Chemical Society. B) Schematic model of the LPP
structure found in the intercellular lipid matrix. Adopted from (72) with permission from Elsevier.

The evaporation rate through the SC layer displays a non-linear relationship with
respect to the relative humidity (RH) of ambient air. The evaporation rate is very low
and virtually constant for all RH below ca. 85% and decreases further with an
increasing RH (73, 74). It has been suggested that this response can be attributed to the
phase adaptation of the SC lipids, as different lamellar phases have significantly
different permeability properties (75, 76). Although the behavior of SC lipids has been
extensively characterized in fully hydrated conditions, little is known about their self-
adaptation in a water gradient. This has motivated further study of the structural
behavior and response of SC lipids in drying conditions. In Paper III, extracted SC
lipids from a porcine source are used and the response to change in the water content
and temperature is examined. In this work we ask:

e Do the SC lipids form the same structure in dry and fully hydrated
conditions?

e [s there any difference in the mobility of different SC lipid components in
the structure?

e Are there any structural differences when the SC multilayer is formed at a
drying interface compared to the bulk?

e How does the structure respond to an abrupt change in hydration?
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The SC layer contains relatively large amounts (ca 20 wt% of dry SC) of small polar
molecules (osmolytes), chromophores and antioxidative enzymes acting together as an
additional protection against dehydration, oxidative stress and photodamage (77, 78).
It is well established that the solar UV irradiation is one of the major threats
compromising the integrity of the skin (79-81). Depending on the incoming
wavelength, the UV rays can penetrate into the different depths of the skin layer and
cause photodamage. In particular, the short wavelength UVB rays are almost fully
absorbed within the epidermis layer of the skin (79). The broadband UV rays can either
be absorbed directly by the cellular components resulting in chemical bond disruptions
(for example with pyrimidine dimers), or indirectly by exciting endogenous or
exogenous sensitizers leading to the formation of reactive oxygen species (ROS) (79-
81). Increased levels of ROS cause oxidative stress and can further damage other
protein and lipid components in the tissue. For this reason, oxidative stress is pointed
out as one of the main contributing factors to the development of skin disorders as skin
aging, dermatitis and cancer (82, 83).

Catalase is an antioxidative enzyme, abundant in both the epidermis and the SC layer
of the skin. Its native function is to scavenge ROS specie hydrogen peroxide (H20:)
by transforming it into oxygen gas (O2) and water (H20) (84-86). The antioxidative
activity of the catalase in the SC has been reported to undergo seasonal variation,
where its activity is reduced during the summer season due to sun exposure (87).
Although there are several studies evaluating the effect of UVB irradiation on the
different biological and mechanical aspects of the epidermis integrity (81, 88-90), it is
still unclear what effect UVB irradiation has on the SC layer alone. This has motivated
further study of the UVB effects on the structural and antioxidative properties of the
SC matrix, conducted in Paper IV. The key questions behind this work are:

e How does the native catalase respond to an increasing UVB dosage, and is
this effect reversible?

e Does UVB irradiation alter the structure of SC components?

e Does UVB irradiation influence the molecular dynamics in the SC
components?

In this work, different SC matrixes (from intact SC layer — to extracted corneocytes)
is exposed to successively increasing UVB and hydrogen peroxide dosage. The
deactivation of native catalase in the corneocytes matrix is studied and the molecular
changes in the structure and mobility of different layers are evaluated.
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2. Theoretical Background

Lipids comprise a broad group of organic compounds (such as phospholipids, fatty
acids, waxes and sterols) which are generally insoluble in water but soluble in organic
solvents. This property arises from a large hydrophobic region in the molecule, often
composed of long hydrocarbon chains or ring structures. The physicochemical
properties of lipids are determined by the molecular architecture of their hydrophobic
and hydrophilic regions (91, 92). For example, the length of the hydrocarbon chains,
their branching, and the number of double bonds, together with the properties of the
hydrophilic lipid headgroup such as size and charge, control the phase behavior,
melting point, and maximum solubility in different solvents (93, 94). In the case of
polar lipids, also called amphiphilic lipids, the properties of the hydrocarbon chains in
relation to the headgroups also determine the self-assembly behavior, which leads to
formation of mesoscopic structures in water such as micelles and liquid-crystalline
lamellar phases. The self-assembly structures can be thermodynamically stable or
dispersed into metastable vesicles or lipid nanoparticles (92, 94). The aim of this
chapter is to briefly describe the behavior of the various lipid systems dispersed in
water that have been studied in this thesis work (Papers I-III). The self-assembly
phenomena of lipids in other solvents are outside of the scope of this thesis. The
emphasis in this chapter is on the equilibrium self-assembly of phospholipids, together
with how different external factors and composition can influence the behavior. The
final section of this chapter introduces the non-equilibrium behavior that can occur in
the vicinity of an air interface in aqueous lipid systems.

2.1  Lipid Self-assembly

Self-assembly refers to a process where molecules spontaneously organize into a
structure without any prior guidance, after their solubility limit in water is exceeded.
For amphiphilic lipids, this process is mainly governed by the hydrophobic effect
which drives the non-polar part of the molecules (hydrophobic hydrocarbon tails) to
cluster together and causes the hydrophilic headgroups to rearrange towards water.
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Which self-assembly structure is formed depends on the properties of the self-
assembling molecule, the properties of the solution, as well as the experimental
conditions (95). The non-polar lipids (such as waxes and oils) do not self-assemble
into mesoscopic structures but rather phase separate into droplets or macroscopically
segregated phases (96-98).

There is a large variety of self-assembly structures that amphiphilic lipids can adopt.
These structures can be classified by 1) the geometry in one, two, or three dimensions,
2) the arrangement of the hydrocarbon chains within the structure, and 3) the
orientation of the hydrophilic and hydrophobic part of the lipid with respect to the
surrounding medium (normal or inverted structure) (94). Conceptually, the collective
behavior of amphiphilic lipids can be described in terms of single molecule parameters
such as the effective headgroup area a,, the length of the hydrocarbon chain [, and
the hydrophobic volume V, in terms of a packing parameter:

N—V 1
S_aol ()

The packing parameter, Ns, also known as the surfactant number, gives a ratio between
the size of the polar and non-polar parts of the molecule and relates to the preferred
curvature of the mesoscopic structure. The single molecule parameters, the Ns values
and how they relate to the formed self-assembly structures is displayed in Fig. 4.

1A

Ny <1/3 Ng~1 Ng >1

Inverted micellar and

Micellar Lamellar
Inverted hexagonal

Figure 4. Schematic illustration of how the single molecule parameters influence the packing parameter
(Ns) and relates to the formed self-assembly structure such as micellar, lamellar, inverted micellar and
inverted hexagonal phases. Blue color corresponds to the effective headgroup (ao), while hydrocarbon
chains with length | are colored in orange, the hydrophobic volume (V) colored in gray.
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For Ns < 1, the volume of the hydrophobic part is smaller than the headgroup part, and
the lipids self-assemble to curved aggregates with the hydrocarbon tails densely
packed together (as in micelles). The inverse is true for lipids with Ns> 1. For Ns = 1,
the molecules don’t favour any preferential curvature and self-assembles into planar
bilayer structures (92, 99). There are several chemical and physical factors that can
affect the interactions between the lipid headgroups and tails and thus influence the
apparent packing parameter of the lipid (92, 99). These are briefly described in the
following section.

2.1.1 Factors affecting lipid self-assembly

Lipid Structure

In this work, the lipid self-assembly structures were mainly evaluated for different
subclasses of glycerophospholipids. The common feature of glycerophospholipids is
that they all have a polar headgroup attached to the 3™ position of sn-glycerol via a
phosphate group. For example, the choline, and ethanolamine headgroups are both
zwitterionic, yet have different headgroup size and thus different headgroup area (a,)
parameters. A serine headgroup has similar a, compared to the choline headgroup but
is negatively charged. When one of these headgroups is coupled together with two
hydrocarbon chains via the remaining sites of the sn-glycerol backbone, it forms the
basis for what is known as phosphatidylcholine (PC), phosphatidylethanolamine (PE)
and phosphatidylserine (PS) phospholipids (99). The length and chemical structure of
the two hydrocarbon chains tune the Ns parameter (by affecting V and [ in eq. (1)) and
determine the state (solid or fluid) of the hydrocarbon chains. Besides the length, the
number of double bonds also has a strong effect on the conformational arrangement of
the hydrocarbon chains within the self-assembly structure (92). For example, when
DOPC is composed of two 18-carbon (C18) long chains with two cis-double bonds
[18:1A°] is mixed with water at room temperature, it assembles into a liquid crystal
lamellar (Lq) structure with fluid chains (trans-gauche conformation). While DPPC,
composed of two fully saturated C16 long chains [16:0], assembles into a lamellar gel
phase with tilted solid (all-trans conformation) chains (Lp') at the same conditions.
Changing the PC headgroup to PE for the same [18:1A°] hydrocarbon chains, changes
the mesoscopic structure from Lq for DOPC to an inverted hexagonal phase (Hi) phase
for DOPE (94). This demonstrates the sensitivity of the self-assembly phase behavior
to the chemical alterations in the phospholipid structure. The chemical structure of the
DPPC, DOPC and DOPE lipids together with the packing parameter (Ns) are shown in
Fig. 5. The long and saturated ceramides found in the lipid matrix of the stratum
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corneum (SC) are mainly adopting solid lamellar structures (62, 64). The skin
ceramides are usually composed of a C20-22 long saturated hydrocarbon chain
coupled to a C18 sphingoid base (61, 100).

DPPC Molecular packing

o

Hydrophobic Hydrophilic
hydrocarbon chains headgroup

Figure 5. Chemical structures of DPPC, DOPC and DOPE, together with the packing parameter (Ns) in
excess water at room conditions. The DPPC and DOPC have Ns =1 forming lamellar structures, while
the DOPE has a Ns > 1, promoting formation of non-planar self-assembly structures as the inverted
hexagonal phase.

Beside the lipid structure, the external parameters such as temperature, level of
hydration, solution conditions such as ionic strength and pH, and bulk additives can
tune the phase behavior of amphiphilic lipids in water. In this work, the effect of
temperature and level of hydration was of main interest and will be described in greater
detail.

Temperature

Lipid self-assembly structures have a characteristic melting temperature (commonly
denoted as Tm), above which the hydrocarbon chains adopt a fluid arrangement, similar
to that found in liquid crystal structures (94). For certain systems, the temperature
increase can have a more pronounced effect on the effective volume of the
hydrocarbon chains (V, increasing the value of Ns) and a transition from lamellar to a
non-lamellar structure can be induced. For example, DPPC lipids in fully hydrated
conditions phase transition from a tilted lamellar to a tilted rippled gel phase (Lp to
Pp) at 35 °C and further to a liquid crystalline lamellar phase (Pp to Lo) at 41.5 °C. On
the other hand, the packing parameter (Ns) of DOPE lipids in fully hydrated conditions
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is substantially affected by the temperature. The system forms a liquid crystal lamellar
(Lo) phase below ca. 8.5°C, while above this temperature, an inverted hexagonal phase
(Hn) is formed instead (94).

Water content

In fully hydrated conditions, the self-assembly structure is fully swollen, any further
addition of water will form a separate excess bulk phase. The fully swollen self-
assembled structure can either be present as a macroscopically segregated phases (in
equilibrium) or dispersed into smaller particles that are homogeneously distributed in
the aqueous phase e.g., vesicles or hexosomes or cubosomes particles. The dispersed
particles are metastable, and they will aggregate and fuse together over time to form
the equilibrium phases (101, 102).

Of particular interest in this work (Papers I and II) is the observation that the phase
behavior of phospholipids can be altered by changing the level of hydration in the
system at constant temperature. The water chemical protentional (Ap,) is a
thermodynamic quantity that describes the free energy (G) per mole of water
molecules, and can be directly translated to the water activity (a,,):

aG
Bty =t = 1o = RTIn 0y = (5" @)
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where (1, is the standard chemical potential of pure water, R is the gas constant and T
is the temperature. Equilibrium conditions require that the chemical potentials of all
components are the same in all phases, which implies that there is no net transfer of
water mass between coexisting phases. When the system is in equilibrium with the
vapor phase, the water chemical potential can be directly deduced from the ratio
between the partial vapor pressure of water (p,,) and its saturation vapor pressure (p3),

which is generally referred to as the relative humidity (RH): a,, = Z—‘(’)V = %(ZD). Th

a,, of a system range from 0 in water-free samples up to 1 for pure water (6, 103, 104).
The relationship between the RH and the amount of water in the sample (wt%) is non-
trivial and depends on several factors, such as the chemical composition and phase
structure. This relationship can be determined experimentally and is referred to as a
sorption isotherm. (105-107)

The water chemical potential is also related to the osmotic pressure 1., of the

solvent, and for lamellar structures it can be directly translated into the force between
two planar bilayer surfaces:
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where V},, is the molar volume of the water. At equilibrium, there is a balance between
the repulsive and attractive interlamellar forces, which will in turn determine the
interbilayer aqueous layer separation. The phases with fluid chain arrangement (as in
Lo) display lipid protrusion and bilayer undulations which are restricted at shorter
interbilayer separations (95). This implies stronger (entropy-driven) interlamellar
repulsion in the Lo phase as compared to the solid lamellar L phase (108).

Dehydration of a lipid lamellar system leads to deswelling and can further promote
transitions to phases with more closely packed lipids or inverted phases. For example,
fully hydrated DPPC at temperatures above Tm (42 °C) goes through a L to Lp phase
transition upon dehydration (109), and DOPE at 20 °C goes through a Hu to L« phase
transition (via phase co-existence) upon dehydration. The phase diagram of
DOPE:water system is attached in Fig. 6 (110).
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Figure 6. Phase diagram of DOPE: water system adopted from (110), used under a Creative Commons
CC-BY-NC-ND license.
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Lipid Composition

The phase behavior can become more complex when different phospholipids are
mixed in an aqueous system. Phospholipids with similar physicochemical properties
generally mix well together within the self-assembly structure (homogeneous
distribution). On the other hand, mixing phospholipids with different headgroup and
hydrocarbon chain properties can lead to segregation into separate phases with
different composition and structure (phase coexistence), and thus heterogeneous
distribution of the lipids and water between the self-assembly structures (111, 112).
For two lipid components (i = 1, 2) and water (w) forming two coexisting phases (o

and B), the chemical potential of each species must be equal in each phase (uf =

,uf JUS = ,uZB and pu = u&,) (113). Depending on the physicochemical properties of

the lipids, mixing of two lipids can also result in the formation of new mesoscopic
phases that are not formed in systems containing single phospholipid components (25).

2.1.2 Phase diagrams

Phase diagrams are used to map out the phase behavior of a systems with respect to
the changes in composition and external conditions such as temperature and pressure.
The experimental approach behind the characterization of the phase behavior is briefly
outlined in chapter 3, while this subchapter focuses on how to read and navigate binary
and ternary phase diagrams. As described in the previous section, phospholipids
spontaneously self-assemble into mesoscopic phases, and any changes in the
composition or external conditions can then influence the phase behavior. When the
system reaches equilibrium, the self-assembly does not change over time and the
behavior can be systematically mapped out versus parameters that can be varied. Thus,
the phase diagrams provide a link between the thermodynamic parameters, mesoscopic
structure at equilibrium and the underlying intermolecular interactions driving self-
assembly (114).

The thermodynamic parameters in a system can be divided into 1) extensive, which
depend on the size of a system such as volume and mass, and 2) intensive, which are
independent of the size of the system such as temperature, pressure, concentration and
chemical potential. The intensive parameters determine which self-assembly phase is
formed and their variability is displayed on the axes of a phase diagram. The Gibbs
phase rule can be used to relate the number of independent intensive variables that can
be freely changed (degrees of freedom, F) to the number of components C in a system
and the number of P phases. For a system kept at constant pressure (isobaric) while the
intensive variable of temperature is free to change, the Gibbs phase rule is given by:
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F=C-P+1 )

For example, for one lipid component in water (C = 2), temperature and the relative
composition of the components can freely vary within one phase region (P =1) in the
phase diagram. However, in the two-phase region (P = 2), the degree of freedom is 1,
which means that any change in temperature comes with a change in the relative
composition of the phases (114). The relative amount of each phase in the two-phase
sample can then be determined by the lever rule, where the fraction of each phase (¢;
where i = f§ or a) is related to the distance (/u, /p) from the point corresponding to the
sample composition to the phase boundary of the single phases (with molar
composition of B in phase  as X, and A in phase f as x4, = 1 — Xp,) along the
tie-line. This is graphically represented in Fig. 7 where yellow star indicates the sample
composition. According to the lever rule, the fraction of phase f () is given by: g =
la
lotlg
example the amount of component B is increased (which shifts the yellow star to the
right), the relative fraction of phase § with respect to & (¢ /¢, ) becomes larger (111,
114).

=1 — ¢,. This means that when the composition of the sample is changed, for
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Figure 7. Schematic phase diagram of binary mixture (of A and B) illustrating lever rule. P represents
the number of coexisting phases (here, a or B), and C is the number of components (here, C = 2). The
fraction of each phase in the coexisting region is determined by the distances i, g from overall
composition (here indicated by a start).

The number of degrees of freedom increases by one for each new component added to
the system. For three-component systems (C = 3), the phase diagrams are often
represented by a triangular plot where each corner corresponds to one of the pure
components, and both temperature and pressure are kept constant (114). The ternary
phase diagram of DOPC:DPPC:water shown in Fig. 8 was characterized in Paper I
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(the data is included in the SI section of Paper I). Under isothermal and isobaric
conditions, the number of intensive variables that can be freely changed in a system
within a given state is described by Gibbs phase rule F = C — P. In a single phase
region (P = 1), F is equal to 2, meaning that the composition of two components can
be varied independently within the single phase. At phase coexistence (P = 2), there is
only one degree of freedom left (F = 1), which means that the relative composition of
two components is constrained. In two-phase regions, this can be represented by a tie-
line. The constraint comes from the fact that for each component, the chemical
potential must be the same in each phase. For an aqueous ternary system, this also
implies that the two remaining components are free to rebalance (partition) in response
to any change in the water chemical potential. (113) The lever rule can be used to
estimate the relative amount of each phase as long as the tie-lines are known. This is
graphically shown in Fig. 8, where the /i, /s distances from a given composition
(indicated by star) to the phase boundaries (L« and Lg-) determine the relative fraction
of each phase in the two-phase region.

Figure 8. Ternary phase diagram of DOPC:DPPC:H20 system at 25°C characterized in Paper I. P
represents the number of coexisting phases (here, La, LB, water),The red line in the two-phase region
indicates the composition of two phases in equilibrium. The relative fraction between the two phases at
each point long the line (here indicated by a star) shifts according to the lever rule.
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2.2 Non-equilibrium caused by water evaporation

Evaporation is a surface located phenomenon where the molecules in the liquid state
transform into a gaseous state (103, 104). Clearly, this phenomenon is not unique to
water and there are many examples of other solvents and solutes that are even more
volatile than water. The volatility of a molecule is mainly governed by the
intermolecular interactions in the condensed phase. Consequently, different
components in a liquid mixture may be more or less prone to evaporate into the
ambient air, which induces gradient formation the vicinity of the water air interface
(115-118). In this thesis work (Papers I - III) the behavior of polar lipids, non-polar
lipids and skin lipid extracts has been studied in non-equilibrium conditions imposed
by a water gradient. This subchapter focuses on the crucial phenomena that can occur
in aqueous lipid systems in the water gradient when exposed to the air.

Evaporation is driven by the difference in chemical potential across the interface and
is related to the vapor pressures of the molecules in question. For pure water, the
gradient in chemical potential is simply related to the relative humidity (RH) of the
ambient air (as discussed in chapter 2.1.1) with respect to the water chemical potential
in the bulk solution (Au,, = HUgy — Upwir)- Thus, the evaporation rate of water is faster
when the system is exposed to the lower RH conditions (92). The net flow of mass
(flux, J) of component i (here denoting water) in a concentration gradient c, can be
described by the generalized Fick’s first law:

Ji= —%Cl‘ (%) ©)

Where dy; is the difference in chemical potential along direction z, D is the diffusion
coefficient, R is the gas constant and T is the temperature. This equation relates the
molecular flux to the gradient in chemical potential and the diffusion properties of the
molecule in water (119). For example, for a dilute spherical particle with radius r, the

diffusion coefficient D is given by the Stokes-Einstein relation: D = %’ where kg is

the Boltzmann constant and 7 is the viscosity of the medium (120). In aqueous solution
containing dispersed lipids, the evaporation of water leads to the accumulation of the
non-volatile lipids in the vicinity of the air interface. In this case, the system is in non-
equilibrium conditions forming different concentration gradients with respect to water.
For non-polar lipids, the concentration gradient can result in phase separation and the
formation of an oily layer at the water surface. A classic example of such a system is
the separation of olive oil in water. For amphiphilic lipids on the other hand, the
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interfacial accumulation results in the formation of a monolayer at the interface and
further concentration can promote the formation of self-assembly structures in the
opposite direction of the water gradient (25, 117, 118). Since the self-assembly phases
can adapt and transition with respect to the local water chemical potential, they can be
regarded as a structurally responsive barrier for water evaporation (117). Nevertheless,
both the phase separated oily layer and the formed mesophase structure, provide a
barrier for water transport from the bulk solution to the air interface, significantly
slowing down the rate of evaporation.

The evaporation rate from the system strongly depends on the water permeability
across the interfacial layer, which can be expressed in terms the permeability

Dy K

coefficient: P, = where / is the thickness of the barrier layer, Dy is the diffusion

coefficient of the diffusing species in the layer (here water in the oily layer or bilayer),
and K is the partition coefficient which relates the solubility of the water in the layer
as compared to the surrounding solution. Since the diffusion coefficient of water in
different liquid lipid layers is of the same magnitude as in water, the effective water
permeability (normalized to the thickness of the phase) is mainly determined by the
partition coefficient Ky (119).

The self-assembly phases will adapt to the (local) water chemical potential. For
multicomponent lipid systems forming more than one phase, it is possible that the
water gradient drives gradients also in the lipid composition, which can result in
situations where the proportions of the lipids is not constant along the water gradient
(113, 117). The self-assembly behavior of two phospholipids in a water gradient and
how it leads to phase segregation in the vicinity of the air interface is the key finding
of Paper I. To examine how the self-assembly is guided by the gradient in
composition, a phase diagram of a DOPC:DPPC:H,O system is used. If the ratio
between the two lipids is kept constant as in the initial bulk mixture, the trajectory path
in the phase diagram follows a straight line towards decreasing water content when
approaching the dry air interface. This is schematically shown in Fig. 9 for a
DOPC:DPPC system with an initial [20:80]w ratio in water. In this case, the straight
line (black dashed) indicates the formation of two coexisting phases along the entire
water gradient, while the relative proportion between the two phases is determined by
the lever rule. Since a given water chemical potential can correspond to a variety of
compositions, the lipids have a degree of freedom to partition and redistribute along
the water gradient. In the case of gradient formation in the relative DOPC:DPPC
composition, the trajectory path along the water gradient would not follow the straight
line in the phase diagram. This is schematically indicated by the red dashed line in Fig.
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9. For this gradient line, the system would form an L« phase in the higher water content
regime and Lo+ Lp phase coexistence at lower water content.

[wt.%]

Figure 9. Ternary phase diagram of DOPC:DPPC:H20 system serving as road map for tracking gradient
formation in the vicinity of an air interface. The black dashed line show trajectory path where the
DOPC:DPPC lipids preserve their initial composition along the water gradient. The red dashed line shows
hypothetical gradient formation in the lipid composition along the water gradient.
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3.System design and experimental
consideration

The purpose of this chapter is to introduce the model systems that have been studied
in this thesis work and to discuss how the scientific question has guided the system
design and experimental approach, together with obstacles and considerations that
arose. The basic concepts behind the key characterization techniques: confocal Raman-
and fluorescence microscopy, X-ray scattering and '*C polarization transfer solid-state
NMR (PTssNMR) will also be described. The techniques that have been used in a
standard manner will be covered.

3.1 Bioinspired model systems and experimental
consideration

An important aspect of studying multicomponent lipid systems is to decipher the role
of different components to understand how they influence each other, leading to the
common features and phenomena. One way to approach this is to use simplified model
systems that are designed to represent different aspects of the complex biological
systems, and to formulate research questions that can be answered within certain
frameworks. There is no pre-defined way or approach to compose a good model
system, and there is always a trade-off between general principles and aiming for
specific details. In this thesis work, the system design has been inspired by the
composition of different biological membranes and human interfaces, namely the lung
surfactant, tear lipid layer and stratum corneum (SC).

There is an abundance of different ways to model biological membranes and
biointerfaces with respect to the composition and experimental approach. Biological
membranes (inspired either by eukaryotic or bacterial membranes) can be designed
with a focus on examining, for example, the antimicrobial properties of different
compounds, drug penetration efficiency or protein-lipid interactions (121, 122). The
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eukaryotic membranes are most commonly mimicked by using mixtures of PC
phospholipids with smaller amounts of other phospholipids classes such as: PS, PE or
cholesterol depending on the scientific question (121, 123). On the other hand,
bacterial-like model membranes contain a higher content of negatively charged PG
lipids in the phospholipoid mixture, which is more representative of the native
composition (124, 125). Model membranes with more diverse lipid composition have
also been used in research, for example trying to capture interbilayer asymmetry found
in Gram-negative bacteria (126) and evaluating total bacterial membrane extracts
(127). Similarly, different model systems have been used to mimic non-cellular
biological lipid-rich interfaces such as the SC, lung surfactant and tear lipid film layer.
In all cases, the complexity can range from a few lipids representing the main
components up to the whole natural extracts (7, 15, 56). For example, the model
systems of SC can use the intact tissue, or isolated components such as the extracellular
lipids and corneocytes, or simplified lipid mixtures of few ceramides, free fatty acids
and cholesterol representatives (55, 64, 69, 128-130). All these models have been used
in the literature to either answer questions about the response of SC macroscopic
properties to changes in external conditions, or more fundamental questions about the
importance of certain lipid components in the formation of the SC lipid matrix
structure, such as long periodicity phase (LPP).

In Papers III and IV, we used SC lipid extracts as well as intact SC and isolated
corneocytes from an animal source (porcine ear skin) to answer questions about the
phase behavior and response to changes in hydration and external stimuli. An
important factor driving the selection of the model system besides the fundamental
question, is the accessibility of the product and the desirable sample size for the
experiments. The porcine skin shares molecular resemblance to human skin and is
widely accepted as a skin model system in biomedical research, for example in
transdermal drug delivery (131, 132) (133-135). Yet, a few differences in the
crystalline packing of the lipids have been observed (8, 64). In this thesis work, the SC
lipids are separated from the corneocytes rich matrix by extraction using a protocol
involving several steps with mixed organic solvents (described in (55)). It has been
shown (see SI section of Paper III) that the PTssNMR spectra of the intact SC layer
can be reconstructed by the linear combination of the extracted SC lipids and the
remaining corneocyte matrix. This confirms that the separation procedure does not
lead to any detectable protein or lipid degradation or contamination.

Similar approaches can be used to model and evaluate the behavior of other biological

membranes such as lung surfactants or the tear lipid film layer, where both natural
extracts and simple model mixtures of a few lipid representatives can be studied. The
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tear lipid film layer is usually modeled by mixing polar and non-polar lipid
representatives, most commonly by mixing PC lipids with a smaller addition of PG,
PE or free fatty acids, together with triolein and cholesteryl oleate (29, 136, 137).
Accessing clinical extracts of tear lipid film is more demanding due to the scarcity of
the product, the high risk of contamination and sample diversity that can put additional
constrains on the reproducibility. In Paper I and II, simple model systems of a few
lipid components are used to answer fundamental questions about the behavior of polar
and non-polar lipids in a water gradient and how it translates to the behavior of
biological membranes and drying interfaces. In Paper I, the behavior of liquid and
solid lamellar phases is modeled by mixing DOPC:DPPC phospholipid in water, which
is highly relevant for the understanding of lung surfactant behavior. In Paper 11, the
tear lipid film is modeled by mixing DOPC:DOPE lipids with an increasing amount of
triolein in water, which captures the composition diversity of the natural layer.

3.2 Experimental approach and consideration

In an experimental laboratory setup, the behavior of model membranes is
predominantly studied as dispersed lipid vesicles in bulk solution or as a monolayer or
supported bilayer at the water-air interface in combination with different
characterization techniques (121). One limitation of these model systems is that they
do not capture (or resolve) what is happening beyond a simple monolayer or bilayer
response in the cases of multilayered structures. Thus, forming a multilayer structure
at the air interface can provide novel and important information for many multilayered
biological interfaces and makes it possible to capture the behavior with respect to a
water gradient. One main difficulty with studying lipid multilayer systems in non-
equilibrium conditions is to control the boundary conditions so that the findings are
reproducible. The response and adaptation of a system to external and internal stimuli
may happen fast and not always in an intuitive manner. This puts additional demands
on the spatial- and temporal resolution of the characterization techniques, as well as
the requirement to resolve different molecular species. The need to keep the system in
an open-air environment also limits the number of available characterization
techniques.

To control experimental conditions in this thesis work (Papers I - III), a previously
developed drying-cell setup for studies of lipid self-assembly in a water gradient is
used (117). The setup is made of a ca 5 cm long glass capillary with a rectangular cross
section (1 x 0.1 mm?) connected to plastic cylinder that serves as a sample reservoir
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(Fig. 9). The reservoir cap is pinched with a plastic tube to assure pressure equilibration
in the systems. The aqueous lipid dispersion flows naturally towards the capillary tip
where the less volatile solutes concentrate up in the opposite direction to the water
gradient. The water gradient spans from almost fully hydrated bulk conditions (close
to a,, = 1, which corresponds to 100% RH) to the surrounding air outside of the
capillary tip maintained at controlled relative humidity (RH). The polar lipids can form
different self-assembled structures at different positions in the water gradient, where
the phase behavior is set by the local water chemical potential (see chapter 2.1.1). With
time, the lipids continue to concentrate in the vicinity of the air interface, influencing
the water gradient and naturally forming a thicker film and self-assembled phases.

For mixed phospholipid and surfactant systems, it has been shown that the thickness
of the formed lipid phases scales linearly with the square root of time at the drying
interface (118). This scaling behavior is crucial as it shows that the self-assembly
phases can be grown larger at the capillary tip in order to reach the spatial resolution
of the desired characterization techniques, without being compromised in their
interfacial phase behavior within a certain time frame. Another advantage of the
drying-cell setup is that it is easy and cheap to make, it can be placed and transferred
between different environments (as in desiccators or ovens) and is compatible with
“open-air” characterization techniques as long as the signal is not disturbed by the
capillary glass. Furthermore, having the lipid film exposed to the ambient conditions
also enables to study the multilayer response to more abrupt changes in the external
environment as for example, abrupt exposure to water and partitioning of the
molecules into the interfacial film. This has been done in Papers II and I1I by dipping
the capillary tip into water and fluorophore solutions.

Figure 10. Image of the drying-cell setup sticked on top of a microscope slide for additional support. The
setup is made of plastic cylinder glued to a small glass capillary cross on top of thin cover slide. The
cylinder has a cap with small tube to ensure pressure equilibration in the system after closing. The lipid
dispersion is added to the cylinder, which acts as reservoir, and the solution flows naturally towards the
capillary tip. The multilayer lipid film is formed in the vicinity of the air interface at the capillary tip.
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3.3 Main characterization techniques and methodology

In this work, a different and diverse range of characterization techniques have been
used. This section aims to describe the key characterization techniques which have
been used in the different projects and how they needed to be optimized for different
scientific questions and the drying-cell setup. Confocal Raman microscopy was
exclusively used in Paper I to quantitatively characterize the gradient between
DOPC:DPPC:water components in the vicinity of the air interface. The Raman
microscopy approach will be described in greater detail below. Confocal fluorescence
microscopy was used in Paper II to image the distribution of different fluorescent
probes between polar and non-polar lipid environments, and in Paper 111, to image the
penetration of a fluorophore into the SC lipid multilayer structure. In all Papers (I-IV)
the structural characterization of lipid and corneocytes samples was done by either in-
house small- and wide angle X-ray scattering (SAXS and WAXS) for bulk samples or
synchrotron SAXS and WAXS for samples in a water gradient. The *C polarization
transfer solid-state NMR (PTssNMR) was used in Papers III-IV to assess changes in
molecular dynamics of different SC components after exposure to different stimuli.

3.3.1 Confocal Raman microscopy

Confocal microscopy refers to an optical technique in which a laser beam is focused
to a point-like spot through an objective and the out-of-focus light is filtered away by
a pinhole before reaching a CCD (Charge-Coupled Device) detector (138). This
approach improves the contrast and spatial resolution of the technique significantly
compared to conventional microscopy (139) and allows for 3D image reconstruction
of the sample. The spatial resolution is limited by the wavelength of the light source
and the numerical aperture (NA) of the objective (140). For optical lasers in a confocal
setup the spatial resolution can go down to ca. 0.2 x 0.6 um? depending on the objective
and immersion medium (141). The temporal resolution is limited by the number of
acquisitions, spectral averaging and scanning speed of the laser, all of which need to
be optimized with respect to the signal output and heat damage to the sample (142,
143).

In confocal Raman microscopy, the Raman effect (inelastic scattering) from the
sample is used to gather information about the electronic structure of the molecules in
the confocal spot. Inelastic scattering refers to a process where the energy of the
scattered photon is different from the incoming photon after interacting with the
molecule. In Raman spectroscopy, this occurs when part of the incoming photon
energy is used to excite the molecule to a higher vibrational state so that the scattered
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photon leaves with lower energy (Stoke scattering). Only the vibrations which result
in the fluctuation of the electron cloud polarizability of the molecule are Raman active
(144). In Raman spectroscopy, a green laser (1 = 532 nm) is commonly used as the
excitation source. It provides strong Raman scattering with high sensitivity to different
modes of vibrations, at the same time as being further away from electronic transitions
which can in turn result in fluorescence and overpower the output signal. The Raman
scattering from a sample is normally expressed in terms of the energy shift from the

. . . L1 1 -
incoming photon and is given by the wavenumber as AV = =T (cm™1), where
0 1

each Raman peak corresponds to a different mode of atomic bond vibration. This
makes this method one of the most sensitive to the electronic structure of the
molecules, and a perfect candidate to resolve composition gradients across an
interfacial layer (144, 145). Notably, the infrared spectroscopy methods, such as FTIR
are highly sensitive to water vibrational modes, which can mask or dominate spectral
features of lipids (146, 147).

The Raman peaks of various molecules are well characterized in the literature. The
Raman spectrum of the water molecule is mainly composed of a broad continuous
band ranging between 3100-3600 cm!, which corresponds to the symmetric (v,) and
asymmetric stretching (v,,) modes of the O-H bonds (148). While the magnitude of
this band directly related to the water content, its shape depends on the local
environment (149-151). Any quantitative assessment of the water content in a sample
requires prior calibration to account for the non-linear behavior. In the literature, this
has mainly been done by establishing a calibration curve that relates the actual water
content (wt%) in the sample to the intensity ratio between the stretching vibration of
the CH2 groups (in the 2800-3000 cm! region) and the OH bonds (around 3400 cm™)
to find a general relationship (152-155). In Paper I, the DOPC samples were
equilibrated at different RH and water conditions, and the Raman signal of the water
peak in the mixed samples was normalized to the integral of pure water. This enabled
to make a calibration curve that directly relates the water peak integral to the water-
DOPC ratio.

The Raman spectra of lipid molecules contain a large number of peaks spanning a wide
range of Raman shifts. The majority of the peaks are attributed to different vibration
modes of the hydrocarbon chains, as they often compose the largest structural
component of the lipids. The Raman spectra of phospholipids can be roughly divided
into three main regions: 1) the stretching vibration of the C-C bonds located between
1050-1200 cm!, 2) the twisting and scissoring vibrations modes of the CHz and CH3
groups between 1400-1500 cm™ and 3) the symmetric and asymmetric stretching
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vibrations modes of the CHz and CH3 groups between 2800-3000 cm™ (156). For
phospholipids, most of the Raman peaks overlap when there is no significant
difference in the hydrocarbon chain structure. This makes the quantification of the
relative composition in mixed lipid samples challenging. One way to estimate the lipid
composition from the spectra, is to work with phospholipids that give rise to signature
Raman peaks and to compare the peaks relative shape and intensities. This has been
done for DOPC:DPPC mixtures by assessing the change in peak shapes as a function
of composition (152, 157). In Paper I, the relative DOPC:DPPC composition was
deduced from the spectra by fitting reference spectra of pure components in the
spectral region that contains signature C=C peak (at 1657cm™) indicative of DOPC.
The stretching vibrations in the highest spectral region 3) are sensitive to the trans-
gauche (TG) or all-trans (AT) chain conformations, which are found in the L. and Lp
self-assembly structures, respectively (156). The spectral features in this region have
previously been used to characterize the phase transition behavior of DMPC and DPPC
vesicles in bulk conditions as a function of temperature (158, 159). The Raman features
in the highest spectral region have been used to resolve TG or AT chain conformations
behavior in the DOPC:DPPC mixtures (157).

Quantitative analysis of the gradient formation in mixed DOPC:DPPC:water
systems at drying interface.

The spatially resolved confocal Raman microscopy combined with the drying-cell
setup is used to estimate the composition gradients that are formed in the interfacial
film layer. In order to perform quantitative analysis of the mixed lipid systems, the
spectral features of the pure DOPC and DPPC films must be evaluated along the water
gradient to find and select appropriate regions to perform the analysis. The
experimental approach is schematically displayed in Fig. 1 1 A for the interfacial DOPC
film. The capillary edge is set to 0 and the Raman spectra are acquired along the water
gradient as indicated by the color bar on top of the light microscopy image (Fig. 11B).
The color ranges from red — close to the air interface, to blue — towards the hydrated
bulk region in the capillary. The Raman spectra are later plotted on top of each other
(Fig. 11C) and the spectral changes in the different Raman shift regions are evaluated.
After comparing the spectra from DOPC and DPPC films, three spectral regions were
selected for analysis. Region A: containing signature vC=C peak of DOPC for the
quantitative composition analysis; region B: containing vsCH2/3 and v.sCH2 modes for
TG or AT chain conformations analysis; and region C: capturing vibrations of O-H for
water content analysis. The zoom-in of these regions (A-C) for interfacial films made
from DOPC, DPPC and mixed DOPC:DPPC [20:80]ww vesicle dispersions in water
are attached in Fig. 12, together with the peak assignment. Optical microscopy images
of the films are included in the SI section of Paper 1.
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Figure 11. A) Schematic illustration of the Confocal Raman Microscopy characterization along the
capillary axis. B) Optical (BF) and Polarized (PZ) light image of the DOPC multilayer film formed from a
DOPC vesicle dispersion in water. C) Confocal Raman Spectra resolved along the capillary axis as
indicated by the color bar. Region A, B and C are used for quantitative estimation of the composition
gradient.

Spectral differences are observed for different vibrational modes in the lipid films
along the water gradient. For example, when comparing the spectra of DOPC and
DPPC films in region A, a stronger PCHa3 peak relative to the aCHos3 is observed in
the DPPC film, while the signature vC=C peak is only observed in the DOPC film. A
clear difference in the peak shape and intensity is also observed in the spectral region
B, where the stretching vibrations of the CHz groups are stronger in the DPPC film
than in the DOPC film. The shape of the peaks is typical of what has previously been
observed for TG hydrocarbon chain configurations in the Lo structure and AT
hydrocarbon chain configurations in the L structure (156-159), which can be formed
by pure DOPC and DPPC in water, respectively. In both systems, increasing water
band integral is observed in region C as moving from air interface (red) towards more
hydrated conditions (blue). For comparison, the lipid film made from mixed
DOPC:DPPC is shown in the bottom panel, where spectral characteristics from both
DOPC and DPPC systems can be identified. Interestingly, vC=C peak is only present
in a certain region of the film facing more hydrated conditions (turquoise). The
appearance of the vC=C peak is also associated with a change in the stretching
vibration of the CHa (region B) to be more DOPC-like, while the remaining spectra are
more DPPC-like.
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Figure 12. Zoom-in of region A, B, C in the confocal Raman spectra of multilayer films made from DOPC,
DPPC and DOPC:DPPC [80:20] vesicle dispersions in the drying-cell setup respectively. Supplementary
data can be found in Paper |. Spectral features in region A are used for estimation of relative
DOPC:DPPC composition along the lipid film. Spectra feature in region B are used for analysis of
hydrocarbon chain configuration and region B for estimation of the water gradient.

A two-step procedure is used in Paper I to quantify the composition gradients and
phase transition in the interfacial lipid layer formed from mixed DOPC:DPPC vesicle
dispersions. The first step involves the translation of the water peak integral (3100-
3700 cm™) to the actual water content with the help of a calibration curve. The
calibration curve is constructed by preparing DOPC samples with known water
content, either by equilibrating a deposited lipid film at specific RH or by mixing the
samples with known water compositions. The Raman spectra of the calibration
samples are included in Fig. 13A. The water integral is then normalized to the integral
of pure water (black) and plotted versus the water content in the lipid sample (wWt% =
water/(water + lipid)) to create a calibration curve shown in Fig. 13B. To evaluate
whether the calibration curve can be applied to estimate the water content in DPPC
and mixed DOPC:DPPC lipid film samples, the contribution of different components
to the Raman spectra was investigated. All Raman spectra resolved along the water
gradient for DOPC (purple) and DPPC (green) film are plotted on top of each other in
Fig. 13C. In Fig. 13D, the lipid contribution to the spectra (integral under curve 600 —
3100cm™ indicated by blue line) is plotted versus the water band contribution to the
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spectra (3100 — 3800 cm™! indicated by red line) for both systems. The integrals are
linearly correlated and perfectly overlap for all DOPC and DPPC spectra along the
water gradient (Fig. 13D). This means that the calibration curve shown in Fig. 13B can
be used interchangeably between the two systems, and the DOPC:DPPC mixed
samples to estimate the actual water profile.
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Figure 13. A)Calibration data of DOPC samples equilibrated at different water contents given in the
legend. B) The extracted calibration curve to translate water peak integral to water content in the lipid
film samples made in drying-cell setup. D) Raman spectra of DOPC (green) and DPPC (purple) multilayer
films resolved along the water gradient. The red and blue line indicate the integration area for lipid and
water respectively. D) Correlation between the lipid and water integral in the Raman spectra of DOPC
and DPPC multilayer films in C.

The second step in quantifying the composition gradients formed along the interfacial
lipid film is to translate the spectral behavior of the Raman peaks originating from the
lipids to the relative DOPC:DPPC composition. The Raman spectra are first
normalized to the C-N vibration found in the PC headgroup, which has previously been
identified as insensitive to the lipid’s phase behavior (160). To obtain the relative lipid
composition, two reference spectra from DOPC and DPPC films at different hydration
levels are selected and a linear least squares fitting of spectra with mixed lipid
composition is performed in the spectral region covering the signature vC=C peak
(region A in Fig. 12). The vC=C peak is virtually constant along the water gradient
which makes it appropriate for the quantitative assessment of the DOPC content in the
mixed lipid films. The fitting coefficient is translated to the relative DOPC:DPPC
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weight composition and normalized to the estimated water content at each point by the
calibration curve. The points are finally plotted in a ternary diagram to generate a
quantitative composition trajectory path along the capillary axis. The analysis of the
hydrocarbon chain phase (AT vs TG) is done by linearly fitting the DOPC and DPPC
spectra (in Lo and Lg: phase) in the Raman region sensitive to the conformation of the
hydrocarbon chain (B in Fig. 12). The Raman microscopy studies are later
supplemented by small- and wide angle Xray scattering mapping along the capillary
axis, which is described in chapter 3.3.3.

3.3.2 Confocal fluorescence microscopy

In confocal fluorescence microscopy, a laser in the visible light range is used to excite
fluorophores to a higher electronic state, which eventually re-emits photons with lower
energy that are detected by a CCD camera. The excitation and emission wavelengths
are strongly dependent on the fluorophore’s electronic structure, where only certain
electronic transitions are permitted (161). At room temperature, the fluorophore
electrons are mostly present in their lowest energy state (So). When the incoming laser
photon matches the energy gap between So and a higher excited state (S1, S2, ... Sn),
light can be absorbed (Fig. 14A). The absorption occurs within a few femtoseconds
and can excite the electron to any of the vibrational sublevels (v =1, 2 ... n) within the
higher state. When the electron is in the higher vibrational state, it quickly relaxes to
the lower vibrational ground sublevel (v = 0) in a non-radiative process (162). This
process usually involves molecular collisions and the transfer of energy in the form of
heat to the surrounding medium (163, 164). When the electron is in the lowest
vibrational level of the excited state, it can undergo a slower photon-generating decay
back to the ground state (So) as shown in Fig. 14A. The transition from the vibrational
ground level of the excited Si state to any of the So states can produce fluorescence,
where the outgoing photons have a longer wavelength shifted by to the energy that was
dissipated during the relaxation process. The shift of the re-emitted photons to the
longer wavelength is referred to as the Stokes shift (shown in Fig. 14B), and it.is
critical for the detection of the signal as it enables to block away wavelength of the
incoming excitation light (162). Fluorophores with different electronic structures have
different excitation wavelength, stoke shifts and emission wavelength which enables
selective detection with multiple laser sources. In general, fluorophores can undergo
several thousand of absorption-fluorescence cycles before becoming destructed, so-
called photo-bleached (161, 165).
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Figure 14. A) Jablonski diagram illustrating electronic states (S) tighter with the processes of absorption
(purple) and emission of fluorescent photons (green) in molecular spectroscopy. The black arrows
indicate non-radiative processes resulting in Stokes shift of the emitted photon. So indicates the ground
state, while v denotes vibrational sublevel. B) Typical absorption and emission spectra of a fluorophore.

Fluorophores can be classified into organic dyes, fluorescent proteins and inorganic
probes, and the selection is guided by the scientific question (165). They can have a
natural origin and be intrinsically fluorescent such as for example tryptophan amino
acid, collagen, many porphyrin derivatives, flavins and NADH coenzymes. These have
been used as indicators to study cellular processes and for example bacterial
inactivation upon UV light exposure (166-168). Yet, the selectivity of naturally
fluorescent components in biological samples limited, and in many cases, including
the SC samples studied in this thesis, they contribute to background autofluorescence
hindering detailed analysis (169). To circumvent the issue and improve selectivity, a
multitude of fluorescent probes have been developed commercially and derivatized to
shift their excitation and emission bandgaps to different wavelength regions and
improving their photostability and fluorescent brightness. Additionally, the fluorescent
probes have also been covalently conjugated to different chemical groups and linkers
to improve their selectivity massively and their application in various research fields
is countless. In this work, only organic dyes were used, and their usage will be
described in greater detail, omitting fluorescent proteins and inorganic probes.

Organic dyes are small organic molecules, often rich in double bond conjugation in
their structure (170). They can have slightly different physicochemical properties such
as pH sensitivity, charge and hydrophobicity. For selective lipid staining, different
fluorescent lipid analogs have been developed. The intrinsic properties of the dye
molecule and its placement within the lipid structure is crucial. Lipids are amphiphilic
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in their nature, with a hydrophilic headgroup and a hydrophobic hydrocarbon tail
structure. The dye molecule can be covalently linked to either the headgroup or the
chain, which leads to different perturbations. The properties of fluorescent lipid
analogues are generally not representative of the corresponding native lipid species, as
the addition of fluorescent groups typically leads to large increase in the lipid’s
molecular weight (up to twice the size). Instead, the partitioning of the fluorescent lipid
analogues is used to probe differences between regions in a heterogenous sample
(171). Several fluorescent probes can be used simultaneously as long as they do not
overlap in their excitation-emission spectra (161, 165).

In Paper II of this thesis work, two chemically different fluorophores were used to
distinguish between polar and non-polar lipid regions in mixed DOPC:DOPE:triolein
lipid films. In this work, the polar region is probed by 18:0 Cyanine 5.5 PE (Cy5.5-
DOPE) (Ex/Em 677/707 nm){7? analog, while the presence of non-polar regions is
probed by TopFluor-TG (Ex/Em 495/503 nm)17. Fig. 15 shows the chemical
structure of the two dyes. The selection of these two dyes was guided by the initial
composition of the lipid mixture in this research, the excitation/emission gap and
commercial availability.
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Figure 15. Chemical structure of A) TopFluor-TG and B) 18:0 Cyanine 5.5 PE.

In Paper II1, the Rhodamine B free base fluorophore is used to image the penetration
of hydrophobic molecule into the SC lipid film. To select a fluorophore,
autofluorescence of the extracted SC lipids needs to be evaluated first for different
lasers and emission filters. Fig. 16 shows the autofluorescence of a dry SC lipid film
formed in the vicinity of an air interface in the drying-cell setup for two different lasers
(A =514 nm and 543 nm) at the same laser power. The intensity of autofluorescence
was among the lowest for the laser with A = 543 nm. Rhodamine B free base has an
excitation and emission maximum (Ex/Em) at 550/580 nm. Additionally, it is a stable
and bright dye with moderate hydrophobicity (log P = 2) 1",
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Figure 16. Confocal fluoresces microscopy of SC lipid film formed in the drying-cell. Images show
autofluorescence in the sample at 514 nm and 543 nm captured with different emission filters.
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3.3.3 X-ray scattering

X-rays are a type of high energy electromagnetic radiation with wavelengths between
0.01 and 10 nm (175). The X-ray scattering techniques rely on the interaction between
the incoming X-ray photons and the variations in electron density within the sample.
In the case of an elastic scattering event, the wavelength (or energy) of the scattered
X-ray photon from the sample remains unchanged. The total electric field (E,,q) is
equal to the superposition of all scattered waves, and the corresponding intensity
(Irqa = EZ%4) is detected by a 2D detector at a distance L from the sample over time
(176, 177). This is schematically illustrated in Fig. 17. The resulting scattering pattern
provides information about the size, shape, orientation, internal structure and
heterogeneity within the sample.

Incoming X-ray

Figure 17. Schematic representation of typical scattering experiment. The incoming X-ray beam is
scattered from the sample and scattering pattern at distance L are detected.
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To extract the information, the scattering angle (0) is commonly translated to the so-
called scattering vector q as:

41 ¢}
q=1lq| ZTSin(E) (6)
Where A is the wavelength, and ¢ = k' — k, where k and k' denote the wave vector
2771, respectively (Fig. 17)(176).
After radial integration of the detector image along the azimuthal axis (see Fig. 18) , a
1D scattering curve (I,.q4(q) vs q) can be achieved. The scattering curve can be further

of the incoming and scattered beam given by k =

divided into three characteristic g-ranges as the regions provides different information
about the sample. The low q-regime, also called 1) Guinier regime, provides
information about the radius of gyration of the particles, followed by 2) the Porod
regime, which provides information about the shape of the particles and 3) the
diffraction regime, which gives information about the internal heterogeneity and
structure within the particles, as well as interatomic distances (178). The analysis of
the scattering patterns in this thesis work is limited to the diffraction regime.

In the diffraction regime, the scattering vector q is directly related to the real-space
periodicity in the sample (d, also referred to as d-spacing or repeat distance), according

toq = %n. The appearance of Bragg peaks at a given scattering angle © (or at given q,

related by Eq. 6) is described by Bragg’s law: nd = 2d sin (g) wheren=1, 2, 3...

denotes the diffraction order. For a perfectly periodic crystal lattice, the Bragg peaks
arise from the atomic planes with interplanar distance given by dnki (Where h,k,l are the
Miller indices). For periodic self-assembled structures, the Bragg peaks contain
contributions form diffuse scattering due to the lattice fluctuations. Additionally, the
Bragg-like peaks in the scattering pattern arise from the characteristic repeat distances
of mesoscopic structures. The position of the first scattering peak corresponds to the
lowest-order reflection from the periodic lattice and can be used to determine the
characteristic repeat distance of the structure. The relative positions and intensity of
the subsequent peaks are specific to symmetry and type of the self-assembled phase.
The relative positions of the scattering peaks at qn with respect to the fundamental peak
at q for lamellar, hexagonal, and bicontinuous cubic (double diamond) structure are
displayed in Table 1.
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Table 1. Peak position in scattering pattern relative to the lowest order reflection g+ for different self-
assembly structures.

Self-assembly structure Ratio q,,/ ¢4
Lamellar 1:2:3:4:5
Hexagonal 1:4/3:2:47:3
Cubic (double diamond) V2:43:2:16:V8

In the high g-regime (wide angle regime, referred to as WAXS), the scattering pattern
probes distances corresponding to hydrocarbon chain arrangement (lateral packing)
within the self-assembled structures. A hexagonal arrangement hydrocarbon chains, as
found in solid lamellar structures such as L, gives rise to a sharp peak at approximately
q =153 nm' (d = 0.41 nm), whereas disordered hydrocarbon chains, as found in
melted structures like Lo, display a broad feature in the same g-region.
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Figure 18. Schematic illustration of the synchrotron X-ray characterization of the multilayer lipid films
formed in the drying-cell setup. The capillary is mounted vertically in the X-ray beam and scanned along
the capillary axis. The lamellar structures close to the air interface display anisotropic scattering patterns
which indicates preferential orientation with respect to the incoming beam. The lamellar structures stacks
horizontally with respect to the air interface. The scattering vector q is indicted by solid arrow in the
detector image, together with the axis of azimuthal integration (white dashed arrow).
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In Papers I-111, a synchrotron X-ray source was used to determine the self-assembly
structure formed along the water gradient in the drying-cell setup. The setup was
mounted in the X-ray beam with spatial resolution of approximately 10x20 pm? and a
scan was performed along the capillary axis, as schematically shown in the Fig. 18.
The self-assembled structure in the interfacial multilayer films often arranges with
respect to the air interface, producing oriented scattering patterns on the detector. The
radially integrated scattering patterns can later put together to from 2D maps resolved
along the capillary axis.

3.3.4 PTssNMR

To study molecular dynamics in SC samples, natural abundance of 13C polarization
transfer solid-state NMR (PTssNMR) was used. This method has previously been
optimized by Nowacka and coworkers for self-assembled lipid systems (179) and later
used to study the molecular mobility of SC components after various treatments (55,
65, 68, 180). PTssNMR is a combination of three individual experiments performed
on the same sample in a sequential manner; cross-polarization (CP), insensitive
nucleus enhanced by polarization transfer (INEPT) and direct polarization (DP), all
performed under magic-angle spinning (MAS) with high-power proton decoupling
technique. The PTssNMR acronym has been introduced to denote the usage of the CP-
INEPT-DP set of measurements for analysis of the molecular mobility (179).

The CP and INEPT signals depend on the rotational correlation time 7, which
measures the rate of the C-H bond reorientation, and the absolute value of the order
parameter |Scu|, which provides information about the degree of anisotropy in C-H
bond reorientation. The |Scu| values range from 0 for segments with isotropic
reorientation to 1 for rigid and ordered lipid segments (181).

e In the CP experiment, the 1*C signal is enhanced by through-space dipolar
coupling with neighbouring 'H nuclei (182). For fast and isotropic C-H bond
reorientation (|Scn| < 0.01 and 7, < 10 ns), the CP polarization transfer
averages to zero, while it is efficient for segments exhibiting slow (7. >
0.1 ms) and anisotropic motions (Fig. 19) (181).

e In the INEPT experiment, the '*C signal is enhanced by through-bond scalar
polarization transfer with covalently bound 'H nuclei (182). Efficient INEPT
transfer requires that the 'H and '3C transverse relaxation times (T,) remain
long compared to the time required for the 'H-'*C polarization transfer (a few
ms). For rigid molecules and/or those with highly anisotropic C-H bond
reorientation (|Scu| > 0.5 and 7, < 0.1 ps), the T2 is short and does not
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contribute significantly to the INEPT signal. On the other hand, the INEPT
signal is enhanced in mobile segments (with 7, < 10 ns) because rapid
molecular motions average out '"H-"H and 'H-13C dipolar interactions, leading
to longer T2 values for both 'H and '3C nuclei (Fig. 19)(181).

e In the DP experiment, the *C nuclei are directly excited by an RF pulse, and
the appearance of the !*C signal depends entirely on the longitudinal
relaxation rate (T1) of the nuclei (181). The spectrum displays resonances
from all carbon atoms in the sample.

' H
Dynamic regime = [E) Intensity
<001 INEPT>>CP=0
_ Fast <10ns =01 INEPT=CP cp
01 >05 CP>>INEPT=0
- Fast-i 0.1 ps CP >> INEPT =0 C I I
i =1ps CP=INEPT=0
0.01 Slow >0.1ms CP>> INEPT =0 —
“Mps ins  1ps 1ms 1s
1 INEPT

Figure 19. A) Signal enhancement in the PTssNMR experiment as a function of correlation time . and
absolute value of the order parameter |Sch|. Adopted and modified from (68). B) Overview of peak
enhancement during CP (blue) and INEPT (red) experiments in the PTssNMR.

For the evaluation of the segment mobility, the CP, INEPT and DP spectra are
compared at the same chemical shift, where the DP spectrum serves as a reference
spectrum. It is important to note that the INEPT signal is increased for both “fast
isotropic” and “fast anisotropic” motions. In the latter case, the INEPT signal is
accompanied by CP signal at the same chemical shift. (179, 181). The PTssNMR
spectra of SC equilibrated at 97% RH together with peak assignment is shown in Fig
20. In Papers III and IV, the PTssNMR technique was used to study the change in
the mobility of SC components as a response to different stimuli. In Paper III, changes
in the mobility of extracted SC lipids is evaluated in dry and fully hydrated conditions
in a stepwise temperature cycle (at 68°C, 45°C and 32°C). In Paper IV, changes in the
mobility of SC components is evaluated at two different hydration levels (84% and
97% RH) after the exposure to UVB irradiation.
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Figure 20. PTssNMR spectra of DP (gray), CP (blue), INEPT (red) experiment of SC equilibrated at 97%
RH together with peak assignment. B) Chemical structure of cholesterol (left) and Ceramide lipid (right)

with peak assignment.
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4. Bioinspired model systems at
drying interface

The purpose of this chapter is to summarize the main findings in Papers I and II of
this thesis work. The lipid model systems in these papers were inspired by the
biological interfaces (introduced in chapter 1) and the scientific questions were
designed to answer fundamental questions about the behavior of polar and non-polar
lipids in a water gradient.

4.1 Introduction to bioinspired model systems at drying
interface

It has been observed that evaporation of water from multicomponent lipid mixtures
can generate compositional gradients and spatial segregation of non-volatile
components in the vicinity of an air interface (117, 183). Insights into the
compositional and structural variations generated by the water gradient can be crucial
for our understanding of biomembranes function which are in non-equilibrium
conditions such as lung surfactant, tear film lipid layer (TFLL) and stratum corneum
(SC). This work can also be directly translated to a wide range of technological
processes, such as drying of the lipid formulations in food and pharmaceutical
industries (116, 183-185).

Research in Paper I focuses on the question of whether a water gradient introduces
other gradients in the phospholipid composition, and how it translates to the self-
assembly structures formed at the drying interface. In this work, a model system of
DOPC:DPPC in water was selected. The selection of the model system is inspired by
the composition of eucaryotic membranes and clinical lung surfactants extracts
commonly used in the replacement therapies (22, 121). The DOPC and DPPC are
structurally similar with respect to the packing parameter (Ns) and differ only in the
number of C=C bonds in the hydrocarbon chain, which makes them to self-assemble
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into fluid L and solid Lp' phase, respectively (94). The Lq and Lp- also exhibit clearly
different swelling behavior and water permeability due to their fluid and solid chain
nature (186). These features can be further reinforced in the water gradient when the
lipids are free to segregate. The lipid segregation can result in phase behavior that is
not directly predicted from the initial bulk composition (25). In this work, we aim to
examine how systems of mixed DOPC:DPPC lipids adapts to a water gradient and
further influence the formation of self-assembly structures in the vicinity of the air
interface.
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Figure 21. A) Schematic illustration of the unidirectional drying-cell setup. The reservoir is filled with an
aqueous vesicle dispersion, which flows naturally towards the capillary tip that is exposed to ambient air.
Thus, the phospholipid mixture is placed in a water chemical potential gradient between the reservoir
(RH = 99.9%) and the air with lower RH. As the hydration gradient develops, the phospholipids
accumulate in the vicinity of the air liquid interface, forming multilamellar structures. B) Equilibrium phase
diagram of the DOPC:DPPC:H20 mixture at 25°C (data included in Sl section of paper I). At all relevant
water contents, DOPC forms a liquid crystalline phase (La) with fluid hydrocarbon chains, while DPPC
forms a lamellar gel phase (Lg). In addition to the two single-phase regions, the phase diagram is
dominated by two-phase coexistence region (white, with dotted black tie-lines) and a three-phase triangle
(blue). The red dashed arrow indicates a trajectory the system would follow if DOPC:DPPC ratio of the
bulk was preserved along the hydration gradient.

To approach this, multilayer lipid films are formed from DOPC:DPPC vesicle
dispersion with varying initial lipid composition in the drying-cell setup (previously
introduced in chapter 3.2). A characterization approach based on the spatially resolved
confocal Raman microscopy and small- and wide angle X-ray scattering (SAXS and
WAXS) mapping of the multilayer lipid films along the water gradient was developed
as described in chapter 3. The composition gradient is traced quantitatively and related
to the self-assembly structures formed in the vicinity of an air interface. The
experimental approach and the ideas behind the main research question in Paper I are
schematically outlined in Fig. 20. In the absence of lipid segregation, the proportion
between the DOPC:DPPC lipids in the water gradient would be the same as the initial
composition and the self-assembly phase in the interfacial multilayer lipid film would
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follow the trajectory along the straight line (indicated by a dashed red arrow) in the
ternary phase diagram when approaching the dry interface. Any deviation in the lipid
composition from the initial bulk proportions along the water gradient would appear
as a deviation from this line. The trajectory can be governed either by the free energy
minimization of the system (thermodynamics) by transport properties of the
components (kinetics), or both. This work aims to understand the driving force behind
the lipid segregation in the water gradient.

Research in Paper II focuses on how the polar and non-polar lipids segregate in a
water gradient when they are exposed to an air interface. In this work, the model
systems are composed of DOPC:DOPE mixtures with increasing amount of triolein.
Depending on the amount of triolein in the system, the initial bulk structure can vary
from lipid vesicles to stabilized emulsions droplets in water (187, 188). The DOPE is
structurally different from the DOPC and promotes the formation of nonplanar self-
assembly structures (see Fig. 5 in chapter 2) (94). The main idea behind the project is
schematically illustrated in Fig. 22. When the vesicles or droplets approach an air
interface, they may fuse, coalesce and phase separate within the water gradient. The
system design was inspired by the composition of the tear lipid layer (TFLL), and
clinical formulations used for treatment of various eye related conditions, which are
expected to behave in similar way at the eye interface (43, 44).

To study the interfacial behavior of the TFLL model systems, the same
characterization approach based on the drying-cell setup is used (introduced in chapter
3). The Raman signal of unsaturated lipids strongly overlaps without any signature
peaks, disabling the quantitative analysis described in chapter 3.3.1. Instead,
segregation between regions rich in polar and non-polar lipids was captured by tracing
the partitioning of different fluorescent probes in the vicinity of the air interface. The
DOPC and DOPE lipids have the same hydrocarbon chains, but they are structurally
different with respect to their headgroups. The DOPC forms a lamellar structure, while
the DOPE with its smaller PE headgroup, promotes the formation of nonlamellar
structures as for example inverted hexagonal and cubic phases (94). Due to these
differences, successive addition of the DOPE to the DOPC or DOPC:triolein mixtures
can have pronounced effects on the interfacial behavior of the system. For example, it
may contribute to the formation of more diverse self-assembly structures or promote
phase separation and tubule formation (Fig. 22). In this work, we aim to determine
how the initial lipid composition affects the structural organization of the interfacial
film and how the hydration gradient influences the segregation of polar and non-polar
lipids close to the water-air interface.
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Figure 22. Schematic illustration of the idea behind research done in Paper Il. A) The model system is
composed of varying bulk composition of DOPC:DOPE:triolein in water. Due to the different nature of the
lipids, the bulk structure can vary from dispersed lipid vesicles (purple circle) to stabilized emulsion
droplet (orange). B) Chemical structure of triolein. C) The lipid dispersion is added to the drying-cell setup
and flows naturally to the capillary tip facing air. The interfacial behavior is characterized by the means
of SAXS, WAXS and confocal fluorescence microscopy.

4.2 Partitioning of phospholipid in the water gradient

This subchapter summarizes the data from Papers I and II, with aims to answer the
following set of questions:

e Does the water gradient introduce a gradient in the phospholipid
composition?

e How do these gradients influence the self-assembly behavior in the vicinity
of an air interface?

4.1.1 Phospholipids with different chain composition

A multi-technique characterization approach combined with the drying-cell setup was
used to study the partitioning of DOPC and DPPC lipids along the water gradient. Fig.
23 summarizes the composition and phase characterization of the interfacial multilayer
formed from DOPC:DPPC vesicle dispersion with initial [10:90]wt composition in
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water. Formation of two distinct birefringent regions is observed close to the capillary
tip facing air (Fig. 23A). The analysis based on spatially resolved confocal Raman
microscopy (described in chapter 3.3.1) shows that the water content is low (<20wt%)
in the interfacial layer. The water content increases sharply when moving along the
capillary axis from the air interface towards bulk solution (Fig. 23B). Notably, strong
enrichment in DOPC (up to an [80:20]wis DOPC:DPPC composition) is observed at
intermediate and high hydration levels, which is balanced out by a strong depletion in
DOPC (down to [10:90]wt%) in the driest part of the interfacial film (Fig. 23C). The
data on lipid composition and water composition are combined into a ternary
composition path and plotted on top of the phase diagram of the system in Fig. 23F. It
is concluded that the DOPC and DPPC lipids strongly segregate along the water
gradient, and they do not preserve their initial bulk composition, which would
otherwise follow the dashed grey arrow in Fig. 23F.

Further analysis of the hydrocarbon chain conformation reveals that the enrichment in
DOPC is associated with trans-gauche (TG) chain conformation, which is indicative
of the DOPC-rich L« phase. In the DPPC-enriched parts of the film facing air, on the
other hand, the hydrocarbon chains are present in all-trans (AT) conformation,
indicative of an Lp' phase. At intermediate DOPC:DPPC compositions both TG and
AT conformation are detected. Spatially resolved synchrotron SAXS and WAXS were
used to directly characterize the mesostructures along the capillary axis. The SAXS
spectra are combined into a 2D map and displayed in Fig. 23D. Evenly distributed
sharp peaks with decreasing intensity characteristic for a lamellar structure, are
observed spanning the driest part of the interfacial film in the vicinity of the air
interface. When moving towards more hydrated regions of the film along the capillary
axis, the appearance of an additional set of sharp peaks with similar intensity
characteristic is observed. This pattern indicates lamellar-phase coexistence. Taken
together, the structural analysis reveals segregation of single phases at different
positions in the water gradient, instead of phase coexistence along the whole film
which would be predicted by the initial bulk composition over the same range of water
contents.
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Figure 23. Monitoring composition and structural gradients in a hydration gradient for a lipid mixture
composed of phospholipids in water ([10:90]wt% DOPC:DPPC). The hydration boundary at the interface
exposed to air is defined by the relative humidity, which is 50% RH here. A) Optical microscopy image
of the sample in between crossed polarizers, showing the formation of birefringent structures. B) Raman
confocal microscopy measurements of the water gradient along the capillary axis, obtained by comparing
vOH vibrations (water) to vCHz and v;CHs (all phospholipids) vibrations. C) Confocal Raman microscopy
measurements of the variation of the DOPC:DPPC proportions along the hydration gradient (red dots),
obtained by comparing vC=C vibrations (DOPC) with vCH2 and v,CH3 (all phospholipids) vibrations,
revealing a sharp self-segregation of the two phospholipids. A finer analysis of the vCH2 and v;,CHs
vibrations provides insights into lipid chain conformation (TG and AT), indicative of the L. and Ly phases,
respectively (black dots). D) Small angle X-ray scattering (SAXS) map showing the scattering intensity
at different scattering vectors q along the hydration gradient. Sharp structural peaks (white lines) are
observed, indicating the formation of lamellar phases with equidistant repeats. F) Composition trajectory
derived from B) and C) plotted on top of the equilibrium phase diagram. Phospholipid self-partitioning
corresponds to a serpentine trajectory rather than following a diagonal at a constant DOPC:DPPC ratio.

E) Schematic illustration of the drying-cell showing the phase characterization of the formed multilayer
films.
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The same experimental approach was used to characterize the interfacial lipid films
formed from DOPC:DPPC systems with [20:80]ww, and [70:30]ww initial lipid
compositions. For both systems, preferential lipid segregation along the water gradient
is observed. The DPPC lipid accumulates in the lowest water content regime in the
vicinity of the air interface, resulting in the formation of the Lp' structure, while DOPC
segregates to the higher water content regimes and forms Ly structure. On the other
hand, when the initial composition of DPPC was below the solubility limit of the Lq
phase, the interfacial lipid film formed coexisting Lo + L phase in the vicinity of the
air interface. The results are summarized in Fig. 24.
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Figure 24. Characterization of the multilayer film formed in a drying-cell setup from a lipid dispersion with
initial A) [20:80]wt% , B) [70:30]wt» DOPC:DPPC composition in water. The composition trajectories are
plotted on top of the phase diagram where the color-bar indicates the distance from the air interface.
Optical images of the films are included in the Sl section of Paper I. For both systems, a clear gradient
formation in the lipid composition deviating from the initial bulk composition (indicated by the gray arrow)
is formed along the water gradient. The DOPC is always enriching in the more hydrated regions of the
interfacial films, while the DPPC content always increases towards the drier regions of the films. The
results are graphically represented above the phase diagrams. The WAXS spectra of the lipid film
exposed to two different relative humidities C) 0.5% and D) 45% at the capillary tip.

We further evaluated the response of the interfacial lipid film made from [70:30]wt%
DOPC:DPPC to the change in external relative humidity conditions. A stream of N2
gas (RH = 0.5%) was blown on the capillary tip with coexisting Lo + Lp' phases. The
SAXS and WAXS characterization revealed that the lipid film is responsive, and the
interfacial layer can be pushed to form single Lg: phase by lowering the external RH.
This is schematically illustrated by a red arrow in Fig. 24B. These results showcase
the sensitivity of the lipid phase behavior at the drying interface with respect to the
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external conditions, and that the structural response can be tuned by the relative
composition of the lipids in the system. How easily the system phase-separates or
phase-coexists depends on how close the initial lipid composition is to the phase
boundaries. This observation is highly relevant and directly translatable to our
understanding of how the biological interfaces may tune their physicochemical
properties at the drying interface.

Free energy gain

Having established the compositional and structural trajectories in the phase diagram
for a set of different conditions, we next evaluate what could be the driving force for
the lipid segregation in the water gradient. A two-state system is employed where
the Ly phase with mixed lipid composition are assumed to behave the same as
the Ly phase made of pure DPPC, and the mixed composition L, phases behaves as
the pure DOPC L, phase. We analyse the contribution to the free energy from the
interlamellar interactions in the two phases along the water gradient. For a lamellar
phase, this free energy contribution can be obtained from the interlamellar force per
area (Eq. 3 in chapter 2.1.1), integrated over the interbilayer separation, which can in
turn be related to the water content. In Paper I, the interbilayer separation for L« and
Lp phases are directly obtained from the water content at each point along the gradient,
and the contribution to the total free energy is calculated by estimating the relative
amount of each phase by using the level rule. The calculation is done both for the
straight line that preserves the initial DOPC:DPPC ratio constant along the water
gradient, and for the actual serpentine trajectory line from the experimental
characterization where the ratio between the two lipids changes. As an example, the
calculation is done for the gradient formed in a [80:20]wi» DOPC:DPPC lipid system
and summarised in Fig. 23A. The difference in free energy between the linear and
experimental serpentine path along the water gradient is shown in Fig. 25. We
conclude that there is a large gain in free energy when forming the Ly structure with
shorter-range repulsion in the low hydration regime. This result agrees with the
observed phase segregation in the mixed DOPC:DPPC lipid systems, where
the Ly phase is preferentially formed in the regions facing drier conditions. This result
showcases that the self-assembly structure with the lower water permeability forms
naturally at the air interface as a response to drier conditions.
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Figure 25. A) Lipid composition gradient (red, experimental trajectory) along the water gradient (x-axis)
in the lipid multilayer film from a [20:80]w% DOPC:DPPC vesicle dispersion. The hypothetical linear path
preserving the initial lipid composition is indicated in gray. The water content is translated to the
interlamellar spacing, h. for each phase Lq« and Lg (see table S4 in Paper 1), and the variation in free
energy is plotted in B). Depletion of DOPC from the driest part of the hydration gradient leads to a large
free energy gain (Gseentine . Glinear <<()), while the accumulation of DOPC at intermediate hydration leads
to a small free energy loss. The total free energy confirms that self-segregation and phase separation
are favorable and spontaneous.
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4.2.2 Phospholipids with different headgroups

The phase behavior of interfacial lipid films formed from DOPC:DOPE lipid systems
at the drying interface was evaluated in Paper IIL. In this system, DOPC and DOPE
molecules have the same hydrocarbon chains, but they differ with respect to their
headgroups (Fig. 5). The DOPE lipid is known to promote formation of non-planar
self-assembly structures such as inverse hexagonal phase. For this reason, lipid
segregation in these systems can have a strong effect on the interfacial phase formation
along the water gradient. Since the two lipids have the same hydrocarbon chains, their
Raman spectra strongly overlap, and the quantitative composition analysis cannot be
performed. In this case, the SAXS characterization of the interfacial films is performed
and compared to the phase behavior of the pure lipid systems and the literature studies.

DOPC [50:50] [10:90] DOPE
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Figure 26. A) Polarized light optical images of interfacial multilayer lipid films formed from DOPC:DOPE
vesicle dispersions with varying molar ratio in water. The white bar in the images corresponds to 100 pm.
B) The SAXS characterization of the multilayer films along the capillary axis together with the phase
assignment. The 0 is placed at the air interface and the vertical red line indicates approximate end-
position of the birefringence observed in the optical images.

Fig. 26 summarizes the interfacial behavior of DOPC:DOPE lipid systems
characterized in the drying-cell setup exposed to ca. 60% RH at the capillary tip. For
DOPC:DOPE systems with initial [50:50]w composition, the formation of a single Lq
phase was observed along the water gradient. This behavior is not predicted by the
bulk phase studies, which show the presence of inverse hexagonal (Hn) and cubic
phases forming at reduced hydration for the same lipid mixtures (189). This result
indicates that DOPC and DOPE undergo segregation in the water gradient where the
DOPC lipid accumulates in the drier regions. On the other hand, a much richer phase
behavior is observed in the lipid film formed from an initial [10:90]w DOPC:DOPE
composition where the amount of DOPC is low. Similarly, formation of a single La
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phase facing the air interface is observed together with Hu and cubic phases in the
water gradient. Both Hu and Qu phase display changes in lamellar repeat distance along
the water gradient. As the interfacial layers formed in the systems enriched with the
more hydrophobic DOPE are typically thin, it is difficult to experimentally resolve
which of the interfacial phases are present at each position. For the DOPE-water
system, formation of a single L phase is followed by what appears as L« + Hu phase
coexistence, and then Hn and Qu coexistence along the water gradient facing bulk.
These observations of two-phase coexistence in the binary DOPE-system are
inconsistent with local equilibrium along a hydration gradient, since two phases
coexist only at a single water chemical potential. The observation of coexistence likely
reflects the limited spatial resolution in the SAXS experiments, where each
measurement point (spectrum) covers a broader range of water activities.

4.2 Segregation of polar and non-polar lipids at drying
interface

This subchapter summarizes the data from Paper 11, aiming to answer the following
set of questions:

e How are the polar and non-polar lipid mixtures structuring at the drying
interface?

e  Can the observed phenomena be related to the properties of the tear lipid
layer?

The interfacial behavior of DOPC system with an increasing amount of non-polar
triolein was characterized in the drying-cell setup. For all systems examined (DOPC
with up to 90wt% triolein in bulk — from vesicles to oil droplets; see SI section in
Paper II) the formation of a birefringent layer in the vicinity of the air interface is
observed (Fig. 27A). The SAXS mapping of the layers, confirms presence of an Lq
phase which is indicated by evenly distributed sharp peaks (Fig. 27B). Peak
broadening is observed with increasing triolein content. By studying the partitioning
of different fluorophores (Cy5.5-DOPE lipid analogue and TopFluor-TG, Fig. 15)
between the different regions using confocal fluorescent microscopys, it is revealed that
the more hydrophobic triolein-rich phase (green) is wetting both sides of the
phospholipid-rich lamellar phase (red). This result shows that the polar and non-polar
lipids phase-segregates into heterogeneous layers in the vicinity of the air interface
already at very low contents of nonpolar lipid.
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The findings of strong segregation between phospholipid-rich lamellar regions and
isotropic triolein domains in a water gradient support previously proposed models of
TFLL organization, which suggest a multilayered structure composed of a thin polar
phospholipid layer adjacent to the aqueous tear liquid, covered by a thicker nonpolar
lipid phase at the air interface (35-37). The observation that triolein preferentially wets
the lamellar phase may have important implications. A low interfacial free energy
between nonpolar lipids secreted from the eyelid glands and the existing tear film lipid
layer likely facilitates the rapid spreading of a continuous, nonpolar film during
blinking. The favourable spreading of nonpolar lipids on the TFLL may also enhance
mechanical stability under shear, helping to preserve its integrity while maintaining
ocular surface lubrication (7, 29, 30).
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Figure 27. A) The interfacial layer formed from different DOPC-triolein compositions observed through
optical microscopy with cross polarizers. The white bar corresponds to 100 um and applies to all optical
images in A. B) Azimuthally integrated SAXS spectra obtained at different positions in the hydration
gradient along the capillary axis. The color coding: purple (facing air), fused layer (yellow), transition
region between fused and unfused layer (green) and unfused layer (blue) facing bulk. Dotted lines
indicate equidistant Bragg reflections from the lamellar phase in the driest part of the interfacial layer. C)
Confocal microscopy images of the distribution of Cy5.5-DOPE (red) TopFluor-TG (green) within the
interfacial layer. The interfacial films were formed and characterized at T »23 °C and RH ~ 45%.
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One key functional role of the TFLL is to prevent evaporation of the tear fluid (26,
190-192). Incomplete tear lipid films have been associated with dry eye disease and
tear hyperosmolarity (193, 194). Importantly, the phospholipid lamellar structure
introduces functional properties that are not captured by the single phospholipid
monolayers used in most previous TFLL model studies (136, 195, 196). Both the
oriented lamellar phase and the overlying oil layer act as effective barriers to water
evaporation. In terms of protection against external chemicals, the oriented lamellar
phase restricts diffusional transport of both hydrophilic and hydrophobic substances,
analogous to the multilamellar lipid matrix of the stratum corneum in the skin (197,
198). In contrast, the hydrophobic nonpolar lipid layer and the single phospholipid
monolayer do not significantly limit the diffusional transport of hydrophobic
compounds. Taken together, the two-layer TFLL oil-lamellar arrangement fulfils
multiple functions, including spreading, lubrication, evaporation control, and
protection against environmental agents.

As a next step, DOPE was added to the DOPC:triolein bulk mixtures. Similar to the
DOPC:triolein system, a birefringent layer with an Lq structure is formed close to the
air interface (SAXS characterization in the SI section of Paper II). In addition, the
systems display tubulation phenomena stretching from the interfacial lipid layer
towards the bulk solution (Fig. 28). The tubules are thinner and able to extend further
out for the systems with an increasing amount of DOPE. Over time, the tubules
collapse back onto the multilayer interfacial layer to form a thicker film close to the
air interface. The collapse of the tubules is slow (over several days) and tends to
squeeze the triolein-rich domains towards both the interfacial and hydrated sides of the
phospholipid-rich film (Fig. 29).

The balance between phospholipid components in the TFLL can have important
functional consequences. In the tear film, PE levels are well below the threshold
required to form non-lamellar phases (Fig. 25). Maintaining oriented lamellar
structures across the full hydration gradient provides an effective barrier to the
diffusional transport of both hydrophilic and hydrophobic compounds. The tubulation
process, in which bilayer structures migrate against the osmotic gradient, may have
functional consequences by facilitating the transport of hydrophobic species across the
aqueous tear layer. Tubulation may also provide a mechanism for redistributing
material within the lipid layer, potentially contributing to layer stability and
uniformity.
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Day 1 DOPC [80:20] [50:50]
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+0 wt%
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Triolein content

Figure 28. Interfacial layers formed for different DOPC:DOPE:triolein compositions observed through
optical microscopy with cross polarizers at T ~ 23 °C and RH ~ 45%. The white bar in the images

corresponds to 100 ym. Tubulation phenomena extending towards bulk is observed at the air interface
in systems containing DOPE.

DOPC:DOPE [50:50] + 25wt% Triolein

Overlay Cy5.5-PE TopFluor-TG

Day 1

Day 3

Day 5

Figure 29. Evolution of interfacial layers formed from DOPC:DOPE [50:50]wt% + 25wt% triolein
compositions observed through confocal fluorescence microscope. Distribution of Cy5.5-DOPE (red) and
TopFluor-TG (green) is observed in different region of the film. The * and # symbols indicate the collapse
of a tubule and formation of larger triolein-rich domains, respectively.
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We further evaluated how the phase-separated lipid layer (formed from DOPC:DOPE
[50:50]wi with 25 wt% triolein) responds to the instantaneous change in the hydration
level from the previously dry outside environment. The capillary tip was dipped into a
water droplet, and the behavior of the phase-segregated lipid layer was imaged by
polarized optical- and fluorescence microscopy (Fig. 30). When soaked in water,
instantaneous formation of tubules towards the water droplet was observed.
Furthermore, the triolein-rich domains (appearing as green) were squeezed into oil
droplets at the phospholipid-water interface and prevented tubulation from occurring
in the same region. These observations provide valuable insights into the behavior of
mixed polar and non-polar lipid layers at the water-air interface. The non-polar lipid
layer seems to coat and stabilize the phospholipid-rich structure, which is dynamically
more responsive to environmental changes (as observed in Fig. 29). This may provide
useful information about the protective role of the non-polar lipid layers, such as the
one found in the TFLL, in preventing structural deformation under abrupt changes in
the level of hydration, for example as in tearing.

Before immersion After immersion

Figure 30. A) Confocal fluorescence microscopy and image of the interfacial lipid film formed from
DOPC:DOPE [50:50]wt% + 25 wt% triolein. Distribution of Cy5.5-DOPE (red) and TopFluor-TG (green) is
observed in different region of the film. B) Optical microscopy images under cross polarized light overlaid
with fluorescence filter of the same lipid film immersed in a water droplet. Color contrast in the images is
enhanced.
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4.3 Conclusion and outlook

In Papers I and II, the interfacial behavior of polar (phospholipids) and non-polar
lipid mixtures was evaluated with the aim of provide further understanding of
biological interfaces, such as lung surfactant layer and TFLL. As the combination of
different polar and non-polar lipids can be endless, one needs to think about an
interesting research question before selecting new lipids for the model system.
Research conducted in Paper I (and partially in Paper II) focused more on the
fundamental understanding of what aspects govern phospholipid segregation in a water
gradient. In this work (Chapter 4.1), the behavior of phospholipids with different
hydrocarbon tails (DOPC:DPPC) or different headgroup properties (DOPC:DOPE)
was evaluated, leading to the conclusion that the water gradient induces the formation
of gradients in the lipid composition. In Paper I it was shown that the solid lamellar
phase (Lp) with shorter-range repulsion was preferentially formed in the lower-
hydration regime facing the air interface. As a further outlook, it would be of interest
to study the segregation of phospholipids which still form the L. and Lg structures but
can exhibit more profound swelling behavior. An example of such a system would be
a mixture of DOPC:DPPS in water. In this system, the headgroup of the PS lipid is
charged. It is well known that the addition of PS lipids into the DOPC-L. phase
increases d-swelling up to ~70A (199). Yet, the DPPS lipid alone in water forms an Lg
structure with a similar d-spacing as DPPC (94). This means that the formation of a
composition gradient in the interfacial multilayer can have a stronger effect on the
long-range repulsion in the system. One open question is: will the DPPS lipids
preferentially form an Ly phase in the vicinity of the air interface or will the DPPS
lipid be preferentially allocated in more hydrated conditions, contributing to the larger
interbilayer swelling of an La phase?

Follow-up studies on this topic could explore how strong is the effect with respect to
the initial DOPC:DPPS bulk composition, or external RH conditions, in a similar
manner as it was done in Paper I. Additionally, DOPS or DPPS could be added to the
DOPC:DPPC systems which have already been studied in this work. In this case, the
effect of similar headgroups versus the effect of similar hydrocarbon chains could be
compared for the PS-lipid. Yet, for such a system ternary lipid system in water, the
quantitative analysis approach that was developed in Paper I to study compositional
gradient formation would not be applicable.

In Paper II, the model lipid systems were designed to mimic the composition of the
TFLL layer. It was shown that the addition of DOPE to the DOPC:triolein lipid system
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had a profound effect on the interfacial behavior, inducing tubulation. As an extension
of this work, it would be of interest to add additional TFLL component representatives,
particularly lipids belonging to the class of cholesteryl esters, such as cholesteryl
oleate. Cholesteryl oleate has a distinct cholesterol headgroup structure, but unlike free
cholesterol, it is non-polar due to the attached hydrocarbon chain at the polar
cholesterol hydroxyl group (-OH). For this reason, cholesteryl oleate would be
expected to preferentially segregate into the triolein-rich non-polar regions instead of
the polar ones. It would be of interest to investigate how an increasing amount of
cholesteryl oleate relative to triolein in a polar lipid system would influence the
interfacial behavior and segregation. Such a study could provide further insight into
how individual TFLL components contribute to the structural organization and
stability of the tear film lipid layer. Investigating these effects would provide a
molecular understanding of tear film stability and is of particular interest for the
treatment of TFLL-related diseases.

This type of study can be further extended to examine the effect of abrupt and cyclic
changes in external conditions. This was initiated as a proof of concept by dipping the
multilayer structure into a water droplet (Fig. 30). It was observed that the non-polar
lipid layer formed a barrier against tubule formation. Similarly, the capillary tip can be
dipped into isotropic liquids to mimic conditions that are more representative of eye
blinking (spreading of a nonpolar film), or into lipid formulations dispersed in water
to simulate conditions relevant for pharmaceutical drug delivery.

Hopefully, these ideas will be successfully realized.
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5. Stratum corneum systems

The stratum corneum (SC) is the outermost layer of the skin. It serves as the first and
main barrier against water evaporation, chemical penetration and other harmful factors
such as solar radiation (48). The SC layer is composed corneocytes filled with solid
keratin filaments, corneodesmosomal junctions upholding the corneocyte structure, a
complex extracellular lipid matrix, together with enzymes, chromophores and other
small polar molecules (such as osmolytes). All these components work together to
maintain the integrity of the SC barrier and its specific functions (50, 51). It has been
established that there are two possible transportation routes for exogenous molecules
to cross the SC layer and reach viable parts of the skin. Depending on the
physicochemical properties of the molecule, the transport can occur either via 1) lipid
matrix avoiding the water-rich corneocytes or 2) transversely passing both the water-
rich corneocytes and the lipid matrix. In both cases, transport takes place through the
lipids, meaning that the properties of the SC lipid matrix are crucial for the transdermal
transport processes (56). Alterations in the SC lipids composition are associated with
several skin diseases and well known to result in impaired barrier function of the skin
(200). This motivates further study of the SC lipid matrix. In Paper III, we evaluated
the structural responses of the SC lipids to changes in the environment conditions such
as temperature and levels of hydration.

Additionally, fracture strength and strain of the SC layer have been shown to decrease
significantly with increased exposure to UV light (89). UV radiation is also well known
to cause photodamage to different chemical bonds, compounds and is able to alter the
enzymatic activity in the SC layer (79-81). This motivates further study of the response
of different SC components to external stimuli such as UV radiation. In Paper IV, we
evaluated the response of different SC components to external stimuli, such as UVB
radiation and oxidative stress. The results from the two papers will now be presented
in two separate subsections and guided by the scientific questions.
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5.1  Structure and mobility of the SC lipids in dry and
fully hydrated conditions

The structural behavior of extracted SC lipids and SC lipid model systems with a few
components has been extensively studied in the literature, providing fundamental
understanding of the SC lipid structure and the importance of different lipid
components. The SC lipid composition is distinctly different from many other
biological membranes as they do not contain any phospholipids. The SC lipid matrix
is instead composed of a vast number of different ceramides and free fatty acids along
with high levels of cholesterol (60, 61). The lipids assemble into predominantly solid
lamellar structures with either orthorhombic or hexagonal chain packing depending on
the composition of the system. The most prominent and characteristic structure of the
SC lipids is the so-called long periodicity phase (LPP), which has unusually large
repeat distance (ca 130 A) (64, 201, 202) . The LPP commonly coexists with other
shorter repeat-distance lamellar phases, and several studies have shown that not all of
the lipids in the matrix are solid (69, 180). To gain better insights into the behavior and
fluidity of different SC lipid components in the SC layer, in Paper III we study the
extracted SC lipids in both dry and fully hydrated conditions under a temperature cycle
by employing small- and wide angle X-ray scattering (SAXS, WAXS) and solid stated
NMR (PTssNMR) methods. The combination of these methods gives detailed
information about the lamellar structures, crystalline packing and molecular dynamics
of different lipid components. This work aims to answer the following questions:

e Do the SC lipids form the same structure in dry and fully hydrated
conditions?

e s there any difference in the mobility of different SC lipid components in
the structure?

The self-assembly behavior of the extracted SC lipids was evaluated in a heating and
cooling cycle at different hydration levels. First, the lipid samples are heated above the
melting temperature (ca. 70°C) and a SAXS, WAXS and PTssNMR characterization
is performed at 68°C, 45°C and 32°C. The SAXS data in Fig. 31A shows that the SC
lipid recrystallizes to a characteristic LPP structure when cooled down to 45°C in dry
condition, and that the formed structure does not change further when cooling to 32°C.
The repeat distance of the LPP phase is constant at 14.3 nm, which agrees with
previous reports from both the intact SC layer and SC model systems (63, 203). Up to
the 7™ equidistant Bragg reflection of the LPP phase was identified in the spectra as
indicated by the vertical black dotted lines. The WAXS spectra reveal that the

74



formation of the LPP phase is also associated with hexagonal hydrocarbon chain
packing, which is indicated by a sharp peak at @ = 15.2 nm™ (d = 0.41 nm). The same
hydrocarbon chain packing has been observed for porcine SC lipids in the literature
(64, 200).

In Fig. 31B, the SC lipids were subjected to the same heating-cooling procedure but in
fully hydrated conditions. Formation of an LPP phase is observed in a similar manner
when cooling from 68°C to 45°C and further 32°C. The repeat distance of the LPP
phase is slightly shorter in the fully hydrated condition (13.6 nm) in comparison with
the dry conditions (14.3 nm). The LPP phase with up to the 6" equidistant Bragg
reflection can be identified in the spectra, as indicated by the black dotted lines. An
additional peak is observed around the third LPP reflection at q = 1.19 nm-1 (d = 5.25
nm) as indicated by the red dotted line. This peak can correspond to a coexisting phase
with shorter repeat distance but cannot be assigned due to an overlapping peak in the
spectra. A sharp WAXS peak indicating hexagonal hydrocarbon chain packing is
observed in the spectra associated with the LPP structure. The SAXS spectra obtained
in dry and fully hydrated conditions at 45°C and 32°C are compared in the zoom-in
panel C) and D) in Fig. 31, respectively.
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Figure 31. SAXS and WAXS spectra for A) dry SC lipids and B) fully hydrated SC lipids at varying
temperatures, going from 68-45-32 °C. At 68 °C. The multiple reflections from the LPP structures with d
=14.3 and 13.6 nm (up to 7th order reflections) are indicated by the black dotted lines. C,D) Comparisons
of SAXS spectra from the dry and hydrated SC lipid samples at 32 °C and 45 °C. The dotted lines indicate
the theoretical positions of higher and lower order Bragg reflection based on the position of the second
peak from the dry samples.
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The molecular dynamics of the different SC lipid components subjected to the same
temperature cycle in both dry and fully hydrated conditions were further evaluated by
PTssNMR. In this method, the *C MAS NMR spectra of DP (grey), CP (blue) and
INEPT (red) are compared with each other and between the different experiments to
give information about the changes in the mobile and rigid states of the lipid
components. The spectra from the low chemical shift region (10 - 85 ppm) show that
most of the lipids in the dry SC lipid sample at 32°C and 45°C are rigid (Fig. 32A).
This is inferred from the dominating CP signal in the spectra. A sharp INEPT signal
from hydrocarbon chain components is also observed in the spectra. This indicates
presence of an isotropic liquid fraction in the structure, which is consistent with
previous observations in the literature of intact SC layer and model SC lipid systems
(65, 68, 69, 204). It is observed that the CP signal in the spectra decreases with
increasing temperature and the INEPT signal eventually dominates at 68°C. This
indicates that the lipids are completely in an isotropic liquid state. Similar spectral
behavior is observed for the SC lipids with increasing temperature in fully hydrated
conditions (Fig. 32B). Additionally, the INEPT signal corresponding to cholesterol
and ceramide headgroups increases at higher temperatures (45°C and 68°C), which
indicates increased mobility in the fully hydrated samples compared with the dry state.

Taken together, the SAXS and WAXS spectra reveal that SC lipids adopt a well-
ordered LPP structure with a hexagonal hydrocarbon chain arrangement in both dry
and fully hydrated conditions. The *C MAS NMR analysis reveals presence of a minor
mobile lipid fraction within the lamellar structure which become larger in the fully
hydrated conditions. Interestingly, the LPP structure also displays a slight decrease in
the lamellar repeat distance in fully hydrated condition. This behavior is in sharp
contrast to many other lamellar phases composed of solid bilayer, for example the
DPPC Lg gel phase, which swells in interlamellar distance but keeps the bilayer
thickness unchanged (shown in Fig. 34). The decreased repeat distance of the LPP is
likely caused by thinning of the lamellas as the fraction of fluid lipids increases.
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Figure 32. '3C MAS NMR spectra for A) dry and B) fully hydrated SC lipids at temperatures going from
68-45-32 °C. The individual DP (gray), CP (blue) and INEPT (red) spectra are overlaid for comparison
purpose. Prominent resonance lines originating from different molecular segments of SC lipids are
labelled in black in the spectra from the dry samples. The red labelling in the spectra from the hydrated
samples indicates increase in INEPT/DP signal ratio compared spectrum from the dry sample at that
corresponding temperature. (C) Chemical structures with numbered/labelled segments of cholesterol and
relevant lipid carbons (here illustrated with ceramide).
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5.2 Response of the SC lipids to a water gradient

In reality, the SC lipids are present in a fluctuating water gradient, where the interior
of the epidermis is always wet and the ambient exterior conditions can fluctuate from
dry to fully hydrated RH conditions. Thus, in the second part of Paper III we aimed
to answer the following questions:

e Are there any structural differences when the SC multilayer is formed at a
drying interface compared to the bulk?
e  How does the structure respond to an abrupt change in hydration?

To approach these questions, we evaluated the behavior of extracted SC lipids in a
water gradient by using the drying-cell setup combined with SAXS mapping (Fig.
33A). This setup provides conditions that are more similar to the natural environment
of the SC lipids in the skin. Fig. 33B. shows a birefringent SC lipid layer formed at the
capillary tip facing dry conditions. SAXS characterization at different positions along
the capillary axis was performed. It is observed that the SC lipids form the
characteristic LPP structure with strong orientation relative to the air interface (Fig.
33D-E). The repeat distance of the LPP structure is 13.3 nm and remains constant along
the water gradient as indicated by the dotted line (Fig. 33C). This repeat distance is in
close agreement with that was observed for the fully hydrated SC lipids (Fig. 31B).
Furthermore, a pronounced peak splitting and shift is observed around the third LPP
reflection (q = 1.4 nm™). In the zoom-in panel, it is observed that the 4.2 nm peak is
much more pronounced in the regions facing bulk conditions and that the peak
disappears towards the air interface. Simultaneously, a peak corresponding to 4.9 nm
becomes more pronounced. Taken together, these data show that the LPP structure is
robust and does not swell in a water gradient while a change in the repeat distance of
the shorter phases is observed. This behavior cannot be resolved in bulk systems.
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Figure 33. A)Schematic illustration of the capillary setup: An aqueous dispersion of SC lipids is added
to the reservoir and flows towards the capillary tip that is exposed to air with controlled RH. This leads to
the formation of an oriented multilayer film in the vicinity of the air interface. B) The birefringent interfacial
layer formed at the capillary tip observed through optical microscopy with cross polarizers. The white bar
corresponds to 1mm. C) Azimuthally averaged SAXS spectra obtained at different positions in the
hydration gradient along the capillary axis. The LPP structure (13.3 nm) is indicated by a dotted line
together with the reflections in the zoom in panel. D) 2D SAXS detector images revealing lamellar
structure with strong alignment parallel to the air interface. The interfacial multilayer films were formed
and characterized at T = 42°C.

The capillary tip with the SC multilayer structure is exposed to ambient air, which
enables the study of how the structures respond to changes in the boundary conditions
on the outer side of the layer. The capillary tip with an SC lipid multilayer film was
dipped into a water droplet and the response of the multilayer was evaluated by SAXS
mapping after the droplet was removed. The procedure is schematically illustrated in
Fig. 34A. Fig. 34B shows a 2D SAXS map of the SC multilayer film along the capillary
axis before the tip was dipped into water. The spectrum of this film serves as a
reference for the phase behavior and structural response. By comparing the SAXS
maps at different time points after the exposure to water, it was concluded that the
abrupt change in boundary conditions does not influence the SC lipid structure within
the examined time frame. This is illustrated in Fig. 34D where the SAXS spectrum
from a fixed position in the multilayer film close to the interface is plotted versus time.
As a comparison, the same experiment was performed for a lamellar gel phase (Lp’)
with solid chain lipids made of DPPC (Fig. 34E and F), where a clear difference in the
repeat distance in response to the change in boundary conditions is observed. The
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interlamellar spacing increases in response to the increased water content at the
boundary. From the combination of results from the bulk and non-equilibrium
experiments (Fig. 31-34), it is proposed that the SC responds to changes in hydration
in a functional way instead, by altering the balance between solid and fluid lipids,
which are all embedded in the robust LPP structure. This is graphically illustrated in
Fig. 35.
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Figure 34 A) Schematic illustration of the experimental setup used to study the response of the interfacial
multilayer structures to rapid changes in the outer boundary condition hydration. B). The birefringent
interfacial layer formed at the capillary edge was observed using optical microscopy with crossed
polarizers, while the penetration of Rhodamine B into the SC multilamellar structure was monitored over
time by confocal fluorescence microscopy. Rhodamine B fluorophore was introduced into the water
droplet (see panel A, exposure time 1 hour), which was then placed back in air for the measurements.
SAXS maps of interfacial multilayer structures formed by C) SC lipids and E) DPPC gel phase prior to
water exposure at the outer boundary. The maps display the scattering vector magnitude, q, versus the
distance from the air-liquid interface, where the color scale corresponds to the logarithm of the scattered
intensity. D) SAXS spectra recorded at one fixed position within the SC lipid interfacial layer (black circle
in C) at different time points after the outer boundary was exposed to water and subsequently returned
to dry air following the procedure in A. E) Corresponding SAXS spectra recorded at one fixed position
within the DPPC gel phase layer (black circle in F) at different time points after water exposure. The SC
lipid and the DPPC interfacial layers were formed at T = 42°C and 23°C, respectively and investigated
by SAXS at the same temperatures.
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Figure 35. Cartoons illustrating different scenarios for the distribution of fluid (pink), and solid (blue) lipids
in the extracellular SC lamellar structure under dry and hydrated conditions. When fluid lipids are present
only as isolated regions embedded within the center of the solid lamellae in the LPP structure, there is
no continuous pathway of fluid lipids across the stacked layers, resulting in very low effective water
permeability. In contrast, when fluid lipid regions span across the lamellae in hydrated SC, a continuous
route is formed. This functional response of SC lipids to hydration contrasts with the 1D swelling response
of a phospholipid gel phase, where hydration increases interlamellar spacing but the bilayers remain
solid.

Finally, the drying-cell setup was used to study the partitioning of small molecules into
the SC multilayer structure. As a proof of concept, the Rhodamine B free base
fluorophore was added to the water droplet at the capillary tip. Penetration of the dye
into the SC lipid layer was observed by confocal fluorescence microscopy (Fig. 33B).
This experiment demonstrates that hydrophobic molecules can enter the SC lipid layer
from the outside and that the distribution of the dye molecules can be imaged over
time. This work can be further extended to investigate the transport of different solutes
within and across the SC lipid layer, as well as how these molecules affect the
interfacial structure. This approach would provide valuable insights for transdermal
delivery applications.

5.3  Effect of UVB on the antioxidative properties of the
SC layer

This part of the thesis (Paper IV) aims to characterize the responses of different SC
components to the external stimuli such as UVB radiation and oxidative stress. The
SC layer is the first line of defense against solar UV radiation and is naturally equipped
with chromophores and prosthetic groups that can directly absorb UV radiation and
promote ROS formation. The accumulation of ROS molecules leads to oxidative
stress, which can further lead to damage to cellular components such as lipids, proteins
and nucleic acids components through oxidation.

Catalase is an antioxidative enzyme found throughout different layers of the skin, as
well as in the SC layer. Catalase is well known to scavenge the ROS species hydrogen
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peroxide (H202) with a very high turnover number. It’s composed of four peptide
chains forming a tetramer structure where each chain is equipped with an iron-

containing Heme group that can decompose hydrogen peroxide into oxygen gas and
catal
water as: 2H,0, === 2H,0 + 0,. Hydrogen peroxide is also a natural by-product

of cellular metabolism and is considered as one of the most abundant ROS species in
the cells. Previous studies have shown that the catalase activity in the SC layer
undergoes seasonal variation, where the enzyme becomes less active during the
summer season due to solar radiation. Inactivation of catalase in a solution or when
expressed in cells by UV radiation has also been shown. This means that the
detrimental effect of UVB can be two-sided, leading to both ROS formation and the
deactivation of ROS-scavenging enzyme catalase in the SC layer. In Paper IV we
evaluated the effect of UVB radiation on the antioxidative properties of native catalase
in the SC layer in a dose-depended manner. Here we asked:

e How does native catalase respond to an increasing UVB dosage, and is this
effect reversible?

To approach this question experimentally, the lipid matrix was first separated from the
SC layer to ensure easier and more homogenous transport of the substrate and formed
product (H202 and O2) through the SC layer for the electrochemical analysis of catalase
activity. The catalase activity in this experiment was evaluated by oxygen electrode
chronoamperometry, which has previously been described in reference (86). The
extracted corneocyte matrix with entrapped catalase was mounted to top of an oxygen
electrode and exposed to an increasing dose of UVB radiation. The effect of UVB on
the antioxidative properties of catalase was evaluated by dipping the matrix-covered
electrode into a buffer solution and sequentially adding H202. Formation of O2 was
measured as a function of increasing substrate concentration (by increments of
0.05mM) and converted to the reaction rate. Fig. 36A shows the reaction rate of the
catalase as a function of increasing UVB dose investigated doses of 1, 2, 4 and 16
J/em? corresponds to approximately 2, 4, 7 and 2%h of constant solar UVB radiation.
The results clearly show that the catalase activity in the corneocyte matrix decreases
in a dose-dependent manner, leading to complete deactivation of the enzyme after 16
J/em?. This effect was irreversible; catalase did not regain its antioxidative properties
after UVB deactivation.

To verify that the observed effect of catalase was not influenced by the extraction
procedure involving mixtures of different organic solvents (which could otherwise
denature the enzyme), the experiment was repeated using a film made of lyophilized
catalase alone. The catalase film (1ng) was formed on a Tafone membrane from an
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aliquot solution, mounted to top of the oxygen electrode, and exposed to UVB
radiation in the same manner. For comparison, the normalized reaction rate of the
catalase film and native catalase in the corneocyte matrix are plotted together in Fig.
36. Similar does-dependent deactivation of the catalase in the film was observed,
where 16 J/cm?leads to complete and irreversible deactivation.
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Figure 36. The effect of UVB radiation on the catalase reaction rate (vH202) in comparison to
nonradiated reference samples. A) and B) show the normalized reduction in catalase reaction rate in
corneocyte samples after increasing the substrate concentration by A) 0.05 mM and B) 0.20 mM (n =3
for UVB irradiated and n = 1 for reference. For comparison, A) and B) also include data obtained with
films of lyophilized catalase that were freshly prepared for each time point and initially measured without
UVB radiation, followed by repeated measurements after UVB radiation (n = 1 for 5 separate samples).

These results highlight the sensitivity of catalase to UVB radiation. To investigate
possible molecular explanations for the catalase deactivation, the structural changes
and disintegration of the enzyme were evaluated by Circular Dichroism (CD) and
SDS-PAGE after UVB exposure. In this work, it was also considered that UVB
radiation can lead to the formation of reactive radical species in the presence of H2O2,
which could also affect the structural features of the enzyme. No observable changes
in the catalase’s secondary structure were observed after exposure to 4 J/cm? of UVB
irradiation (Fig. 37A). The result was the same, irrespective of elevated levels of H2O2
in the solution (100mM). The same result was obtained for higher UVB dose (16
J/em?) and H202 in different buffers (data is provided in the SI section of Paper IV).
Thus, it is concluded that the observed catalase deactivation is not caused by changes
in the secondary structure. Furthermore, disintegration of catalase was evaluated after
treatment with 4 J/cm? of UVB radiation in the presence and absence of H202 (100
mM) by means of SDS-PAGE. No disintegration of the catalase was observed after
the treatment as the catalase band (at ~57 kDa) remained unaffected (in Fig. 37B). This
indicates that the catalase deactivation is not caused by degradation of the enzyme.
Further analysis of the effect of UVB on the active site of the catalase enzyme (Heme
group) was beyond the scope of this thesis work.
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Figure 37. A) Normalized CD spectra of catalase where the reference sample corresponds to
lyophilized catalase (0.11 mg/ml) in PB; UVB represents an identical sample but exposed to
4 J/lem2 of UVB radiation. The samples with H202 were obtained in the presence of 100 mM H202, with
or without 4 J/cm2 UVB exposure. (B) Results from SDS-PAGE measurements with the same conditions
as for CD experiments, except that 5 ug of lyophilized catalase was used per 20 uL well and PBS was
used as buffer. In (B), the intensity of lane H202 + UVB is due to loss of material due to O2 bubbling
during the sample preparation.

5.4 Effect of UVB on the structure and mobility of
different SC components

After evaluating the influence of UVB irradiation on the antioxidative properties of
catalase in the SC matrix, we further evaluated the effect of UVB radiation on the SC
matrix that surrounds the enzyme, including both SC lipids and corneocytes. UVB
radiation can cause chemical damage directly, for example by modifying C=C bonds,
or indirectly (via endogenous sensitizers) by promoting ROS formation, which can
lead to oxidation of other chemical groups such as C=0. These effects can result in
structural alterations in the SC matrix, including isomerization of the lipid hydrocarbon
chains and modification of protein backbones containing amide bonds (79-81).
Although previous studies have evaluated the effect of elevated UVB doses on the
mechanical and macroscopic properties of the epidermis layer (88-90), the effect of
UVB on the molecular structure and mobility of the SC components has not been
evaluated. In Paper IV, the changes in the molecular structure and mobility of the SC
components are evaluated after UVB exposure and correlated with macroscopic
properties of water sorption. Here we ask:
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e Does UVB irradiation alter the structure of SC components?

e Does UVB irradiation influence the molecular dynamics in the SC
components?

To address these questions, the SC layer and extracted corneocyte layer were exposed
to a high UVB dose of 160 J/cm? at different RH conditions and characterized by
means of WAXS. A UVB dose of 160 J/cm? corresponds approximately to 14
continuous days of solar UVB exposure to the skin (89). Fig. 38A shows WAXS
spectra of the SC layer after exposure to 160 J/cm?> UVB at 84 %RH and 97 %RH. No
major changes in the lipid and protein structure are observed. For the SC samples, the
lipids preserved their hexagonal hydrocarbon chain packing as indicated by the 0.41
nm peak. On the other hand, a small decrease in the shoulder intensity at 0.57 nm and
0.52 nm, corresponding to the a-helical and B-sheet of keratin respectively, was
observed at 84% RH after UVB exposure. The observed difference in the peak
intensities may be attributed to the natural variation in the sample composition and
could be enhanced by the curve normalization. No alteration in interchain distance (at
q = 6.3 nm™) in the coiled coil dimer of the keratin filament was observed after UVB
radiation in both SC and corneocyte samples.
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Figure 38. A) The effects of UVB radiation on the SC molecular organization studies by WAXD . The
reference samples correspond to a non-irradiated SC samples (black) while UVB represents samples
exposed to 160 J/cm2 of irradiation (red). Diffraction curves in A) were obtained after equilibration the
SC samples at 84 % and 97 % RH. The intensity, log1o |, in (A) is normalized to give identical values at
q = 15.2 nm-1. Numbers marked by arrows give the d-spacing in nm B) The effect of UVB radiation on
the SC water uptake. The reference sample corresponds to non-irradiated SC sample (black) while UVB
represents the identical sample exposed to 160 J/cm2 of irradiation (red).
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Before evaluating the effect of UVB on the mobility of the SC components, it was
examined whether the UVB radiation causes any alteration in the water sorption
properties of the SC components. Fig. 38B shows that the water sorption of the SC
layer remains almost unaffected by UVB irradiation. This result indicates that the
structural changes observed in the WAXS characterization are not caused by the
differences in the water content.

Finally, the molecular dynamics of the SC components was evaluated by means of
PTssNMR at different humidities. Previous studies have shown that the mobility of
SC lipids increases gradually with increasing RH, whereas the protein components
exhibit a threshold behavior where significant mobility is only observed at RH levels
above approximately 85-90% (55, 68). The PTssNMR spectra of non-irradiated SC
layer equilibrated at 97% RH shown in Fig. 39A are used as a reference to assess the
effect of UVB irradiation on the different protein and lipid components at the same
RH. The majority of the SC components are rigid, which is inferred from the high CP
signal (blue) relative to the DP signal (gray). INEPT signal (red) corresponding to
several protein components of keratin and lipid groups are identified in the reference
spectra, which agrees with previous observations (55, 68).

For both UVB doses (80 J/cm? and 280 J/cm?), a small change in the molecular
dynamics of SC lipid and protein components is observed after the UVB exposure (Fig.
38B-C). For example, the mobility of the terminal regions of the lipid alkyl chains (i.e.,
®CHs and (0-1)CHs) increased after UV exposure, as indicated by the increased
INEPT signal with respect to the DP signal, while the mobility of the hydrocarbon
chains (TG) decreased as indicated by the increased CP signal with respect to DP after
UVB exposure. Furthermore, the rigidity of several protein groups corresponding to
the polypeptide backbone of keratin (Leu CB and/or Lys Ceg) increased after UVB
exposure. An increased rigidity of the carbonyl carbon (at 177 ppm), which can
indicate increased rigidity of the polypeptide chain within the keratin filaments, is also
observed with increased UVB exposure. The rigidity of the C=C segment is also
increased as indicated in the 130-140 ppm shift region, except for the peak at 130.5
ppm where a sharp INEPT signal is observed. The resonances in the 130-140 ppm
region can arise from several SC components such as unsaturated lipid segments of
free fatty acids and ceramides, and also from the amino acid residues found in Tyr, His
and Phe.
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Taken together, after evaluating the effect of a broad range of UVB doses on different
aspects of the SC layer, a clear asymmetry in the response was observed. The UVB
irradiation had a strong effect on the antioxidative response, leading to irreversible
deactivation of catalase, while the structural and molecular characteristics of the SC
layer remained largely unchanged, even after exposure to comparably high UVB
doses. The deactivation of catalase was not caused by increased levels of H2O2 nor by
changes in the enzyme’s secondary structure or degradation. This suggests that the
effect of deactivation could be attributed to the changes in the active site (as for
example the Heme-groups) of the catalase, which should be further investigated.

5.5 Conclusion and outlook

In Paper 111 it was demonstrated that the stratum corneum (SC) lipids are able to adapt
to a water gradient in a more complex manner than through interbilayer swelling. By
employing the drying-cell setup combined with microbeam X-ray scanning, an
improved resolution of the structural features was achieved compared to the bulk
samples. This is mainly caused by the strong orientation of the SC lipids with respect
to the air interface (i.e., horizontal stacking) which minimizes diffuse scattering from
the sample and enhances sharpness of diffraction peaks.

In this work, it was shown that the Rhodamine B is able to partition into the SC layer
(Fig. 34). As a further extension of this study, it would be of interest to investigate
molecular transport within the SC lipid multilayer in comparison to DPPC-Lg:
multilayer. By forming thicker multilayer films in the drying-cell setup, one could
potentially monitor the partitioning or diffusion of the fluorescent probes through the
multilayer films in a more controlled way. The lamellar phases formed by SC lipids
and DPPC exhibit structurally different responses to abrupt changes in hydration (Fig.
34), where the DPPC multilayer displays large interbilayer swelling which is not found
for SC multilayer. With this in mind, it would be valuable to evaluate how these
differences influence the transport processes of, for example, hydrophilic and
hydrophobic molecules, respectively. Such a study could be potentially employ
fluorescence correlation spectroscopy (FCS) and pair-correlation function (pCF)
analysis to investigate fluorophore dynamics (205). Insights from such study would
provide a deeper understanding of the structural responses, permeability and barrier
properties of SC lipids.
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As a further outlook, it would be of interest to systematically evaluate the effects of
relevant additives on the structural organization of the SC lipids and to determine
whether they influence their response to hydration. There is a broad range of interesting
molecules one can select for this type of study. For cosmetically and pharmaceutically
relevant formulations, the effect of moisturizers and active compounds such as
glycerol, urea, hyaluronic acid, and salicylic acid can be investigated (206, 207). These
molecules are used in the treatment of skin-related conditions such as dry skin,
psoriasis and ichthyosis, where the barrier function of SC lipids is compromised (208,
209). Insights gained from such studies would provide a deeper understanding of how
additives influence SC lipid organization at the drying interface and could potentially
lead to the development of improved topical formulations.

It is well known that UVB exposure of the skin causes inflammation, leading to
erythema (210-212). The experimental approach used in this work (Paper 1V) could
be further applied to investigate the effects of UVB on the functional, structural and
molecular properties of the newly formed SC, following UVB exposure of the viable
proliferating layers of the tissue. These experiments could be extended to study the
effect of UVA exposure, which could potentially enable to distinguish effects of UVA
and UVB on the bio-enzymatic pathways responsible for proliferation and SC layer
formation.

Hopefully, these ideas will be successfully realized.
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