Influences of PEGylated Emulsifiers on Skin
Barrier and Skin Penetration Behaviors

Dissertation
der Mathematisch-Naturwissenschatftlichen Fakultat
der Eberhard Karls Universitat Tubingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
Yali Liu

aus Hunan, China

Tubingen
2022



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen

Fakultat der Eberhard Karls Universitat Tubingen.

Tag der mundlichen Qualifikation: 21. 07. 2022

Dekan: Prof. Dr. Thilo Stehle

1. Berichterstatterin: Prof. Dr. Dominique J. Lunter
2. Berichterstatter: Prof. Dr. Rolf Daniels

3. Berichterstatterin: Prof. Dr. Maike Windbergs



Acknowledgments

First and foremost, | would like to express my deepest gratitude to my
extraordinary supervisor, Prof. Dr. Dominique Jasmin Lunter, for providing
me with an invaluable chance to write this dissertation. | sincerely thank her
for devoting so much time and effort to mentoring me. | am fortunate that |
have received unwavering respect, encouragement, and incalculable
support. | appreciate her exceptional help in putting me on the proper track,
entrusting me with cooperative projects and exchange programs, and
giving me concerns in life and work when | had difficulties. | am indebted to
her for her unlimited patience and assistance in proofreading all of my
publications and posters and for familiarizing me with new devices.
Additionally, she aided me in developing my confidence and knowledge

base. | express my highest appreciation to her.

Sincere appreciation is given to Prof. Dr. Rolf Daniels, who has been
my second supervisor and discovered me from the ocean of emails. | am
incredibly grateful for the opportunity to receive various constructive
recommendations and engage in interesting discussions during each of my
progress reports. His enthusiasm and optimism have motivated me to
achieve goals. Furthermore, | would also like to express my appreciation to

him for revising and evaluating this work.

Great thanks to the technicians, Klaus Weyhing, Jutta Bloschies, and
Boguslawa Adamek, who take care of many duties in the lab. Special
thanks to Klaus for assisting me with learning new instruments and
resolving various issues. I'd like to express my gratitude to Ingrid Straub,
the secretary of our laboratory, for her kind attention to all of the materials |

handed over.

I would like to thank my current and former colleagues. | am grateful for
the time and experiences we shared in the lab, at conferences, and social
activities. In particular, I'd like to thank everyone for assisting me in learning
German, familiarizing me with new instruments, and sharing the local

culture with me. It was a wonderful trip and experience to meet all of you



here in Germany. I'd like to extend my gratitude to Ziwei Zhang, who was

not only a colleague but also a close friend.

Thanks to my close friends in Tuebingen, Junjing Jiao, Huanlei Zhang,
Liunan Song, and Yi Wang, for their kind assistance and enjoyable time.
Many thanks to Siyao Liu for sharing her job-hunting experiences and
offering me valuable advice. | especially appreciate my best friend, Menglin

Yu, in China, who offered me help and comfort whenever we crossed paths.

My sincere thanks go to my partner and friend, Peng Li, who has
provided me with invaluable assistance and concern throughout the years.
I've always believed that we are both more fortunate than we realize.
Without him, | would never have reached this milestone. | am grateful for
all the valuable life lessons he has given me. | am thankful for his
encouragement and love, which provided me with strength and motivation.
| cherish every moment we spend together, and | am so ready to walk with

him on the path of life.

| want to express my deep gratitude to my beloved parents and
grandparents, who have always been missing and concerned about me. |
appreciate them taking the time to video chat with me and sharing their joy
in life. My mother deserves special recognition for staying up many nights
taking care of my grandfather when he was in the hospital. | am also sorry
that | could not take responsibility and alleviate the strain. | truly express
my deepest love to my family and appreciate having the best and kindest

parents and grandparents ever.

| give my sincere appreciation to my motherland China for providing me

with the opportunity to expand my knowledge and to meet a bigger world.

The final acknowledgment is to me. | am so grateful that | never stopped
striving for a better me and a better life during these four years. This

particular experience has altered my perception of the mind and cognition.

My second youth will awaken on the next journey. | am excited to begin
new chapters in my life! Proceed with calmness, authenticity, and courage

to explore the higher world!



To my parents, Qingxin Liu and Fen Zhou, for their unconditional and unwavering

support and love;

To Peng Li, for being with me for every step of this journey
EMX, BREBRNXEIXRT. BF

BRESTEHEZENE






Table of Contents

ACKNOWIEAGMENTS ... e e e e I
TaADIE Of CONTENES ... oo V
P o] o] (AV/ L= 1iTe] - TPU TP VIl
ZUSAMMENTASSUNG.....uuveiiieeeeeeeeeeitiie e e e e e e e e e e e e e e e e e e e e e e eaeeeeenes XI
SUMIMIATY ettt et e et e e et e e e e e e e et e e e et e e eaa e e aanneeeaan XV
List of pUBIICAtIONS........ccoeeeeee e XIX
Publications related to the dissertation ..........ccoveveeeeieieeeiieee, XIX
Other PUBIICALIONS........uuuiiiiiiiiiiiiiiiii i XX
Personal CONtIDULION ......coenieeee e, XXI
Publications related to the theSiS........coo v, XXI
Other publiCatioNS..........cooiiiiiie e XXIV
List of poster presentations .........ooocveuiiiiiiiiiie e XXV
L. INTTOAUCTION ... 1
I I T3] ] o TR 1
1.1.1 Structure and function of the SKiN ........cooveei i, 1
1.1.2 Stratum COrNeumM PropPertieS ........ccovvvvrruiiiieeeeeeeeeeiiee e e e e eeeeeennns 3
1.1.3 Dermal drug deliVery...........uuuciiieieeeeeeece e 5
1.1.4 EX-VIVO SKIN MOAEIS .....oneeeeeeee e 7

1.2 Nonionic emulsifiers: polyethylene glycol (PEG) modified

EMUISITIEIS ..t eeeeeeee 9
1.2.1 Structures of PEGylated emulSifiers ............cccccvviiiiiiiiiiniiinnnnnns 9
1.2.2 Applications of PEGylated emulsifiers ..........cccccccooniiiiiiinnnnnn. 10
1.2.3 Mechanistic action of PEGylated emulsifiers on skin............... 12
1.2.4 Characteristics of emulsifier MIXtUres ............cccccuvvvvvvviniieinnnnnns 14
1.3 Confocal Raman spectroscopy (CRS) in skin analysis................ 15
1.3.1 Principles of Raman SPecCtrOSCOPY........cuuvruiiieeeeeeeeeeeiiiiiineeeeens 16

1.3.2 Applications of confocal Raman spectroscopy in skin research



1.3.3 Data processing and configuration of confocal Raman

SPECIIOSCOPY ..eeueeerieeetieeeete e et e e et e e e et e e e e e e eat e e ean e e ean e e eaneeenneeenas 20
1.3.4 Instrumental comparisons in skin application ................cccc...... 23
A © ] o= Tox 1)Y= S 51

3. Selective and sensitive spectral signals on confocal Raman
spectroscopy for detection of ex vivo skin lipid properties..................... 53
4. Systematic investigation of the effect of non-ionic emulsifiers on skin
by confocal Raman spectroscopy—a comprehensive lipid analysis .....63
5. Tracking heavy-water-incorporated confocal Raman spectroscopy for
evaluating the effects of PEGylated emulsifiers on skin barrier ............ 81
6. Optimal configuration of confocal Raman spectroscopy for precisely
determining stratum corneum thickness: evaluation of the effects of
polyoxyethylene stearyl ethers on sKin...........ccccoevvviiiiiiiccicceeicceeeeee, 99
7. Profiling skin penetration using PEGylated emulsifiers as penetration
enhancers via confocal Raman spectroscopy and fluorescence

S 1CTea [ f0 1Y oTo] o )Y PP 109
8. Confocal Raman spectroscopy at different laser wavelengths in
analyzing stratum corneum and skin penetration properties of mixed

PEGylated emulsifier SyStemS........coooveeieeeeeeeee 119

VI



Abbreviations

%

°C
Mg/mL
pl

pum

a.u.

Alu
ANOVA
AUC
BCC

CA
C-C
CCD
CERs
C10

Cc2

C20
CDsOD
CH2
CH2, CHs
CHs
CHsOH
CHOL
cm
cm?
CMC
CPEs
CRS
D20
DA

Percentage

Celsius degree

Microgram per milliliter
Microliter

Micrometer

Arbitrary unit

Aluminum

Analysis of variance

Area under the curve

Basal cell carcinoma
Carbon oxygen double bond
Cluster analysis
Carbon-carbon bond
Charge-coupled device
Ceramides

PEG-10 cetyl ether

PEG-2 cetyl ether

PEG-20 cetyl ether
Deuterated methanol
Methylene group

Ethyl group

Methyl group

Methanol

Cholesterol

Centimeter

Per centimeters

Critical micelle concentration
Chemical penetration enhancers
Confocal Raman spectroscopy
Heavy water

Single donor-single acceptor

VII



DAA
DDA
DDAA
DNA
DPH
DSC
EO

EP

et al.
FFAs
Fluo-Na
FTIR
FWHM
g
g/cm?
g/cm?3
g/mL
g/mm
h

HCI
HLB
HPLC-UV
HPTLC
HWN
IR

kg
LC-MS
LDA
LPP
min
min.
Mix1
Mix2

Single donor-double acceptor

Double donor-single acceptor

Double donor-double acceptor
Deoxyribonucleic acid
1,6-diphenyl-hexatriene

Differential scanning calorimetry
Ethylene oxide

Eppendorf

Et alia, and others

Free fatty acids

Fluorescein sodium salt

Fourier transform infrared spectroscopy
Full width of half maximum

Gram

Gram per square centimeter

Gram per cubic centimeter

Gram per milliliter

Grooves per millimeter

Hour

Hydrochloric acid

Hydrophilic-lipophilic balance

Liquid chromatography-ultraviolet spectroscopy
High-performance thin-layer chromatography
High wavenumber

Infrared spectroscopy

Kilogram

Liquid chromatography-mass spectrometry
Linear discriminant analysis

Long periodicity phase

Minute

Minimum

50 mM C20 mixed with 50 mM O2

50 mM C20 mixed with 50 mM S20

VIII



MLR
mm
mM
MS
mwW

NA

NH

nm

NMF

NMR

O/W

010

02

020

OH

PA

PBS

PCA

PCs

PEG

PEGylated

pH

Polysorbate 40, PS40
Polysorbate 60, PS60
Polysorbate 80, PS80
RZ

ref.

rpm

SAXD

SB

SC

SCC

Multiple linear regression
Millimeter

Millimole

Mass spectroscopy

Milliwatt

Number

Numerical aperture
Nitrogen-hydrogen bond
Nanometer

Natural moisturizing factor
Nuclear magnetic resonance
Oil-in-water

PEG-10 oleyl ether

PEG-2 oleyl ether

PEG-20 oleyl ether

Hydroxyl group

Palmitic acid

Phosphate buffer saline
Principal component analysis
Principal components
Polyethylene glycol
Polyoxyethylated

Negative log of activity of hydrogen ions
PEG-20 sorbitan monopalmitate
PEG-20 sorbitan monostearate
PEG-20 sorbitan monooleate
Correlation coefficients
Reference

Revolutions per minute
Small-angle X-ray diffraction
Stratum basale

Stratum corneum

Squamous cell carcinoma



SD
SG
SLS
SNK
SNR
SPP
SS
S10
S2
S20
TEWL
uv
W/O
XRD

Standard deviations
Stratum granulosum
Sodium lauryl sulfate
Student-Newman-Keuls
Signal-to-noise ratio
Short periodicity phase
Stratum spinosum
PEG-10 stearyl ether
PEG-2 stearyl ether
PEG-20 stearyl ether
Trans-epidermal water loss
Ultraviolet

Water-in-olil

X-ray diffraction analysis



Zusammenfassung

In Bereich der dermalen Verabreichung von Arzneimitteln wurden in
den letzten Jahren Ansétze und Technologien entwickelt, um die
Penetration von Arzneimitteln durch die Haut zu verbessern, wobei
chemische Penetrationsverstarker als einfachste Strategie am haufigsten
eingesetzt werden. In dieser Arbeit werden polyoxyethylierte (PEGylierte)
Emulgatoren als eine interessante Klasse von nichtionischen Emulgatoren
untersucht. Ziel ist es, ihre genaue Rolle beim Transport von Arzneistoffen
und den Mechanismus der Interaktion mit Hautbestandteilen in den
unterschiedlichen Hautschichten beleuchten. Der ungeordnete und lockere
Zustand der Stratum corneum (SC) Lipide wird als Indikator fir das
Eindringen von Emulgatoren und die Extraktion von Hautlipiden wahrend
Waschprozessen angesehen. Die Analysen in dieser Arbeit wurden mit
konfokaler Raman-Spektroskopie (CRS) als markerfreiem, nicht-invasivem
und zeiteffizientem Instrument durchgefiihrt, um mehrere Funktionen fir
diese Messungen zu erfullen. Parallel dazu wurden verschiedene
Instrumentenkonfigurationen evaluiert, um optimale Ergebnisse bei der

Analyse von Hautproben zu erzielen.

Es wurden charakteristische CRS-Signale bestimmt, um die
verschiedenen Lipideigenschaften zu bewerten und die selektivsten und
empfindlichsten Parameter zur Unterscheidung der verschiedenen
Auswirkungenen der Emulgatoren zu erhalten. Es wurden Analysen von mit
zwischen Wasser und Natriumlaurylsulfat (SLS) behandelten Hautproben
in Bezug auf den Lipidgehalt, die SC-Dicke und die Eigenschaften des
Ordnungszustands der Lipide durchgefihrt. Zudem wurde festgestellt, dass
die spektralen Signale im Fingerprintbereich empfindlicher waren als die im
Bereich der hohen Wellenzahlen (HWN). Diese erste Studie dieser Arbeit
filterte effektivere spektrale Merkmale fur die Hautanalyse heraus und

bildete die Grundlage fir nachfolgende Untersuchungen (Kapitel 3).

AnschlielRend wurden geeignete Spektralsignale ausgewahlt, um die
Auswirkungen von PEGylierten Emulgatoren mit unterschiedlichen

hydrophilen und lipophilen Kettenlangen und Sattigungsgraden auf die
Xl



Haut zu analysieren. Der Gehalt an SC-Lipiden und die Verdnderungen von
deren Ordnungszustand wurden untersucht, um potenzielle Regeln fur die
Stoérung der Struktur der SC-Lipide durch die untersuchten Emulgatoren zu
ermitteln. Die Ergebnisse deuteten darauf hin, dass die hydrophilen
Kettenlangen eine wichtige Rolle bei der Ausbildung der Fahigkeit der
verwendeten Emulgatoren zur Interaktion mit den SC-Komponenten
spielten. Dies filhrte dazu, dass PEGylierte Emulgatoren mit einer langeren
hydrophilen Kette eingehender untersucht wurden. Die Ergebnisse kénnten
auch bei der Suche nach geeigneten Emulgatoren fur die
Formulierungsentwicklung hilfreich sein (Kapitel 4).

Eine weitere Untersuchung wurde durchgefthrt, um die Auswirkungen
von PEGylierten Emulgatoren auf die Barrierefunktion der Haut zu
Uberprufen. Schweres Wasser (D20) wurde als Markiersubstanz
verwendet.. Die Verteilung von D20 in SC wurde mit Hilfe von
CRSuntersucht. Gleichzeitig wurden die Auswirkungen der Emulgatoren
auf den Lipidgehalt der Haut, die Lipidorganisation, den relativen
Wassergehalt und die Wasserstoffbriickenbindungsstruktur analysiert. Die
erzielten Ergebnisse spiegeln die grofite Barriereschadigung durch PEG-
20-Ether wider. Ebenso fluhrten sie zu einer erh6hten Penetration von D20
in das SC. Diese Studie bestéatigte die starkere Schadigung der
Hautbarriere durch PEG-ylierte Emulgatoren mit einer langeren
hydrophilen Kette bei dermaler Anwendung und zeigte die Mdglichkeit auf,
D20 als geeignete Markiersubstanz ~ zur  Bewertung  der

Hautbarrierefunktion zu verwenden (Kapitel 5).

Im Anschluss an die Studie sollte die verlangerte hydrophile
Kettenlange von PEGylierten Emulgatoren untersucht werden. Die Dicke
des SC wurde als Indikator fur die reduzierte und aufgelockerte Struktur der
SC-Komponenten verwendet. Parallel dazu wurde die Konfiguration der
CRS mit verschiedenen Objektiven und Blendengrél3en optimiert. Die
Ergebnisse zeigten, dass ab einer Lange von etwa 40 Oxyethylengruppen
zu eine geringere Barriereschadigung auftritt. Die Korrelation von
chemischem Aufbau der Emulgatoren und ihrer Wirkung auf die SC Lipide

kann dazu beitragen, mogliche Mechanismen der Wechselwirkungen

XIl



zwischen Emulgatoren und der Haut aufzudecken. In der Zwischenzeit hat
sich die Kombination aus Wasserimmersionsobjektiv und 50-um-Blende als
optimale CRS-Konfiguration erwiesen, um prazisere Daten zur Dicke des
SC zu erhalten (Kapitel 6).

Um die Rolle von PEGylierten Emulgatoren als Penetrationsverstarker
zu bestimmen, wurden Fluorescein-Natriumsalz (Fluo-Na) und Procain-HCI
separat als Modellarzneistoffe verwendet und ihre
Penetrationsverstarkungswirkung mit der herkdmmlichen Tape-Stripping-
Methode und CRS untersucht. Die Ergebnisse zeigten, dass die
Penetrationsprofile im Allgemeinen korreliert waren, was CRS zu einer
leistungsfahigen  Alternative fur die Bewertung der dermalen
Arzneistoffabgabe macht. Dartber hinaus wurde die penetrationsfordernde
Wirkung von PEGylierten Emulgatoren mit der Stérung von SC Lipiden in
Verbindung gebracht, was auf den zugrunde liegenden Mechanismus der

Arzneistoffpenetration hindeutet (Kapitel 7).

Im letzten Teil der Arbeit wurde versucht, einen tieferen Einblick in die
Wechselwirkungen zwischen Emulgatoren und dem SC zu gewinnen.
Mischungen von PEGylierten Emulgatoren wurden unter den Aspekten der
molekularen Eigenschaften des SC und der Penetrationsverstarkung
untersucht. Gleichzeitig wurden verschiedene CRS-Laserwellenl&ngen
verwendet, um ihre Eignung und Anwendbarkeit in systematischen SC-
Analysen zu bewerten. Die Ergebnisse zeigten, dass die gemischten
Emulgatorsysteme das Potenzial zur Verringerung von Wechselwirkungen
mit den SC-Lipiden hatten. Dies schien auch mit den CMC-Werten
(kritische  Mizellenkonzentration) zusammenzuhéngen, was darauf
hindeutet, dass die vorhandenen Monomere die Hauptursache fur die
Verbesserung der Arzneistoffpenetration und die Stérung des
Ordnungszustands der Lipide des SC waren. Aulerdem konnte
nachgewiesen werden, dass sowohl 532-nm- als auch 785-nm-Laser fir
Hautanalysen geeignet sind. Darauf basierend wurden Vor- und Nachteile
der verschiedenen Anregungswellenlangen diskutiert, um eine Auswahl auf
der Grundlage unterschiedlicher experimenteller Anforderungen zu

ermdglichen (Kapitel 8).
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Summary

In dermal drug delivery studies, approaches and technologies have
recently been advanced to enhance drug penetration through the skin, with
chemical enhancers being the most widely used as the simplest strategy.
Within their uses, polyoxyethylated (PEGylated) emulsifiers are focused on
in this thesis as an interesting class of nonionic emulsifiers. It aims to
determine their exact role in transporting drugs and their mechanism of
action in skin layers to interact with the skin components. Herein, the
disordered and loose state of stratum corneum (SC) lipids are used as
indicators of emulsifiers’ penetration and lipids’ extraction during the
washing process. The analyses were conducted with confocal Raman
spectroscopy (CRS) as a label-free, non-invasive and time-efficient
instrument to exploit multiple functions for the needs. Different instrumental
configurations were evaluated to achieve optimal performance in skin

analyses.

Characteristic CRS signals were determined to evaluate lipid properties
and obtain the most selective and sensitive parameters for differentiating
different samples applied to the skins. Analyses were performed between
water and sodium lauryl sulfate (SLS)-treated skin samples regarding lipid
content, SC thickness, and lipid molecular structure properties. It was found
that the spectral signals in the fingerprint region were more sensitive than
those in the high wavenumber (HWN) region. This initial study in this thesis
filtered out more effective spectral features for skin analysis and formed the

basis for subsequent studies (Chapter 3).

Suitable spectral signals were then selected to analyze the effects of
PEGylated emulsifiers with different hydrophilic and lipophilic chain lengths
and degrees of saturation on skin samples. The SC lipid content and
organizational changes were examined to study the potential rules of
disruptions of SC lipids by the studied emulsifiers. The results indicated that
the hydrophilic chain lengths played an important role in governing the
ability of applied emulsifiers to interact with the SC components. This led to

a deeper investigation concerning PEGylated emulsifiers with a longer
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hydrophilic chain. The results could also help find suitable emulsifiers for
formulation development (Chapter 4).

Another investigation was carried out to verify the effects of PEGylated
emulsifiers on the skin. Heavy water (D20) was used as a probe. The
distribution of D20 was tracked using CRS. Simultaneously, the emulsifiers’
effects on skin lipid content, lipid organization, relative water content, and
hydrogen bonding structure were monitored. The obtained results reflected
the higher penetration ability of PEG-20 ethers in skin. The penetration of
D20Owas also enhanced. This study verified the increased barrier disruption
of PEGylated emulsifiers with longer hydrophilic chains. It demonstrated the
possibility of using D20 as an appropriate probe to evaluate the skin barrier

function (Chapter 5).

Following the study, the extended hydrophilic chain length of
PEGylated emulsifiers was investigated. The SC thickness was used to
reflect the reduced and loosened structure of SC components. In parallel,
the configurations of CRS, including different objectives and pinhole sizes,
were optimized. The results revealed the limit of oxyethylene groups of
around 40 to cause lower interruptions of the SC lipids, which may help to
reveal possible mechanisms that determine the interactions between
emulsifiers and skin. Meanwhile, the combination of water immersion
objective and 50 pm pinhole was the optimal CRS configuration for

obtaining more precise data on SC thickness (Chapter 6).

To determine the role of PEGylated emulsifiers as penetration
enhancers, fluorescein sodium salt (Fluo-Na) and procaine HCI were used
separately as model drugs. The penetration enhancement efficacy was
investigated using the conventional tape-stripping method and CRS. The
results showed that the penetration performances were generally
correlated, making CRS a powerful alternative for evaluating dermal drug
delivery. Moreover, the penetration-enhancing effect of PEGylated
emulsifiers has been associated with the disruption of SC components,

suggesting the underlying mechanism of drug penetration (Chapter 7).
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The final part of the thesis aims to gain a deeper insight into the
interactions between emulsifiers and SC. Mixtures of PEGylated emulsifiers
were investigated from the aspects of SC molecular properties and
penetration enhancement. Simultaneously, different CRS Ilaser
wavelengths were used to evaluate their suitability and applicability in
systematic SC analyses. The results showed that the mixed emulsifier
systems had the potential to reduce their interaction with SC. This was also
related to the CMC (critical micelle concentration) values, suggesting that
the monomers present were the main cause of enhancing drug penetration
and triggering skin disruption. Meanwhile, both 532 nm and 785 nm lasers
were suitable for skin analyses. Benefits and pitfalls were addressed to

allow selection based on different experimental needs (Chapter 8).

XVII






List of publications

The work presented in the thesis has been published in international peer-
reviewed journals. Six research papers were published to fulfill the

requirement of this cumulative dissertation.

Publications related to the dissertation
Publication 1

Liu Y, Lunter D J*. Selective and sensitive spectral signals on confocal
Raman spectroscopy for detection of ex vivo skin lipid properties [J].
Translational Biophotonics, 2020, 2(3): €202000003. doi:
10.1002/tbio.202000003

Publication 2

Liu Y, Lunter D J*. Systematic Investigation of the Effect of Non-lonic
Emulsifiers on Skin by Confocal Raman Spectroscopy—A Comprehensive
Lipid Analysis [J]. Pharmaceutics, 2020, 12(3): 223. doi:
10.3390/pharmaceutics12030223

Publication 3

Liu Y, Lunter D J*. Tracking heavy-water-incorporated confocal Raman

spectroscopy for evaluating the effects of PEGylated emulsifiers on skin
barrier [J]. Journal of Biophotonics, 2020, 13: 1-12. doi:
10.1002/jbio.202000286

Publication 4

Liu Y, Lunter D J*. Optimal configuration of confocal Raman spectroscopy
for precisely determining stratum corneum thickness: Evaluation of the
effects of polyoxyethylene stearyl ethers on skin [J]. International Journal
of Pharmaceutics, 2021, 597: 120308. doi: 10.1016/j.ijjpharm.2021.120308

XIX



Publication 5

Liu Y, Lunter D J*. Profiling skin penetration using PEGylated emulsifiers
as penetration enhancers via confocal Raman spectroscopy and
fluorescence spectroscopy [J]. European Journal of Pharmaceutics and
Biopharmaceutics, 2021, 166: 1-9. doi: 10.1016/j.ejpb.2021.04.027

Publication 6

Liu Y, Lunter D J*. Confocal Raman spectroscopy at different laser
wavelengths in analyzing stratum corneum and skin penetration properties
of mixed PEGylated emulsifier systems [J]. International Journal of
Pharmaceutics, 2022, 616: 121561-121570. doi:
10.1016/j.ijpharm.2022.121561

Other publications

Publication 1

Liu Y, Krombholz R, Lunter D J*. Critical parameters for accurate monitoring
of caffeine penetration in porcine skin using confocal Raman spectroscopy
[J]. International Journal of Pharmaceutics, 2021, 607: 121055. doi:
10.1016/).ijpharm.2021.121055

Publication 2

Krombholz R#, Liu Y#, Lunter D J*. In-Line and Off-Line Monitoring of Skin
Penetration Profiles Using Confocal Raman Spectroscopy [J].
Pharmaceutics, 2021, 13(1): 67. doi: 10.3390/pharmaceutics13010067.

# Co-first author

* Corresponding author

XX



Personal contribution

Publications related to the thesis
Publication 1

Selective and sensitive spectral signals on confocal Raman spectroscopy

for detection of ex vivo skin lipid properties

Yali Liu, Dominique Lunter*

Translational Biophotonics

Year 2020, Volume 2, Issue 3, Pages 1-9
Doi: 10.1002/thio.202000003

Idea: Dominique Lunter and Yali Liu

Study design: Yali Liu and Dominique Lunter
Experiment: Yali Liu

Evaluation: Yali Liu and Dominique Lunter
Manuscript: Yali Liu and Dominique Lunter

Publication 2

Systematic Investigation of the Effect of Non-lonic Emulsifiers on Skin by

Confocal Raman Spectroscopy—A Comprehensive Lipid Analysis

Yali Liu, Dominique Lunter*

Pharmaceutics

Year 2020, Volume 12, Issue 3, Pages 223-238
Doi: 10.3390/pharmaceutics12030223

Idea: Dominique Lunter and Yali Liu

Study design: Yali Liu and Dominique Lunter
Experiment: Yali Liu

Evaluation: Yali Liu and Dominique Lunter
Manuscript: Yali Liu and Dominique Lunter

XXI



Publication 3

Tracking heavy - water - incorporated confocal Raman spectroscopy for

evaluating the effects of PEGylated emulsifiers on skin barrier

Yali Liu, Dominique Lunter*

Journal of Biophotonics

Year 2020, Volume 13, Issue 12, Pages 1-12
Doi: 10.1002/jbio.202000286

Idea: Dominique Lunter and Yali Liu

Study design: Yali Liu and Dominique Lunter
Experiment: Yali Liu

Evaluation: Yali Liu and Dominique Lunter

Manuscript: Yali Liu and Dominique Lunter

Publication 4

Optimal configuration of confocal Raman spectroscopy for precisely
determining stratum corneum thickness: Evaluation of the effects of

polyoxyethylene stearyl ethers on skin

Yali Liu, Dominique Lunter*

International Journal of Pharmaceutics

Year 2021, Volume 597, Pages 120309-120316
Doi: 10.1016/).ijpharm.2021.120308

Idea: Dominique Lunter and Yali Liu

Study design: Yali Liu and Dominique Lunter
Experiment: Yali Liu

Evaluation: Yali Liu and Dominique Lunter
Manuscript: Yali Liu and Dominique Lunter

XXII



Publication 5

Profiling skin penetration using PEGylated emulsifiers as penetration
enhancers via confocal Raman spectroscopy and fluorescence

spectroscopy

Yali Liu, Dominique Lunter*

European Journal of Pharmaceutics and Biopharmaceutics
Year 2021, Volume 166, Pages 1-9

Doi: 10.1016/j.ejpb.2021.04.027

Idea: Dominique Lunter and Yali Liu

Study design: Yali Liu and Dominique Lunter
Experiment: Yali Liu

Evaluation: Yali Liu and Dominique Lunter

Manuscript: Yali Liu and Dominique Lunter

Publication 6

Confocal Raman spectroscopy at different laser wavelengths in analyzing
stratum corneum and skin penetration properties of mixed PEGylated

emulsifier systems

Yali Liu, Dominique Lunter*

International Journal of Pharmaceutics

Year 2022, Volume 616, Pages 121561-121570
Doi: 10.1016/j.ijpharm.2022.121561

Idea: Dominique Lunter and Yali Liu

Study design: Yali Liu and Dominique Lunter
Experiment: Yali Liu

Evaluation: Yali Liu and Dominique Lunter

Manuscript: Yali Liu and Dominique Lunter

XXIII



Other publications
Publication 1

Critical parameters for accurate monitoring of caffeine penetration in

porcine skin using confocal Raman spectroscopy

Yali Liu, Richard Krombholz, Dominique Lunter*
International Journal of Pharmaceutics

Year 2021, Volume 607, Pages 121055-121064
Doi: 10.1016/j.ijpharm.2021.121055

Idea: Dominique Lunter and Yali Liu

Study design: Yali Liu and Dominique Lunter

Experiment: Yali Liu

Evaluation: Yali Liu, Richard Krombholz and Dominique Lunter

Manuscript: Yali Liu and Dominique Lunter

Publication 2

In-Line and Off-Line Monitoring of Skin Penetration Profiles Using Confocal

Raman Spectroscopy

Richard Krombholz*, Yali Liu#, Dominique Lunter*
Pharmaceutics

Year 2021, Volume 13, Issue 1, Pages 67-79
Doi: 10.3390/pharmaceutics13010067

Idea: Dominique Lunter, Richard Krombholz and Yali Liu

Study design: Dominique Lunter, Richard Krombholz and Yali Liu
Experiment: Richard Krombholz and Yali Liu

Evaluation: Richard Krombholz, Yali Liu and Dominique Lunter

Manuscript: Richard Krombholz, Yali Liu and Dominique Lunter

# Co-first author

* Corresponding author

XXIV



List of poster presentations

Poster presentations in academic conferences during the period of this

thesis are listed as follows.
Poster presentation 1

13"  World Meeting on Pharmaceutics, Biopharmaceutics and
Pharmaceutical Technology (PBP), March 2022, Rotterdam.

Raman spectroscopy at different laser wavelengths in analyzing skin

properties of mixed PEGylated emulsifier systems.

Yali Liu and Dominique Lunter*

Poster presentation 2

12 World Meeting on Pharmaceutics, Biopharmaceutics and

Pharmaceutical Technology (PBP), May 2021, online.

Monitoring drug penetration with PEGylated emulsifiers as penetration
enhancers by confocal Raman spectroscopy.

Yali Liu and Dominique Lunter*

Poster presentation 3
WITec Raman Imaging Summit, September 2020, online.

Tracking heavy water incorporated confocal Raman spectroscopy for
evaluating the effects of PEGylated emulsifiers on skin barrier.

Yali Liu and Dominique Lunter*

* Corresponding author

XXV






1. Introduction

1.1 The skin

The skin is the largest and heaviest organ in the human body, covering
about 2 m? of the surface body area and accounting for around 10 % of total
body mass [1]. The skin, which acts as a barrier between the human body
and the outside world, is the most critical barrier because of its vital
functions in maintaining and regulating the body’s health [2,3]. The transfer
of active compounds over the skin has been a persistent challenge in
pharmaceutical research owing to the skin’s effective barrier function [4,5].
By deepening the insights into the physicochemical properties of the skin
barrier, the mechanisms of pathways through the skin for topical and dermal
drug delivery are gradually explored [6—8]. Besides, ex-vivo skin models in
preclinical studies are also entering a more mature phase [9-11]. Based on
the main subject of this thesis concerning the skin barrier and skin
penetration properties, this introductory chapter covers the fundamentals of
skin structure and stratum corneum properties, and recent advances in

dermal drug delivery and ex-vivo skin models.

1.1.1 Structure and function of the skin

The skin has a complex structure composed of mainly three layers: the
epidermis, dermis, and deeper subcutaneous tissue (Fig. 1). Each contains
various cell types and performs diverse functions [5,12]. The outmost layer
of the skin is the epidermis, which is divided into layers of stratum corneum
(SC), stratum granulosum (SG), stratum spinosum (SS), and stratum
basale (SB). This layer is the main barrier to protecting the skin from
external stimuli, such as pathogens, microbes, mechanical injuries, and
accidental contact with chemical irritants [13,14]. Besides, it also works on
regulating the temperature and preventing water loss from the human body
[15,16]. Despite the multilayered structure of the epidermis, it lacks blood
vessels and hence must rely on nutrients given by the underlying dermis
[17,18]. Keratinocytes are the predominant cell type in the epidermis,

accounting for 95% of the total cell population, except for a few melanocytes,
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Langerhans cells, and Merkel cells. They are in different stages of
differentiation with the migration from the inner epidermal layer to the outer
layers [19,20]. This transition process starts from the SB, where the
keratinocytes proliferate and move upward through the SS and SG. As the
keratinocytes go through differentiation, they become enucleated, dead,
and flattened cells; they eventually reach the final stage of differentiation
and are seen as the SC or horny layer [9,17,21].

The dermis is a layer of skin between the epidermis and the
subcutaneous tissue filled with a fibrous structure comprised primarily of
collagenous, elastic, and reticular fibers [22,23]. The dermis is further
divided into papillary and reticular layers. The papillary dermis is the
uppermost layer of the dermis, located 100 to 150 ym beneath the skin
surface and composed of fine and loose connective tissue. The reticular
dermis is the lower part of the dermis, highly vascular, and comprises a
thicker layer of dense connective tissue [24,25]. The dermis also contains
extracellular components such as vasculature, nerve endings, hair follicles,
sebaceous, and sweat glands which also serve distinct functions. The
primary elastic tissue supports the skin’s regular structure and flexibility [20].
The abundant vascular network provides nutrients, facilitates waste
elimination, and plays a critical role in regulating body temperature and
wound healing. The huge network of nerve endings and various touch
receptors perceive sensations in the human body and make up the
somatosensory system [1]. The dermis contains various cell types,
including fibroblasts, macrophages, adipocytes, mast cells, Schwann cells,
and stem cells. The primary cell type of fibroblasts is responsible for the
syntheses of extracellular matrix and different fibers, serving as a structural

component of the immunological response to tissue injury [26,27].

The bottom layer of the skin is the subcutaneous tissue, composed of
loose connective tissue and fat that provides the skin with main structural
support, protects the body from rapid temperature changes, and absorbs
shock from underlying tissues [28]. Throughout the layer, large numbers of

blood vessels and nerves are interlaced, performing the functions of



thermoregulation and energy reserve. This layer is mostly composed of
adipose cells from fat tissue and fibroblasts that release collagen [29,30].
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Fig. 1. Schematic overview of the structure of the skin in cross-section. The skin is broadly
composed of three layers of the epidermis, dermis, and subcutaneous tissue. The layer of
the epidermis was specifically displayed, which contains layers of stratum corneum,
stratum granulosum, stratum spinosum, and stratum basale. This figure is modified from
Kabashima et al. [12].

1.1.2 Stratum corneum properties

Many of the skin’s vital functions, including its ability to form an effective
barrier to the outside world, are highly dependent on the composition and
structure of the SC located at the superficial layer of the epidermis [31,32].
SC serves as the most significant barrier resisting their entry into the body
[33,34]. To develop strategies for improving dermal drug delivery, it is
critical to thoroughly understand the various SC properties.

The SC comprises flattened anucleated cells surrounded by a highly
organized and continuous lipid matrix that resembles a “brick and mortar
wall” (Fig. 2). It contains 10-15 layers of corneocytes loaded with keratin
filaments and low amounts of water which are separated by numerous
densely-packed lipid bilayers [35,36]. The lipid matrix is primarily composed
of the three lipid classes of cholesterol (CHOL), free fatty acids (FFAs), and
ceramides (CERSs) in an approximately equimolar ratio [4,37]. Plenty of

studies has demonstrated their critical involvement in maintaining the skin



barrier function and explored their extensive links with skin lesions and
diseases [38-40].

The normal SC holds two organized lamellar phases with a repeat
distance of nearly 6 and 13 nm, termed the short periodicity phase (SPP)
and the long periodicity phase (LPP). In the vertical plane of the lamellae,
the lipids are organized in lateral packing. They retain orthorhombic,
hexagonal, or liquid states as they transition from dense to less dense
lateral organization [41,42]. Many analytics have been involved in different
studies in understanding the relationship between lipid lateral packing order
and skin barrier functions [43—-45]. First observations verified the shift
toward a disordered lipid packing state with increased temperature applied
to the skin [46,47]. Simultaneously, it was shown that trans-epidermal water
loss (TEWL), a frequently used indication of skin barrier functions, is related
to the degree of lateral packing order in the human SC [48,49]. Increased
permeability of actives has also been observed with the change from
orthorhombic to hexagonal packing of SC lipid structures [42,50]. Besides,
in plenty of diseased skin samples, such as atopic dermatitis, psoriasis, and
lamellar ichthyosis, an increase in the short-chain fraction of lipids (CERS)

generates a less dense lateral packing state [21,41,51,52].

Along with the significance of the SC’s lateral packing structure, the
conformational order of lipid acyl chains is also a critical parameter. Their
molecular vibration modes can be employed to characterize the trans and
gauche conformer populations. The growing abundance of gauche
conformers in chains indicates a trend toward disordered conformational
states [53,54]. In addition, lipids with a greater degree of fluidity and
disorder are more easily washed away via dermal treatments [55]. Thus, a
decrease in lipid content and a reduction in the SC thickness can also be
considered appropriate indicators of SC barrier disruption [56,57].
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Fig. 2. Structure of the multiple lamellae, which have both lateral and lamellar levels of the
organization. The lateral organization includes orthorhombic, hexagonal, and liquid
lamellar. The lamellar organization is classified as long periodicity phase (LPP) and short
periodicity phase (SPP) [58].

1.1.3 Dermal drug delivery

That the skin acts as an effective, selective barrier to the external
environment has been discussed in detail in the preceding section.
Simultaneously, it has also been recognized as an important drug delivery
route due to its ease of access for pharmaceutical applications [2,59]. In
this regard, the question of how effective therapeutic concentrations pass
the skin to exert their effect has been raised. In dermal drug delivery, the
first step involves passing through the SC and permeating the viable
epidermis and dermis layer. Although the underlying skin can also limit drug
penetration rates to a minor extent, the main function of blocking the drug
absorption is attributed to the SC [41,60]. Three potential penetration routes
through the SC are brought forward [61]. These include the intercellular,

transcellular, and appendageal routes (Fig. 3) [62].

Typically, the intercellular route is considered the predominant pathway
of drug molecules through the skin. It represents the diffusion of molecules
through the lipid-rich ‘mortar’ area surrounding the ‘brick’ structure of

corneocytes. The amphiphilic nature of intercellular lipids facilitates the
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passage of a wide variety of molecules with different polarities while polar
molecules diffuse through the polar part, and lipophilic molecules pass
through the lipophilic part of lipids. However, their highly organized lamellar
and lateral packing structures still reduce the penetration efficiency via this
route. Penetration through the corneocytes is regarded as the transcellular
route contributing less to the drug delivery process [63]. This pathway
requires molecules to cross the hydrophilic but sparsely water-containing
environment within the cells and the lipophilic domain of lipid lamellae. Thus,
actives are still significantly hindered during the penetration despite its
shortest distance. The appendageal route involves drug permeation via the
hair follicles and sweat ducts, which is thought to contribute less to the drug
delivery but might be important for ions and large polar molecules as well
as nanoparticles that cannot penetrate the intact SC [64]. Due to the
abundance of hair follicles on the skin surface, applying samples to the skin
cannot avoid penetration through this route. However, the primary reason
for poor drug uptake is the low density of hair follicles and glands, which

reduces drug delivery efficiency [65].

Methods for circumventing the SC barrier have been developed to
ensure the efficacy of dermal treatment, such as chemical and physical
approaches to improve drug penetration [66,67]. Among these, chemical
penetration enhancers (CPEs) have grown in popularity as a significant
class of penetration enhancing techniques due to their advantages over
physical approaches such as being painless [20]. Extensive studies have
demonstrated their abundant applications in the pharmaceutical area
[63,68]. However, it is critical to discover how they enter the SC and act on

its components.

Researchers have confirmed different mechanisms that improve drug
penetration for various CPEs [69,70]. Focusing on the principal intercellular
route, CPEs can partition into the lamellae lipids, inducing a more
disordered, fluid lipid state and further resulting in lower resistance of SC to
drug molecules. On the other hand, their extraction of SC lipid components
can also disrupt lipid organization and increase lipid fluidity, further inducing

a higher absorption of drug molecules [42,71]. In transcellular delivery,
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some studies have also described their interaction with keratin filaments
within corneocytes as one of the factors inducing penetration enhancement
[2,72]. Due to the complexity of CPES’ behavior within the skin, the
mechanisms involved in dermal drug delivery remain poorly understood for
many types and applications of them in drug formulations. Thus, using
certain CPEs, their mechanism of action should be clearly understood as

they may have adverse effects due to the interruption of the skin.
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Fig. 3. Pathways of drug penetration across the skin include the (a) follicular route, (b)

transcellular route, and (c) intercellular route. This figure is modified from [62].

1.1.4 Ex-vivo skin models

Skin barrier properties and dermal drug delivery are key parameters in
pharmaceutical and dermatological developments. Although the application
of in-vivo human skin is ideal for these experimental studies, availability and
ethical considerations restrict the use. The ex-vivo human skin is usually
obtained from plastic surgery and retains the biological properties of in-vivo
skin. Comparative studies have demonstrated that the tissue viability,
barrier function, and extracellular matrix composition remained comparable
[73-75]. However, multiple factors still hold its widespread use back. The
economic and ethical considerations are the main concerns, although ex-
vivo human skin has been proven appropriate in penetration studies and
evaluation of barrier disruption properties [76,77]. Together with the
economic and ethical reasons, alternative skin models are essential

through the early stages of pharmaceutical research.

So far, various skin models have been developed, including animal skin,

artificial skin, and reconstructed skin models [11,78-80]. Animal skin finds



extensive use in most of the recent works. Alternatives, including porcine,
rat, mouse, guinea pig, and snake models, involve the skin structural
characteristics and transdermal delivery studies [17,19]. Based on their
limited cost and comparability to human skin, porcine skin shows great
benefits of easy-to-access and less ethical approval procedures [78,81].
Artificial membranes and reconstructed skin models have emerged as
substitutes for animal experimentations. They are designed to have
comparable skin structural and drug penetration properties. However, these
models are typically composed of simple homogeneous polymer materials,
which allows for studying fundamental molecular transportation
mechanisms. However, due to the lack of complexity and nature of human
skin, they cannot represent cellular interactions and in-vivo skin properties
[36,82,83].

Concerning the application of porcine skin, the flank and ear are
common sites to be used. The feasibility of using porcine skin to replace
human skin has been demonstrated in percutaneous drug absorption,
irritation, and toxicity studies [84—-86]. In the early stage, porcine ear skin
was evaluated for increasing TEWL with progressive SC removal,
representing the same property variation as in-vivo human skin [87].
Porcine skin has also been analyzed by confocal laser scanning
microscopy and multiphoton tomography confirming its suitability as a
human skin model. Properties regarding the skin hydration, the shape and
size of corneocytes and single cells, the nucleus size, the amount of
cytoplasm, and the intracellular area are identical to those of human skin
[25]. Besides, porcine skin features, including the hair follicle size, SC
thickness, the number, size, and distribution of dermal vessels, are similar
to those of human skin [88]. Numerous investigations have recently
established a correlation between the porcine and human skin's penetration
and permeation properties [89,90]. For instance, the skin penetration
potential of curcumin and fluorescein sodium determined using porcine ear
skin was highly representative of the in-vivo situation on human skin [91].
Apart from the discovered similarities, there are undoubtedly distinctions

between porcine and human skin. The main variability refers to the lower



skin barrier functions. Previous research has mostly reported the
differences in SC lipid lateral organization, showing that porcine skin has
more hexagonal lateral packing order lipids and higher active permeability
than human skin [92]. However, although porcine skin is not completely
equivalent to human skin, it is still the most suitable substitute for preclinical
studies of dermal drug delivery systems.

1.2 Nonionic emulsifiers: polyethylene glycol (PEG) modified

emulsifiers

Nonionic emulsifiers have been used in different fields [93,94]. Within
their categories, the initial syntheses of polyoxyethylated (PEGylated)
emulsifiers in the early years facilitated the widespread usage of nonionic
emulsifiers [95,96]. This section discusses the structural characteristics and
emerging applications of PEGylated emulsifiers. The attention is mostly on
their use as CPEs and the mechanism of action within the skin. Additionally,
the application and potential behaviors of emulsifier mixtures in the skin

area are also of interest to be included.

1.2.1 Structures of PEGylated emulsifiers

Polyoxyethylene is a synthetic polyether covering a wide range of
molecular  weights, which has the common formula of
H-(O-CH2-CH2)r—OH, where ‘n’ represents the number of oxyethylene
groups. PEGylated emulsifiers are synthesized by forming addition
compounds or complexes on their ether bridges [97]. In this way, PEG fatty
acid esters, ethers, amine ethers, and other derivatives can be produced.
PEG alkyl ethers are one of the largest categories of commercially available
PEGylated emulsifiers [94,98]. They are usually prepared by the
ethoxylation of alcohol, such as cetyl (C), stearyl (S), oleyl (O), lauryl (L), or
cetearyl (CS), with a variable number of ethylene oxide units that
corresponds to the length of the hydrophilic chain. Thus, they have the
general formula of R—(O-CH2-CH2)n—OH, where R denotes an alkyl chain
with a certain number of carbons referring to the length of the hydrocarbon
chain, which can exhibit a range of saturation degrees [99].



Based on varying developments through fields, PEG alkyl ethers are
registered with different trademarks, such as the Brij series provided by
Croda Europe Ltd. Table. 1 summarizes the Brij emulsifiers used in this
thesis, including the name, product name, alkyl chain length, and moles of
EO. Since the series has varying lengths of hydrophilic and lipophilic chains,
they exhibit varying values of hydrophilic-lipophilic balance (HLB) and
solubility in aqueous solutions, which should be addressed for formulation

development.

Table 1. Technical information of Brij series used in this thesis.

Alkyl chai Mol
Name Product name  Fatty alcohol y’chan oes

length of EO

PEG-2 stearyl ether Brij S2 Stearyl alcohol Cc18 2

PEG-2 oleyl ether Brij O2 Oleyl alcohol C18 2

PEG-2 cetyl ether Brij C2 Cetyl alcohol Cle 2
PEG-10 stearyl ether Brij S10 Stearyl alcohol Cc18 10
PEG-10 oleyl ether Brij 010 Oleyl alcohol C18 10
PEG-10 cetyl ether Brij C10 Cetyl alcohol Cl6 10
PEG-20 stearyl ether Brij S20 Stearyl alcohol C18 20
PEG-20 oleyl ether Brij 020 Oleyl alcohol C18 20
PEG-20 cetyl ether Brij C20 Cetyl alcohol C1l6 20
PEG-40 stearyl ether Brij S40 Stearyl alcohol C18 40
PEG-100 stearyl ether Brij S100 Stearyl alcohol Cc18 100

1.2.2 Applications of PEGylated emulsifiers

PEGylated emulsifiers are widely employed in the pharmaceutical,
cosmetic, food, and biomedical industries [95,100,101]. In pharmaceutics
and cosmetics, they are typical excipients in oral, ophthalmic, rectal, and
cutaneous formulations [102—-105]. Due to their lower toxicity, irritation, and
hemolytic activity than other emulsifier types, this family of non-ionic
emulsifiers performs various functions as solubilizers, wetting agents,
cleansing agents, skin conditioners, humectants, and penetration
enhancers [106—108]. They can also be useful in analytical chemistry,

where they are frequently used for analytical separations requiring little
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ultraviolet (UV) absorption, low sensitivity to ions, and a wide range of
polarity differences [95].

PEGylated emulsifiers can be used in various dosage forms in the
production of pharmaceutical and skincare products, including emulsions,
suspensions, micellar solutions, noisomes, and cerasomes [109-111].
Depending on their HLB values, which represent their hydrophilic and
lipophilic natures, they may perform a variety of activities, including the
formation of oil-in-water (O/W) or water-in-oil (W/O) emulsions [112].
Additionally, Manconi et al. reported high entrapment efficiency of tretinoin
in noisomes using PEG-4 lauryl ether [113]. PEG-23 lauryl ether, PEG-20
stearyl ether, and PEG-20 oleyl ether were used in micellar solution to
improve the corneal permeability of atenolol, timolol, and betaxolol [114].
Albash et al. have shown that cerasomes prepared with PEG-2 cetyl ether
and PEG-10 oleyl ether could be used to administer fenticonazole nitrate
topically [115].

In recent decades, due to the thought that PEGylated emulsifiers have
a lower risk of skin impairment and irritation, they have been widely
explored as penetration enhancers in dermal drug delivery systems.
Reports have been published on applying actives with a variety of
physicochemical and biological properties [101,116,117]. For instance, it
refers to the use of PEG-2 oleyl ether to enhance piroxicam permeation
through rat skin and the decreasing order of PEG-5 cetyl/oleyl ether, PEG-
2 lauryl ether, PEG-2 oleyl ether, and PEG-10 stearyl ether in promoting
the transdermal flux of ibuprofen through excised rat skin [118,119]. With
growing interest in PEGylated emulsifiers as penetration enhancers, it is
critical to understand their interaction with the skin and the factors that may
govern the interaction and potential to promote drug penetration. The
comprehensive studies and principal experiments can help expand the
application of this series of emulsifiers and provide guidance in further
formulation development using this type of emulsifier and other emulsifiers
with comparable chemical structures and biological properties.
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Based on existing studies, the enhancing ability of PEGylated
emulsifiers has been examined concerning their natures from multiple
aspects. It is generally regulated by some variables, including the
hydrophilic and hydrophobic chain length, the saturation degree, and the
physicochemical properties of actives [99,117,120]. Some authors
emphasized the importance of the polar head group of emulsifiers, stating
that their bigger size may be the primary obstacle to passing through the
skin [120]. Furthermore, reports indicated that PEGylated emulsifiers with
fewer EO groups have a higher risk for skin irritation, as evidenced by the
higher TEWL values of PEG-2 stearate and PEG-9 stearate compared to
PEG-40 stearate [121]. However, Okuyama et al. proposed a debate in
which they determined that the optimal PEG ethers or esters for penetration
enhancement have EO chain lengths of 5 to 15 [122]. When evaluating the
penetration enhancing the ability of PEGylated emulsifiers, the length of the
hydrophobic alkyl chains was also considered. Kim et al. demonstrated that
the penetration of ketoprofen was not dependent on different alkyl chain
lengths when ketoprofen patches containing PEGylated emulsifiers were
applied to excised hairless mouse skin [120].

Nevertheless, a double bond in the alkyl chain was suggested to play a
significant role. Since PEG-2 oleyl ether had a greater enhancing effect
than PEG-2 stearyl ether, considering the cumulative effects of these
factors, one may expect that elucidating the penetration enhancing ability
with a single cause would be challenging [119]. A systematic examination
of a series of PEGylated emulsifiers is still required to establish a more

precise underlying law.

1.2.3 Mechanistic action of PEGylated emulsifiers on skin

It is undeniable that skin treatment can have diverse impacts on the
skin, particularly when emulsifiers are included in formulations. Generally,
skin safety evaluation and skin irritation are determined by the changes in
skin physical and biological properties generated by the interactions
between emulsifiers and skin. It has been reported that the emulsifiers

primarily interact with the SC, which serves as the skin’s most functional
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and critical barrier. Recent discoveries suggest that the interactions are
mostly related to the denaturation of SC keratin and the alteration of

structures and components of SC lipids [123-125].

The impact on SC keratin is often attributed to ionic emulsifiers, which
can bind with the keratin filaments. This effect was observed when sodium
lauryl sulfate (SLS) solution was applied to an SC model membrane,
confirming keratin denaturation [126]. In principle, it could be explained that
the keratin changes from a highly stable and less exposed a-helix structure
to a more unstable and exposed B-sheet structure, leading to easier binding
with surrounding biomolecules [92]. On the other hand, nonionic emulsifiers
were shown to have a lower ability to cause keratin denaturation, which was
commonly attributed to their relatively weak hydrogen and van der Waals
bonds [114,127]. With this fact, the studies of elucidating the mechanisms
of PEGylated emulsifier impact on the skin have been less focused or have

revealed a less evident effect on denaturing the structure of SC keratin.

Research indicates that much emphasis is placed on the interactions
between emulsifiers and SC lipid layers. SLS was used to evaluate SC lipid
abnormalities to determine the reason for dry scaly skin. Significant
changes in the composition of SC lipids have been observed, primarily in
the CER species, and a decrease in long-chain (C22-28) FFAs [128,129].
Furthermore, Saad et al. demonstrated that when human skin is treated
with SLS, the loss of orthorhombically packed SC lipids was compensated
for by increasing a hexagonal phase [130]. Although nonionic emulsifiers
generally have lower irritation potential than anionic emulsifiers,
interactions with intercellular skin lipids are still found in some types. For
example, PEG-20 sorbitan monooleate was investigated for its ability to
alter the lipid arrangements in the SC, hence increasing lorazepam
penetration [131]. When it was discovered that PEGylated emulsifiers have
the penetration-enhancing ability and were widely used in commercially
available dermal products, evaluation regarding their effects on skin lipid
properties was frequently undertaken to gain insights into the mechanism
of action. PEG-20 glycerol monostearate was previously examined for its

ability to extract porcine SC lipids and modify their conformational order to
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a more gauche state [132]. In addition, it was shown that treatment with
PEG-23 lauryl ether disrupted the lipid structure rather than extracting lipids.
Specifically, it can dissolve into the lipid matrix and fluidize the lipid chains
[101]. The penetration of procaine HCI was enhanced by PEG-23 lauryl
ether [133,134]. It has been assumed that when PEGylated emulsifiers
interact with SC lipids, the emulsifiers partition into the intercellular lipids,
disordering and fluidizing the lipid organization, thereby facilitating the
removal of lipid components from applied solutions or formulations
[132,135,136].

Apart from the interactions between emulsifiers and SC components, it
Is also interesting to understand how emulsifiers enter the skin and further
disturb the skin structures. It is still debatable whether the emulsifiers enter
the intercellular regions of SC as monomers or micelles. Certain research
groups discovered that when the emulsifier concentration exceeds the
CMC, the drug penetration is improved, and the SC is highly disrupted. In
this case, the number of monomers was highly increased, and their smaller
size was widely accepted to facilitate penetration into the skin and further
disturb its barrier properties. On the other hand, micelles lack the surface
activity to interact with the skin components and are too large to penetrate
the skin [125,137]. However, this theory has been challenged by some
experimental studies, which demonstrate that the lipids solubilization and
washing from the SC only occur when the CMC of applied emulsifier

concentrations is reached [138,139].

According to the facts described above, it is obvious that the
penetration of PEGylated emulsifiers and their actions within the SC are
complex courses working together. Thus, it is important to conduct a
thorough evaluation of potential mechanisms and negative effects related
to the interactions of PEGylated emulsifiers with SC.

1.2.4 Characteristics of emulsifier mixtures

Emulsifier mixtures are broadly used in commercially available
cleansing and skincare products. They generally outperform single

emulsifiers in improved interfacial behavior and lower consumption.
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Additionally, literature reports highlight the use of emulsifier mixtures that
show milder effects on skin barrier functions [140,141]. Anionic emulsifiers
were focused since they cause the most damage to the skin. A study was
conducted to determine the effect of SLS and dodecyl trimethylammonium
bromide on skin barrier properties. The results indicated that using a mixed
emulsifier system resulted in a more compact packing state of the mixed
micelles, which are generally stable and difficult to penetrate the SC [140].
To test the penetration of mixed micelles into the epidermis, SLS was also
combined with a nonionic emulsifier, PEG-6 lauryl ether. The inclusion of a
nonionic emulsifier significantly reduced SLS penetration into the epidermis,

hence lowering skin disturbance [142].

According to the findings above and several similar studies, the mixed
emulsifier system has recently gained attention. Some authors have
advanced theories on the CMC values of mixtures. A correlation was
discovered between a drop in CMC values and a decrease in skin barrier
disruption. According to Hall-Manning et al., SLS and dimethyl dodecyl
amido betaine combinations have the lowest CMC value and the fewest
skin interactions following a patch test [143]. Many researchers have
described that the lower the CMC value of emulsifiers or their mixtures, the
easier the emulsifier monomers penetrate the SC and interact with the inner
skin components [49,144,145]. Due to the complexity of the interactions
between emulsifiers and skin, the mechanism of action of emulsifier
mixtures on skin requires better understanding. Furthermore, there is a lack
of evidence about the behavior of PEGylated emulsifier mixtures on the SC.
As a result, more exploration of their interactions with skin components and

penetration enhancing behaviors are of interest to be carried out.

1.3 Confocal Raman spectroscopy (CRS) in skin analysis

CRS finds widespread applications in different fields, including
pharmaceutics, cosmetics, geology, mineralogy, semiconductors, carbon
materials, and life sciences. It can characterize samples’ chemical
composition and structure in any phase or state (solid, liquid, gas, gel,

powder, etc.) [146-151]. Recently, the application of CRS has been
15



expanded in skin research, with plenty of advantages ranging from
physiologically components characterization to dimensionally distribution
assessment [152—-154]. With diverse applications in skin research, ranging
from physiological components characterization to dimensional distribution
assessment, CRS is introduced here in terms of its fundamental principles,
diverse application aspects, proper configurations, and comparisons to

other relevant techniques.

1.3.1 Principles of Raman spectroscopy

Different optical phenomena, including transmission, absorption, and
scattering, occur when light interacts with a material. In the case of light
scattering, photons are elastically and inelastically scattered. Elastic
scattering, also known as Rayleigh scattering, is a mechanism in which the
energy of the scattered photon remains constant, and the same frequency
can be detected compared to the incident photon. The inelastic scattering
is also known as the Raman effect, the observation of which was first
published in 1928 by the Indian physicist Sir Chandrasekhara Venkata
Raman, who was also later awarded the Nobel prize for this great discovery
[155]. The Raman effect happens to only about one photon in a million
(0.0001%), which involves both energy and frequency changes compared
to the incident light. The inelastic scattering includes the Stokes scattering,
where the sample molecule takes up energy from the photons; thus, Raman
scattering has lower energy than the incident light. It also includes the anti-
Stokes scattering, where the molecule gives energy to the photons,
resulting in Raman scattering having higher energy than the incident light.
The energy level changes correspond to the Raman frequency shifts and
are related to transitions between the molecule’s different rotational and
vibrational states. These effects are depicted in Fig. 4, illustrating the

energy levels of molecular vibrations and the scattered photons [156,157].

Raman spectroscopy is based on the principle of Raman scattering,
which allows for the detection of scattered photons to create a spectrum
according to the molecular vibrations and chemical structure of a sample.

Raman spectroscopy accelerated its development in the 1960s, shortly
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after the invention of the laser [158]. The modern laser-Raman
spectroscopy includes coherent anti-Stokes Raman spectroscopy, surface-
enhanced Raman spectroscopy, and tip-enhanced Raman spectroscopy
[159-162]. In the 1990s, the Raman spectrometer was integrated for the
first time with an optical microscope, enabling both visual and spectroscopic
examinations. As a result of merging confocal microscopy and Raman
spectroscopy, the confocal Raman microscope was developed, enabling
the collection of the single spectrum from a single point on/in the sample.
In principle, the analyzed volume within the sample can be spatially filtered
with high resolution in both the lateral (XY) and axial (Z) axes using a
confocal microscope. By combining the Raman spectroscopy with a moving
stage, CRS can perform depth profiling and map multilayer samples
[163,164].
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Fig. 4. Energy level diagram illustrating different types of Raman scattering [157].

1.3.2 Applications of confocal Raman spectroscopy in skin research

CRS has been a vital technique in the food, biomedical, and
pharmaceutical industries due to the continual advancement of Raman

spectroscopy [165-167]. In skin research and dermal drug delivery, CRS
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also receives considerable interest in investigating the drug penetration
kinetics, skin compositional and structural properties, and skin diagnosis.
CRS was first used in skin research in the late 1990s when the group of
Pupples used it to explore the skin’s hydration status. This strongly
promoted the progress of skin studies such as assessing physiological skin
status, comparing differing skin models, examining skin diseases,
developments of dermal formulations, and evaluating skin disruption [168—
173].

CRS is a valuable tool for evaluating physiological skin status. The skin
hydration state can be determined by the variation of characteristic water
peaks to provide depth information on the SC layer’s water distribution.
Caspers et al. performed rapid measurements of molecular concentration
profiles by determining the water/protein ratios in the skin using the OH
stretching band and the CH stretching band [16,174]. Besides, CRS can
measure the SC thickness, which was commonly evaluated by the SC
removal using tape stripping, cyanoacrylate biopsies, and trypsinization. In
Raman analysis, SC thickness can be assessed using the specific keratin
signal profile or the water concentration profile. The in-vivo SC thickness is
often estimated using the skin’s water content, which varies across SC and
SG. The SC thickness can be defined at the intersection of two tangent
lines in the increasing and constant regions by calculating the percentage
of water within the SC and generating the water profile [175,176]. On the
other hand, the separated ex-vivo SC is commonly determined by tracking
the laser beam moving half in and out of the SC at the point where the
specific keratin intensities of SC reach half their maximum intensities. The
full width at half maximum (FWHM) can serve as the SC thickness [135].
Furthermore, CRS is available to characterize the surface properties of skin
samples. Thanks to the function of the confocal microscope, the imaging
and mapping of CRS of the skin surface can be suitable for visualizing
histological features such as hair follicles, skin wrinkles, etc. [14,22,64,177].

CRS has been extensively used to compare various skin models. The
characterization refers to the differences in the compositional and structural

states of the skin [90,152,178]. As aforementioned, in-vivo or ex-vivo
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human skin is considered the gold standard for determining the suitability
of employing alternative skin models. The comparisons between ex-vivo
porcine ear skin and human skin are mostly conducted. Choe et al. reported
on relevant investigations comparing the barrier function of porcine skin ex-
vivo with human skin in-vivo via CRS in terms of keratin structure, natural
moisturizing factor concentrations, and intercellular lipid lateral organization
[92]. Besides, as tissue engineering improves, reconstructed skin tissue
and skin substitutes attract special attention compared to human skin [179—
181]. Leroy et al. used CRS to compare human skin to human skin
constructs composed of dermis and stratified epidermis. The experimental
results verified that human skin had a higher lipid content and more
organized lipid structures and revealed a similar protein secondary
structure and protein content compared to the skin construct [54]. Similar
findings can also be found in plenty of recent reports highlighting the

application of CRS to the analysis of different skin models [182,183].

Recently, the focus has been placed on the use of CRS in
histopathology, with evidence that it may be utilized to distinguish between
diseased and healthy skin samples [184,185]. Most commonly, CRS is
reported to diagnose skin cancers such as nonmelanoma, including basal
cell carcinoma (BCC) and squamous cell carcinoma (SCC) as the most
common skin cancers [186,187]. In this respect, Lieber et al. used CRS to
investigate 39 skin tissue samples, including normal, BCC, SCC, and
melanoma, from 39 patients. The tissue CRS spectra were classified into
pathological states with maximal overall sensitivity and specificity for the
disease of 100%, suggesting the potential use of CRS for skin cancer
diagnosis [188,189]. In addition, various studies have reported the
differences between normal skin and lesional skin as well as skin from
patients with atopic dermatitis or xerosis when CRS was applied. These
findings emphasized the importance of lipid-protein ratios and lipid structure
in the skin barrier. Reduced lateral or conformational order of lipids and the
rapid changes in lipid composition have been observed in various skin

diseases, pointing out the acceptance of CRS in these fields [190-192].
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CRS is extensively used in the development of dermal formulations in
a similar fashion. Topically applied formulations are supposed to be non-
irritating to the skin; thus, the ingredients included in the formulation are of
interest for evaluating their potential effects on the skin for better selection.
For this reason, emulsifiers have attracted attention as the most commonly
used ingredients in dermal products. They have been analyzed via CRS in
multiple aspects, such as the lipid lateral packing order and conformational
order. In addition, when the active signal is differentiated from the skin
signal, this analytical setup can offer data on skin penetration, enabling the
evaluation of the effectiveness of topical and dermal formulations
[133,152,153,191,193,194]. Zhang et al. examined the effects of different
substances employed in formulations on SC thickness, lipid content, and
lipid conformational order. [132,135]. The distribution of deuterated SLS in
the skin was also visualized by CRS from the study of Mao et al., providing

insight into the interaction between permeants and skin [195].

Furthermore, the route of actives through the skin has also been
tracked in several studies. Mélot et al. evaluated the penetration enhancing
ability of chemical penetration enhancers in-vivo by monitoring the
distribution of trans-retinol into human skin using CRS [196]. In ex-vivo
research, Franzen et al. developed a method for quantitatively detecting
caffeine in human skin via CRS [197]. The active ingredients that have so
far been investigated include retinol, lidocaine, procaine HCI, niacinamide,
hyaluronic acid, flufenamic acid, Punica granatum seed oil hydroxy
phenethyl esters, and Beta-carotene. They have all been targeted in dermal
delivery studies using CRS [86,134,180,198-202].

1.3.3 Data processing and configuration of confocal Raman

spectroscopy

In skin research, preprocessing of Raman spectra is critical for
providing accurate and reliable information from CRS analysis. It refers to
the method used to process Raman spectra before generating the final
spectra and image presentation. In general, the first step is to remove

cosmic rays from originally acquired spectra. Cosmic rays are high-energy
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particles from outer space that produce a very sharp peak in the spectrum
that is unrelated to the Raman signal. Various mathematical and
computational methods exist for filtering the cosmic rays from the spectra
without removing the real Raman peaks [133,203]. Second, the smoothing
methods should be applied to eliminate noise from the true sample
spectrum. Generally, algorithms can be employed to data to gradually
replace the original value with the calculated value through various filters.
This step is often carried out by selecting different filters, including the
moving average, weighted average, median, and Savitzky-Golay filter. The
latter has been extensively used in CRS skin analysis [193,204]. Following,
the Raman spectrum is frequently obscured by the background signal from
the charge-coupled device (CCD) camera, fluorescence or substrate
signals. Thus, each Raman spectrum requires the elimination of the signal
background. Several ways to subtract the background from the spectrum
can be easily modified using the software. The most often used methods
for baseline correction are polynomial fitting, median window, and
asymmetric least squares, the frequency domain analysis. The appropriate
selection of them empirically depends on the quality of the spectrum
[166,177].

After preprocessing Raman data, it is important to apply multivariate
techniques to achieve the desired results while working with a large dataset
and aligning its informative features. Using multivariate analytical tools,
patterns in the data can be modeled and routinely used to predict the
acquired data of a similar type. The analyses of skin have experienced
various multivariant methods, including principal component analysis (PCA),
linear discriminant analysis (LDA), multiple linear regression (MLR), and
cluster analysis (CA) [149,205,206]. Among them, PCA analysis has been
widely used in the spectra of biological skin samples. In general, it is a
method that extracts the principal components and uses them to build a
predictive model to reduce noise and highlight the signals in the samples.
It is obvious that PCA has been a useful tool; for example, Ascencio et al.
used it to reconstruct the Raman spectra by selecting the first two
components and highlighting the caffeine and propylene glycol peaks [86].
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Choe et al. used the first three components to reconstruct the Raman
spectrum of human skin and remove minor noise variations in the fingerprint
region [207,208].

Apart from the data analysis, configurations of CRS also play a role in
determining the efficiency and accuracy of Raman data. They have been
optimized for various sample measurements, including laser power,
objective, pinhole size, laser wavelength, etc. [209-211]. In biological
sample analysis, laser power is extremely important and should be kept
within a safe range to avoid burning and damaging the sample. Thus, it is
also customary to reduce the laser power in skin measurements and
consider the laser wavelengths, objectives, sample properties, and other
imaging parameters [212,213]. The selection of objectives has been widely
explored to achieve a higher spatial resolution and collection efficiency with
a higher numerical aperture (NA) giving higher resolution. Meanwhile,
objectives can affect the correct interpretation of depth profiling used to
characterize skin depth and dermal drug penetration in skin analysis. Lunter
demonstrated that the penetration profiles of procaine were altered by the
use of a 40x 0.6 NA objective and a 100x 1.25 NA objective [214]. Likewise,
Zou et al. discussed the accurate determination of layer thickness of a
multilayer polymer film using CRS, highlighting the essential topic of
precisely measuring skin thickness using a water immersion objective [215].
The size of the pinhole in front of the detector is critical for CRS depth
resolution. While a smaller pinhole size theoretically improves depth
resolution, it comes at the significant cost of low throughput, and a proper
balance should be established based on the experimental needs [216,217].

The laser wavelength is another crucial aspect to consider while
performing skin analysis. It refers to the increase of signal-to-noise ratio
(SNR), elimination of fluorescence noise, and avoidance of
photoluminescence at a longer wavelength. The selection of proper laser
wavelength has been examined in a variety of biological samples, including
cheek cells and the skin surface [210,218,219]. The comprehensive
examination of appropriate laser wavelength for various skin sample types

is one of the subjects of this thesis.
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1.3.4 Instrumental comparisons in skin application

CRS is a useful tool for skin analysis compared to other analytics in
different aspects, where its advantages and limitations were

comprehensively elaborated.

In principle, CRS can yield information on the molecular vibrations of
skin components similar to infrared (IR) spectroscopy in identifying
functional groups. These spectroscopic tools are commonly used in skin
research and are occasionally compared [220,221]. For instance, Mao et al.
conducted a comparative study examining the distribution of deuterated
SLS in the skin using Raman and IR spectroscopy [195]. Additionally,
comparisons of drug and excipient penetration monitoring were carried out
between CRS and ATR-FTIR spectroscopy combined with tape stripping
[222]. Throughout these studies, it was shown that IR spectroscopy could
provide information about skin molecular vibrations and track the spectral
features of actives in skin samples. However, it has a lower resolution and
lower penetration of the beam into the skin sample, indicating that depth
profiling is limited. This explains why it is normally used with tape stripping
to achieve skin depth profiles, which is minimally invasive but more time-
consuming. By contrast, CRS provides the benefit of a non-invasive and
time-efficient measuring process. It enables the laser spot to move in
multiple directions including the depth, allowing depth profiling. On the other
hand, CRS is more expensive and shows challenges, including
fluorescence, noise, weaker signal intensity, and a slower data acquisition
time [167,205,223-225]. Despite so, CRS still has more advantageous
gualities and is, therefore, a preferable choice.

It has been mentioned that with CRS it is feasible to measure the skin
lipid content, which is conventionally evaluated by high-performance thin-
layer chromatography (HPTLC) or liquid chromatography-mass
spectrometry (LC-MS) [83,226—-228]. HPTLC methods were usually
developed to assay the skin lipid classes, especially the various CERs
found in SC. Ochalek et al. investigated the CER species found in lipid

model membranes to determine their effect on drug diffusion and
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penetration. The concentrations of CER AP, CER EOS, palmitic acid (PA),
and CHOL in the membrane were evaluated with HPTLC [229]. The LC-MS
method has been broadly used to identify and quantify different skin lipid
types (specifically CERs, FFAs, and CHOL). Many comparisons of the lipid
distribution in the skin were implemented between human skin and other
skin models or between healthy and diseased skin. The significance and
contribution of several lipid classes in maintaining the skin barrier function
or regulating the repair of skin diseases were then highlighted [230,231].
Bouwstra’s research group has performed plenty of such investigations; for
example, when examining the SC in canine atopic dermatitis, Chermprapai
et al. found lower FFA levels and a decreased ratio of CER NS C44/C34.
The C44/C34 denotes the total numbers of carbon atoms in the sphingosine
(S) and non-hydroxy (N) acyl chains, respectively [232]. Despite their
widespread use, the limitations of HPTLC and LC-MS in comparison to
CRS remain clear, as they involve invasive skin lipid extraction and
complicate sample preparation. Furthermore, the feasibility of CRS for
determining the SC lipid content was validated by the experimental results
from HPTLC, which was investigated by Zhang et al. for analyzing the lipid
extraction by emulsifiers and formulations [135]. Thus, CRS can be a
suitable alternative for assessing the skin’s lipid content due to its non-
invasive and easy-to-handle nature, although the drawback is also clear

that it cannot differentiate between types of lipids.

The structure and organization of the intercellular skin lipids are the
primary focus of this thesis, which is intended to determine the effects of
PEGylated emulsifiers. In other studies, the evaluation of lipid structure is
often implemented by using differential scanning calorimetry (DSC), X-ray
diffraction analysis (XRD), or nuclear magnetic resonance (NMR)
spectroscopy [132,233,234]. The DSC analysis was used to identify phase
transitions associated with lipid structural changes. As a conventional
method, it has been utilized to validate the use of CRS to detect the SC lipid
conformation before and after the skin treatment with emulsifiers and
formulations [35]. In addition, Bouwstra’s research group has largely
employed small-angle X-ray diffraction (SAXD) to characterize biophysical
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properties of SC, such as the existence, formation, repeat distance, and
order of LPP and SPP, which are used to indicate lamellar lipid organization.
With this application, Berkers et al. investigated the interactions between
topically applied CERs and SC lipid matrix in compromised ex-vivo skin
[235]. The characteristics of SC lipids can also be deduced from the
molecular mobility of a small fraction of the lipid components as determined
by NMR measurements. NMR has been used to demonstrate the
importance of natural moisturizing factor (NMF) in SC and explore its effect
on SC lipid molecular properties [236]. In general, each of these
applications has distinct advantages for skin analysis. However, CRS can
more effectively accomplish the goal of simultaneously assessing multiple

skin properties without causing damage to the skin sample.

Thus, this thesis primarily focuses on the multifunctional approach of
CRS, which is of special importance for usage in various skin analyses with

optimization of critical aspects.
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2. Objectives

The primary goal of this research was to determine the effects of a
series of PEGylated emulsifiers on skin barrier and dermal drug delivery
properties. The SC and skin penetration properties were evaluated using
the CRS analytical instrument. Simultaneously, it aimed to develop
optimized procedures for future use in the skin field. Based on the overall

concept of this thesis, the following aims were summarized:

o To collect and statistically compare available lipid-related Raman
spectral signals using ex-vivo skin samples.

o To identify the most sensitive and effective Raman signals for
determining the lipid content, lipid lateral packing order, lipid
conformational order, and thickness of SCs.

o To investigate the influences of a series of PEGylated emulsifiers
with varying hydrophilic chain, hydrophobic chain, and saturation
degree on SC lipids.

o To select optimal CRS configurations, including objectives and
pinhole sizes, for precisely determining SC thickness and SC lipid
content.

o To find the influences of a group of PEG-stearyl ethers with extended
hydrophilic chains on altering SC thickness.

o To investigate the effectiveness of selected PEGylated emulsifiers
in enhancing the penetration of different model drugs.

o To compare the application of CRS and conventional tape stripping
method in analyzing dermal drug delivery of actives.

o To evaluate the effects of a mixed PEGylated emulsifier system on
SC’s molecular and penetration properties.

o To determine the relationship between the CMC values of
emulsifiers or emulsifier mixtures and skin interruptions.

o To assess the suitability and applicability of different CRS laser

wavelengths in analyzing SC and skin samples.
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1 | INTRODUCTION

The skin forms an outermost interfacial film of the
human body separating the external environment with
various unique properties to protect the body against
external irritations. It consists of different layers and the
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sensitive and efficient signals are of

high interest. Herein, 1% of sodium
lauryl sulfate treated SC was compared to water-treated one to evaluate statisti-
cal difference of spectral signals concerning lipid content, SC thickness and
lipid molecular structures. Results showed that peak ratio of 1425 to
1490 cm™" and 1630 to 1710 cm™" in fingerprint region and Gaussian-function
deconvoluted lipid-keratin peak ratio in high wavenumber (HWN) region were
both responsive for analyzing lipid content. SC thickness measurement using
the full width of half-maximum (FWHM) of 2920 to 2960 cm™" signal pres-
ented good sensitivity. Nevertheless, the shift of peak 2850 cm™ indicated less
sensitivity compared to trans-gauche peak signals and 1300 cm™" peak position
for lipid conformation analysis. Meanwhile, the ratio of peak 2880 and
2850 cm ™" indicating lipid lateral packing structure presented to be less
responsive. More strikingly, FWHM of peak 2850 cm™" appeared to be unable
for lipid lateral packing order analysis in our study. In summary, this research
can serve as a pilot study for further investigation of direct drug delivery and
interaction between topical applied compounds and skin components.

KEYWORDS

confocal Raman spectroscopy, intercellular lipids, skin, spectral signals, stratum corneum

stratum corneum (SC) as the uppermost layer plays an
important role to provide a solid basis [1-4]. Among the
SC components, the highly organized multilamellar lipid
matrix serves as the key for making the SC to be special
to constitute the main barrier function, leading to the fact
that the lipid-related information is of great interest to
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reflect the state of the skin [5-7]. In previous studies, the
changes in lipid content and structural properties have
been extensively evidenced with the effects of dermal
products, skin aging, solar UV radiation and a variety of
skin diseases, for example, atopic dermatitis, psoriasis
and lamellar ichthyosis [8-12]. The reduction of SC lipid
content and disordering of the lipid lateral packing and
trans-gauche conformation are usually the observed
behaviors which thus, make them the targets to be ana-
lyzed to represent skin barrier function.

With the importance of aforementioned lipid proper-
ties, a variety of emerging techniques come into service,
such as high-performance thin-layer chromatography
(HPTLC), Fourier transform infrared spectroscopy
(FTIR), small-angle X-ray scattering (SAXS), and so forth
[13, 14]. Compared with HPTLC and SAXS, confocal
Raman spectroscopy (CRS) as a powerful tool presents
advantages to be noninvasive to monitor the molecular
distributions/quantifications and structures of skin com-
ponents simultaneously without complex sample prepa-
rations. Besides, it allows the dimensional series of
spectral data acquisition and avoids the interference from
solvents when compared to FTIR [15-17]. With those
benefits, CRS has been widely employed in skin research
and especially in lipid analysis. The pioneer work that
referred to the spectral assignments of skin lipids was
first carried out by Barry et al. who applied the Fourier
transform Raman demonstrating the molecular confor-
mational changes induced by chemical treatment of
human skin [18]. Besides, Caspers et al also demon-
strated that the lipid content can be obtained in straight-
forward by the means of CRS [19].

So far, plenty of lipid-related spectral features have
been established for diverse parameters, like lipid con-
tent, lateral and conformational structural analysis [20,
21]. Ali et al have summarized the ceramides-related
Raman descriptors with their thermotropic behaviors.
The well-discussed spectral markers including C—C skel-
etal stretching (1060-1130 cm™") for trans-gauche confor-
mation, the CH, twisting mode relevant to the intrachain
conformational order and the CH, twisting peak linked
to the lipid lateral packing crystalline state have been
determined [22, 23]. More recently, Choe et al applied
some extra spectral signals originated from the FTIR
analysis of lipids for studying the lipid-related differences
of aging, depth profiling and skin oil treatments [24-26].
It was proposed that the Gaussian-deconvoluted C—H
stretching region (2800-3050 cm™") can be used to calcu-
late the lipid content with the lipid-keratin peak ratio.
The position and full width of half-maximum (FWHM)
of peak 2850 cm™" could be used to successfully deter-
mine the lipid trans-gauche conformation and lateral
packing state simultaneously [27]. However, on the

second thought, some of those existing spectral signals can
sometimes give us the same information about skin prop-
erties [28, 29]. At this point, what is the most appropriate
and responsive spectral signal to use would be the primary
concern. The employment of less sensitive spectral signals
would, to some extent, underestimate or overestimate the
actual value and condition of skin. We, therefore, in this
study, focus on finding the capability of spectral signals for
analyzing intercellular lipid properties since currently only
limited information is available concerning this issue.

We aim to collect the available lipid-related spectral
signals and statistically compare their application to ex
vivo skin samples. Herein, the porcine skin is used as
model for its morphological and structural similarities
with human skin since it has been demonstrated to have
less variability toward SC thickness, lipid compositions
and drug penetration and permeation behaviors [30].
Subsequently, sodium lauryl sulfate (SLS) and water are
employed on the skin samples by utilizing Franz diffu-
sion cells, respectively, to assess their impact on SC lipid
properties via CRS. Water was used as a negative control,
whereas SLS was employed here as positive control due
to its wide application and demonstration in many stud-
ies to exhibit harsh influence of topical applications and
percutaneous absorption of exogenous substances. It has
been proved to dramatically damage the skin barrier
function, extract skin lipids and disrupt skin lipid organi-
zation [31-33]. Thus, the statistical difference of SLS-
treated SC compared with water-treated SC would be an
appropriate evaluation for filtrating selective and sensi-
tive CRS spectral signals. By analyzing their significant
differences, the most sensitive and selective lipid-related
spectral signals could be determined and the present
study could lay the foundation for further relevant lipid
analysis by using Raman spectroscopy.

2 | MATERIALS AND METHODS

2.1 | Materials
SLS was achieved from Cognis GmbH & Co. KG
(Diisseldorf, Germany). Trypsin type II- S and trypsin
inhibitor were provided by Sigma-Aldrich Chemie GmbH
(Steinheim, Germany). Parafilm was obtained from Bemis
Company Inc (Oshkosh, Wisconsin). Sodium chloride, dis-
odium hydrogen phosphate, potassium dihydrogen phos-
phate and potassium chloride were of European
Pharmacopeia grade. All aqueous solutions were prepared
with ultrapure water (Elga Maxima, High Wycombe, UK).
Porcine ears (German land race; age: 15-30 weeks;
weight: 40-65 kg) were supplied by Department of Exper-
imental Medicine at University of Tuebingen. The
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department of Pharmaceutical Technology in University
of Tuebingen has been registered for the use of animal
products (registration number: DE 08 416 1052 21).

2.2 | Dermatomed porcine ear skin

Fresh porcine ears were cleaned with isotonic saline and
removed from cartilage. After cleaned from blood, the
full skin sheets were dried with soft tissue, wrapped with
aluminum foil and stored in freezer at —30°C. On the day
of experiment, skin sheet was thawed to room tempera-
ture, cut into strips of approximately 3 cm width and
stretched onto a Styrofoam plate (wrapped with alumi-
num foil) with pins. Hairs were then shaved to 0.5 mm
with electric hair clippers (QC5115/15, Philips, Nether-
lands). Subsequently, the skin was cut with dermatome
to thickness of 0.8 mm (Dermatome GA 630, Aesculap
AG & Co. KG, Tuttlingen, Germany) and punched out
for circles to a diameter of 25 mm. The procedure has
previously been described in ref. [34].

2.3 | Skin incubation and SC isolation
Dermatomed skin circle was held with clamp between
donor and accepter chambers of Franz diffusion cells. The
acceptor compartment was filled with 12 mL of degassed
and prewarmed phosphate buffer saline (pH 7.4). The
receptor fluid was stirred at speed of 500 rpm. A total vol-
ume of 1 mL of water and 1% SLS were topically applied
on the excised skin individually in the donor compartment
and capped with a piece of parafilm for preventing water
evaporation. The equipped cells were kept at 32°C in
water bath. After 4 hours incubation, the skin was gently
washed with isotonic saline and cotton swabs for 30 times
to clean the remaining samples on skin surface. The actual
involved area (15 mm in diameter) of skin was punched
out and patted dry with cotton swabs.

Subsequently, the obtained skin sheets were placed
dermal side down on the filter paper soaked with 0.2%
trypsin. After digestion for overnight, SC was peeled off
and washed with 0.05% trypsin inhibitor for 1 minute.
The isolated SC was cleaned with purified water for mini-
mum of five times to remove underlayer tissues and dried
in desiccator for minimum of 3 days. These methods have
been detailly described by our group [35].

24 | Confocal Raman microspectroscopy

SC sheets were mounted on the scan table of alpha 500 R
confocal Raman microscope (WITec GmbH, Ulm,

PHOTONICS

Germany) for collecting measurements. The instrument
is equipped with UHTS 300 spectrometer, DV401-BV
CCD camera and 532-nm laser source. Laser power was
set at 10 mW with optimal power meter (PM100D,
Thorlabs GmbH, Dachau, Germany) for protecting the
SC sheets from thermal damage. Measurements in the
spectral region between 400 and 3800 cm™' were
obtained with the backscattered light from skin dispersed
by optical grating of 600 g/mm and analyzed on charge-
coupled device (DV401-BV CCD detector, —60°C). A
X100 objective (numerical aperture 0.9, EC Epiplan-
neofluor, Carl Zeiss, Germany) was used incoporated
with 50 pm confocal size. The actual depth resolution in
this study was around 1.25 pm. This CRS measurements
were performed based on the method developed by
Zhang et al [36, 37]. The example of the skin spectrum
obtained is shown in Figure 1.

2.5 | Determination of skin surface and
thickness

CRS spectra were recorded with the focus point starting
from —50 pm beneath the skin up to 50 pm above the
skin with 1 pm step size. The skin surface was deter-
mined based on the intensity profile of keratin signal
((CH3), 2920-2960 cm™") which was plotted with the
area under the curve (AUC) of keratin signal against scan
depth. The point of half the value of maximum keratin
intensity was identified as the boundary between skin
surface and air or between glass slide and skin bottom.
As Figure 2 shows, the point on profile consistent with
the boundary between skin and air was set as skin sur-
face. Accordingly, SC thickness was calculated based on
detection of skin surface and bottom. Thus, the FWHM
was set as SC thickness [37].

2.6 | Lipid content analysis
As presented in Table 1, peak 1425 to 1490 cm™! is rele-
vant to the §(CH,, CHs)-mode for proteins and most of
the intercellular lipids. Peak 1630 to 1710 cm™ corre-
sponds to the »(C=0)-mode for amide-I, showing least
variations for SC detection from different donors.
Thereby, with extraction of lipids, the AUC of peak 1425
to 1490 cm ™' becomes lower and the relative AUC can be
calculated by the normalization of amide I peak [38, 39].
According to the equation of normalized lipids = AUC, 4,5
to 1490/ AUC1630 10 1710, lipid content can be analyzed in
fingerprint region.

In high wavenumber (HWN) region, since lipid and
keratin related peaks overlapped to a broad peak, four
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FIGURE 1 Example of stratum
104 corneum (SC) spectrum achieved by
the confocal Raman spectroscopy
—_ 0.8 (CRS) instrument in this study
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FIGURE 2 Schematic overview of thickness determination by plotting the area under the curve of keratin signal (2920-2960 cm™")

against depth

Gaussian functions are applied for deconvolution process
which is automatically performed by applying curve
fitting toolbox on MATLAB software (MathWorks, ver-
sion R2019a) [26]. The goodness of fitting results is gener-
ated with R* greater than .98. As shown in Figure 3,
peaks around 2850 and 2880 cm™" correspond to v(C—H)
symmetric and ©(C—H) asymmetric stretching mode of
lipids. Peaks at 2930 and 2980 cm™' are assigned to
v(CH;) symmetric and v(CH;) asymmetric stretching
mode of keratin [40]. Thus, lipid content is calculated as

the equation of Normalized)jpiq = (AUC,530 + AUCsgs0)/
(AUC930 + AUCx950).

2.7 | Lipid conformational organization

In fingerprint region, peaks originated from C—C skele-
ton vibration mode are sensitive to lipid trans-gauche
conformation. Peak 1080 cm ™" represents gauche-confor-
mation (disordered state) while peaks at 1060 and
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TABLE 1
Raman for analyzing lipid properties

Relevant peak assignments of spectral signals on

Wavenumber

(cm™) Major assignment Origin of peak

1060 v(C—C) skeleton, trans- Lipids
conformation

1080 (C—C) skeleton, gauche- Lipids
conformation

1130 v(C—C) skeleton, trans- Lipids
conformation

1300 6(CH,) twisting Lipids

1425-1490 6(CH,, CHs;) vibration Lipids

1450 6(CH,) scissoring Lipids

1630-1710 Amide-I, (C=0) vibration Keratin

2850 v(C—H) symmetric vibration Lipids

2880 v(C—H) asymmetric vibration Lipids

2930 (CH;) symmetric vibration  Keratin

2980 (CH3) asymmetric vibration —Keratin

Note: v denotes the stretching vibrations and § represents the bend-
ing vibration modes.

keratin

0.8

0.6
lipids |

\ keratin

Intensity (a.u.)

0.4+

0.24

00 T T T T 1
2800 2850 2900 2950 3000 3050

Wavenumber (cm™)

FIGURE 3 Deconvolution of lipid-keratin spectrum into four
Gaussian components. Dotted line represents the smoothed line of
raw spectral data; the solid lines are the fitted curves

1130 cm™" correspond to all-trans conformation (ordered
state) [41]. As presented in Figure 4, these peaks have
lower intensity and narrow band shape. To decrease spec-
tra noise and obtain precise calculation, principle compo-
nent analysis (PCA) is applied here and the first three
components are used for reconstruction. Detailed
description has been introduced elsewhere [42]. With the
equation of conformational order = AUC, g0/
(AUC g0 + AUC;30), higher value indicates more disor-
dered state of lipids. The spectral signal of CH, twisting

PHOTONICS
880
1060cm!
860 1
1
1080cm!
840 1

: 1130cm!
1
1

800

Intensity (a.u.)

780

760

740

720

T T T 1
950 1000 1050 1100 1150 1200
Wavenumber (cm™)

FIGURE 4 Lipid signals at 1050 to 1150 cm™" on Raman
spectrum of porcine skin originated from C—C skeleton vibration.
Principle component analysis (PCA) has been employed to reduce
the noise of variations. Background subtraction based on the fitting
of polynomial function has been applied and marked with red
dotted line

mode at 1300 cm™' in fingerprint region serves as

another signal. It has been defined that this peak shifts to
higher wavenumber represents lipid transformation to
more conformational disordered state [22, 43].

In HWN region, peak 2850 cm™' is assigned to
(C—H) symmetric stretching mode and has been intro-
duced by Berkers et al to examine the conformational
ordered-disordered transitions of lipids. With this peak
shifts to higher wavenumber area, lipid conformational
state tends to be more gauche and disordered [44].

2.8 | Lipid lateral packing state
In fingerprint region, peak 1430 to 1470 cm ™'
corresponding to the CH, scissoring vibration mode is
relevant to the lateral packing state (orthorhombic order,
hexagonal order, and liquid-like chain packing) of inter-
cellular lipids. It was introduced to reflect the nature of
lateral packing between ceramide molecules. The peak
shifts to higher wavenumber area reflects the tendency to
more hexagonal or liquid like lateral packing state [45].
In HWN region, the overlapping of peaks at 2850 and
2880 cm ™" is properly corrected due to deconvolution
process. Hereby, Ratioj,; = AUC,g50/AUCg5, is calcu-
lated and determined as a criterion for evaluating lipid
lateral packing state. A lower value indicates the pres-
ence of orthorhombic phase of SC lipids whereas higher
value represents more hexagonal or liquid phase [42].
Furthermore, FWHM of peak 2850 cm™ is achieved in
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FIGURE 5 Box and whisker plots (min to max) comparing the significant difference between water and 1% sodium lauryl sulfate

(SLS)-treated skin samples: A, normalized lipid content in fingerprint region; B, peak shift of CH, twisting mode; and C, thickness

measurements. The line in the box represents the median and the plus sign represents the mean

the meantime and was introduced by Snyder et al to be
relevant to lipid packing state. It has been reported that
the broader the FWHM is, the more orthorhombic struc-
tures and densely packed states the SC lipid is [46].

2.9 | Data analysis

Data preprocessing steps of obtained CRS spectra were
performed using the spectral cosmic ray removal,
smoothing and background subtraction on WITec Project
Software (WITec GmbH, Ulm, Germany). In smoothing
process, Savitzky-Golay (SG) filter was applied with third
polynomial order and nine smoothing point. For back-
ground subtraction, an automatic polynomial function
was fitted to the spectrum and subtracted.

Statistical evaluation was performed using MATLAB
software, WITec Project Software and GraphPad Prism
7.0 (GraphPad Software Inc., La Jolla, California). AUC
extracted in this study is the integrated area under a spec-
ified peak of the spectrum and is calculated using trape-
zoidal method. Statistical differences were determined by
applying unpaired student's ¢ test. Significant differences
were presented with different range of P-values. Spectra
data obtained from this study were from repeated mea-
surements (n > 18).

3 | RESULTS

3.1 | Spectral signals for analyzing lipid
content and SC thickness

In fingerprint region, the ratio of AUC1455 to 1490/AUC1630
to 1710 Was utilized for lipid content calculation. As shown

in Figure 5A, water-treated SCs have obviously higher
lipid content compared to SLS-treated SCs, indicating
that SLS treatment on skin leads to a huge amount of
extraction of lipids from SC. The difference between
these two groups is found to be strongly significant
(P < .0001).

In HWN region, the ratio of (AUC,g30 + AUCg50)/
(AUC,939 + AUC,050) Was calculated. It is clearly visible
from Figure 5B that the mean value of water-treated SCs
is around 0.65, higher than that of SLS-treated SCs of
about 0.52. Difference between these two groups is
strongly significant (P < .0001), indicating that both spec-
tral signals in fingerprint and HWN region could be effec-
tively applied for detecting skin lipid content.

The thickness of isolated and dried SCs appeared to
be thinner and to have lower values. As shown in Fig-
ure 5C, the average value of water-treated SC thickness is
around 4.5 pm. With the treatment of SLS, the SC thick-
ness extremely declined to the average value around
2.5 pm. With SLS treatment, SC thickness presented sig-
nificant (P < .0001) thinner compared to water-
treated SC.

3.2 | Spectral signals for analyzing lipid
conformation

Figure 6A shows the result of trans-gauche conforma-
tional order calculated by spectral signal of C—C skeleton
vibration mode. It is clear that water-treated SCs have
lower values of ratio AUC;pg0/(AUC 960 + AUCq130)
whereas SLS-treated SCs have higher values. Statistically
differences between these two groups are found to be
highly significant (P < .0001). Figure 6B shows the aver-
age position of the band around 1300 cm™" obtained from
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(SLS)-treated skin samples: A, lipid conformation analysis by C—C skeleton vibration; B, normalized lipid content in HWN region; and C,
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FIGURE 7 Box and whisker plots (min to max) comparing the significant difference between water and 1% sodium lauryl sulfate

(SLS)-treated skin samples: A, peak shift of CH, scissoring mode; B, lateral packing order analyzed by AUC ratio of band 2850 and
2880 cm™; C, FWHM of peak 2850 cm™". The line in the box represents the median and the plus sign represents the mean

fingerprint region. It is visible that the mean value of
peak position of water-treated group is largely lower than
that of SLS treatment group. Comparing these two
groups, statistical difference appears highly significant
(P < .0001). Both results demonstrate that the treatment
of SLS changes the intercellular lipid conformation to
more gauche (less-ordered) state. They also suggest that
both spectral signals are proper and sensitive for
detecting the lipid conformational alteration.

The lipid conformational order of skin can be repre-
sented by using the shift of band at around 2850 cm™" in
HWN region. Figure 6C shows that the treatment of SLS
on skin increased the wavenumber of band position, indi-
cating the tendency of intercellular lipid conformational
organization to gauche state. The differences are only sta-
tistically significant (P < .05), in comparison to the strong
significance of the other two signals.

3.3 | Spectral signals for analyzing lipid
lateral packing state

In fingerprint region, CH, scissoring vibration mode was
monitored. As shown in Figure 7A, comparing the aver-
age peak position of water-treated SCs at around
1437 cm™}, the one of SLS-treated SCs shifts to higher
wavenumber area of around 1444 cm™. Statistical differ-
ence is highly significant (P < .0001) which means that
the great effects of SLS in interrupting skin lipid structure
and altering the lateral packing state to be more hexago-
nal or even liquid state can be detected reliably.

In HWN region, Figure 7B shows that the SLS-treated
skin samples have obviously lower average value of Ratio}y
than water-treated group which indicates less ordered lateral
packing organization of skin lipids after SLS treatment. How-
ever, there is only modest difference appeared (P < .001),
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indicating less prevalence can be detected with this spectral
signal for analyzing lateral packing state. As presented in
Figure 7C, although the mean value of FWHM g5, of water-
treated skin is higher than that of SLS-treated skin, no signif-
icant difference is found (P > .05). It means that this spectral
signal may not be fully sensitive for analyzing the difference
of lipid lateral packing organization.

4 | DISCUSSION

In the present study, spectral signals for detecting skin
lipid properties were selected. The results of lipid content
analysis in both fingerprint and HWN region were in
good correlation and showed great sensitivity. It demon-
strates that after curve fitting process, the lipid-keratin
peak ratio in HWN region could be used as a proper and
highly responsive lipid signal. Nevertheless, compared to
the direct calculation of lipid content in fingerprint
region, deconvolution process in HWN region is more
time-consuming and less convenient. Furthermore, SC
thickness was detected to be reduced after SLS treatment.
This is in accordance to the previous results showing the
decreased skin thickness after treatment of different
emulsifiers [37]. The statistical difference was found to be
strongly significant, demonstrating that the investigation
of SC thickness is available to evaluate the extent of lipid
reduction and further reflects the skin barrier condition.

C—C skeleton vibration mode and CH, twisting mode
have been proved to be able to analyze the lipid confor-
mational arrangement. However, C—C skeleton vibration
bands are consisted of three small peaks. PCA analysis
and polynomial background subtraction are needed to
remove noise and obtain more precise results (Figure 4).
Meanwhile, peak 1130 cm™! contains part of the contri-
bution of keratin at 1125 cm™*. Thus, an adequate inte-
gration area should be selected to eliminate the influence
of keratin peak [47]. Comparing a series complicated data
processing steps, the prominent peak shift of CH, twist-
ing mode would be a better choice and less time-consum-
ing. Besides, the result of Figure 6C revealed that the
detected difference was less pronounced using the spec-
tral signal of peak shift of (C—H) symmetric stretching
mode since only slight statistical difference was found.
Water-SLS are the extremes effects in between can possi-
bly not be detected reliably using this signal.

For lipid lateral packing order analysis, CH, scissor-
ing mode revealed the most significant difference which
was deemed to be the most outstanding signal. In HWN
region, the signal of Ratioj,; only appeared modest statis-
tical difference which may not be fully detectable for the
alteration of skin properties. The signal of FWHMgs,
was discovered to be unable to monitor the lipid lateral

packing as no significant difference was found which is
contradictory to the findings of other groups, who
claimed that the FWHM of band 2850 cm™" is sensitive
to the crystallographic properties of intercellular lipids
[27, 46]. One explanation might be the errors and differ-
ences caused by the deconvolution process. Although the
deconvolution process has eliminated the influence from
the keratin signal, the differences between the results of
SLS-treated SC and water-treated SC are not large
enough to reach statistical significance. This finding illus-
trates that this signal is better not to be used for further
analysis as it may underestimate the interaction of topical
applied substances and SC lipids.

In summary, it seems that the spectral signals in fin-
gerprint region have better sensitivity and feasibility than
those in HWN region although the peak interference has
been eliminated by deconvolution process. The applica-
tion of less-sensitive spectral signals will affect the accu-
racy of evaluating skin lipid properties. The employment
of the most appropriate signals will better monitor the
penetration and irritation of applied products for cos-
metic and pharmaceutical development.

5 | CONCLUSION
This study focuses on evaluating selective spectral signals
on CRM for analyzing skin lipid properties. The promi-
nent changes of skin lipid content and structures were
caused by SLS treatment and different spectral signals
were applied for assessing the extent of SLS influence. The
results of quantification of lipid extraction including lipid
content analysis and SC thickness detection were of great
correlation and all signals showed relatively high sensitiv-
ity. On the other hand, spectral signals in fingerprint
region were more responsive than those in HWN region
for lipid conformation and later packing order analysis.
Overall, this work can serve as a pilot study for fur-
ther estimation and evaluation for skin properties. The
assessment of different lipid signals is meaningful to fil-
trate more sensitive spectral features for deeper differen-
tiations. These findings should also be taken into
consideration for future investigation with the applica-
tion of different spectral signals.
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Abstract: Non-ionic emulsifiers are commonly found in existing pharmaceutical and cosmetic
formulations and have been widely employed to enhance the penetration and permeation of active
ingredients into the skin. With the potential of disrupting skin barrier function and increasing
fluidity of stratum corneum (SC) lipids, we herein examined the effects of two kinds of non-ionic
emulsifiers on intercellular lipids of skin, using confocal Raman spectroscopy (CRS) with lipid
signals on skin CRS spectrum. Non-ionic emulsifiers of polyethylene glycol alkyl ethers and sorbitan
fatty acid esters were studied to obtain a deep understanding of the mechanism between non-ionic
emulsifiers and SC lipids. Emulsifier solutions and dispersions were prepared and applied onto
excised porcine skin. Water and sodium laureth sulfate solution (SLS) served as controls. SC lipid
signals were analysed by CRS regarding lipid content, conformation and lateral packing order.
Polyethylene glycol (PEG) sorbitan esters revealed no alteration of intercellular lipid properties
while PEG-20 ethers appeared to have the most significant effects on reducing lipid content and
interrupting lipid organization. In general, the polyoxyethylene chain and alkyl chain of PEG
derivative emulsifiers might indicate their ability of interaction with SC components. HLB values
remained critical for complete explanation of emulsifier effects on skin lipids. With this study, it is
possible to characterize the molecular effects of non-ionic emulsifiers on skin lipids and further
deepen the understanding of enhancing substance penetration with reduced skin barrier properties
and increased lipid fluidity.

Keywords: non-ionic emulsifiers; intercellular lipids; confocal Raman spectroscopy (CRS);
polyethylene glycol alkyl ethers; polyethylene glycol sorbitan fatty acid esters

1. Introduction

Skin represents the largest organ of the human organism and forms the outermost barrier film
that protects the human body from external environment impacts and exogenous irritations and
corrosions. Stratum corneum (SC) is the uppermost layer of the skin, composed of a highly ordered,
multilamellar lipid matrix with embedded flattened, keratin-filled corneocytes [1,2]. The particular
intercellular lipids in SC consist of ceramides, free fatty acids and cholesterol in an approximately
equimolar ratio [3,4]. It has been well accepted that intercellular lipids in SC play an important role
in maintaining skin barrier function and keeping the skin in a proper hydration state [5]. The removal
and organizational alteration of intercellular lipids would disrupt the barrier function from multiple
aspects and deteriorate into some chronic skin diseases [6,7]. With the importance of assuring the
solid structures and ordered properties of skin lipids, it is essential to monitor the molecular lipid
interactions with exposed substances and maintain the protective barrier state for further
optimization of dermatological treatments.
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In everyday life, the skin is exposed to different environments and mostly exposed to various
sanitary and cosmetic products and cleansers. Among the main components of them, non-ionic
emulsifiers have been widely used and become the potential class to be exposed on the skin and may
simultaneously interact with molecular skin components [8,9]. Although non-ionic emulsifiers are
usually considered to be relatively safe and better tolerated in comparison to cationic and anionic
emulsifiers, they have been proved having the potential to interact with biological membranes,
especially skin, with their increasing applications [10-12]. In particular, recent studies from our group
found that polyethylene glycol (PEG)-20 glycerol monostearate displayed negative effects on skin
lipid extraction and structural disruption while polysorbate 80 reflected no such effects [13,14]. For
this reason, the selection and usage of non-ionic emulsifiers in pharmaceutical and cosmetic
formulations are currently of high interest. In order to gain mechanistic insights into their skin effects,
PEG alkyl ethers and sorbitan fatty acid esters (e.g., polysorbate or Tween) were taken into
consideration which are both non-ionic PEG derivatives. They are composed of a hydrophilic
polyoxyethylene head group and a lipophilic alkyl chain. Keeping constant either of these two parts,
the other part of size and chain length etc. would be potential parameters to monitor the governing
rules [15]. Furthermore, these two groups of emulsifiers are widely applied in cosmetic and dermal
products due to their solubility and viscosity properties with low toxicity according to the existing
safety assessments identified in previous studies [16,17]. We therefore chose to further investigate
these two groups of emulsifiers in a systematic approach and evaluate their possibilities for
prospective development of skin products with relatively mild effects on skin lipids [18].

Up to now, considerable number of studies have made efforts on obtaining more information
about the quantitative and structural properties of skin lipids [19-21]. The means of small- and wide-
angle X-ray scattering, neutron scattering, and liquid chromatography coupled with mass
spectrometry have been intensively applied. However, those methodologies have potential risks of
sample contamination, being time-consuming and sample destruction [22,23]. In this area confocal
Raman spectroscopy (CRS) has emerged as a promising non-invasive tool in skin research and caught
increasing attention for skin characterizations such as skin penetration and permeation of topically
applied materials [24,25]. CRS is also an efficient and label-free method and has been increasingly
used to study the macroscopic alterations of skin properties with humidity changes, age difference
and hair removal comparisons [26-28]. Detailed information about biochemical molecules can be
obtained from CRS, including the chemical structure, phase and molecular interactions. Recent
findings from our group have demonstrated that CRS could be used as an alternative method to
analyze lipid extraction and conformation in SC [13,14]. Based on this proof and listed advantages,
CRS was used in this study as a useful and convenient approach for lipid analysis.

For studying the physiological parameters of SC lipids, many researchers have focused on
finding spectral signals in CRS for skin research [29,30]. Those spectral signals in this study are the
identified Raman bands associated with molecular vibrations of lipids inside the skin. They are
originated from the methylene (-CHz-) and methyl (-CHs) groups in lipid molecular structures.
Using them a comprehensive study measuring lipid content, conformational order, lateral packing
order and SC thickness could be conducted at the same time. However, the skin CRS spectrum is
extremely complex and the lipid-derived Raman bands usually overlap with bands originating from
molecular vibrations of proteins [19,31]. In order to track the individual lipid-related spectral signals,
a Gaussian-function based mathematical procedure could be applied on account of a previous report
from Choe et al. [32].

As we know, many hypotheses regarding the interactions between emulsifiers and skin are still
not well grounded [33], making it essential to perform a systematic investigation of non-ionic
emulsifiers. Therefore, the aim of this study is to use different lipid-related spectral signals to analyse
the interactions between non-ionic emulsifiers and intercellular lipids. PEG alkyl ethers and sorbitan
fatty acid esters were selected. To the best of our knowledge, this is the first systematic report
considering PEG derivatives with different number of oxyethylene groups and different hydrophobic
alkyl chain lengths using CRS to better understand their mechanism of influence on skin components.
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Results should be helpful to find a rule for further selections of non-ionic emulsifiers which is
beneficial to the development of skin products.

2. Materials and Methods

2.1. Materials

PEG alkyl ethers including PEG-2 oleyl ether (O2), PEG-10 oleyl ether (O10), PEG-20 oleyl ether
(020), PEG-2 stearyl ether (52), PEG-10 stearyl ether (510), PEG-20 stearyl ether (S20), PEG-2 cetyl
ether (C2), PEG-10 cetyl ether (C10), PEG-20 cetyl ether (C20) were purchased from Croda GmbH,
(Nettetal, Germany). PEG sorbitan fatty acid esters containing PEG-20 sorbitan monopalmitate
(Polysorbate 40, PS40), PEG-20 sorbitan monostearate (Polysorbate 60, PS60), PEG-20 sorbitan
monooleate (Polysorbate 80, PS80) were obtained from Caesar & Loretz GmbH (Hilden, Germany).
Sodium lauryl sulfate (SLS) was obtained from Cognis GmbH & Co. KG (Diisseldorf, Germany).
Trypsin type II- S (lyophilized powder) and trypsin inhibitor (lyophilized powder) were obtained
from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Parafilm® was from Bemis Company Inc.,
(Oshkosh, WI, USA). Sodium chloride, disodium hydrogen phosphate, potassium dihydrogen
phosphate, and potassium chloride were of European Pharmacopoeia grade. All aqueous solutions
were prepared with ultra-pure water (Elga Maxima, High Wycombe, UK). Porcine ear skins (German
land race; age: 15 to 30 weeks; weight: 40 to 65 kg) were provided by Department of Experimental
Medicine at the University of Tuebingen. The Department of Pharmaceutical Technology at the
University of Tuebingen has been registered for the use of animal products [13].

2.2. Preparation of Dermatomed Porcine Ear Skin

Porcine ear skin was selected as substitute for human skin in this study due to their histologically
and morphologically similarity with human skin [34,35]. Porcine ears used in this study were
achieved from the Department of Experimental Medicine of the University Hospital Tuebingen. The
live animals used were kept at the Department of Experimental Medicine and sacrificed in the course
of their experiments, which are approved by the ethics committee of the University Hospital
Tuebingen. Those ears were received directly after the death of the animals. Prior to study start, the
Department of Pharmaceutical Technology has registered for the use of animal products at the
District Office of Tuebingen (registration number: DE 08 416 1052 21). Fresh porcine ears were cleaned
with isotonic saline. Full-thickness skin was removed from cartilage and gently cleaned from blood
with cotton swabs and isotonic saline. The obtained postauricular skin sheets were then dried with
soft tissue, wrapped with aluminium foil and stored in freezer at =30 °C. On the day of experiment,
skin sheet was thawed to room temperature, cut into strips of approximately 3 cm width and
stretched onto a Styrofoam plate (wrapped with aluminium foil) with pins to minimize the effect of
furrows. Skin hairs were trimmed to approximately 0.5 mm with electric hair clippers (QC5115/15,
Philips, Netherlands). Subsequently, the skin was dermatomed to a thickness of 0.8 mm (Dermatom
GA 630, Aesculap AG & Co. KG, Tuttlingen, Germany) and punched out for circles to a diameter of
25 mm.

2.3. Incubation of Porcine Ear Skin in Franz Diffusion Cells

Franz diffusion cells have been commonly used as a specific analytical setup for ex vivo
determination of skin absorption. Here, degassed, prewarmed (32 °C) phosphate buffered saline
(PBS) was used as receptor fluid and filled in the Franz diffusion cells of 12 mL. The stirring speed of
the receptor fluid was 500 rpm. The dermatomed skin circles were mounted onto the cells with donor
compartment on above. The equipped Franz diffusion cells were put into water bath with
temperature of 32 °C. After a short equilibrium of 30 min, 1 mL of each emulsifier solution/dispersion
was applied to each skin sample (all non-ionic emulsifiers used in this study are listed in Table 1 with
detailed information). Then, a piece of parafilm was capped onto each donor compartment to prevent
evaporation. After 4 h incubation, skin samples were removed from cells and each skin surface was
gently washed and cleaned with isotonic saline and cotton swabs for 30 times in order to remove the
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remaining samples and avoid erroneous measuring result. Finally, the actual application area (15 mm
in diameter) was punched out and patted dry with cotton swabs. This part of the method has been
detailly described by our group [13].

Table 1. Characteristics of non-ionic emulsifiers including polyethylene glycol (PEG) alkyl ethers and
PEG sorbitan esters used in this study.

Number of

Non-Ionic . Alkyl Chain LENGTH L. HLB
Emulsifiers Alkyl Chain and Saturation Oxyethylene Abbreviations Value
Group
PEG-2 oleyl ether Oleyl alcohol ~ C18, C9-C10 unsaturated 2 02 5.0
PEG-10 oleyl ether ~ Oleyl alcohol ~ C18, C9-C10 unsaturated 10 o10 12.4
PEG-20 oleyl ether ~ Oleyl alcohol ~ C18, C9—C10 unsaturated 20 020 15.3
PEG-2 stearyl Stearyl Ci8 ’ 0 49
ether alcohol
PEG-10 stearyl Stearyl C18 10 310 124
ether alcohol
PEG-20 stearyl Stearyl C18 20 520 153
ether alcohol
PEG-2 cetyl ether Cetyl alcohol Cl6 2 C2 53
PEG-10 cetyl ether ~ Cetyl alcohol Cle 10 C10 129
PEG-20 cetyl ether ~ Cetyl alcohol Cle6 20 C20 15.7
PEG-20sorbltan 1 itic acid C16 20 PS40 15.6
monopalmitate
PEG-20sorbitan g\ - ic acid 18 20 PS60 149
monostearate
PEG-20 sorbitan Oleicacid ~ C18, C9-C10 unsaturated 20 PS80 15

monooleate

2.4. Isolation of Stratum Corneum

The stratum corneum was isolated following the trypsin digestion process as described by
Kligman et al. and Zhang [14,36]. This isolation procedure has been proved to have no influence on
the lamellar lipid organization [37]. The obtained skin circles (with diameter of 15 mm) from last step
were placed dermal side down on filter paper soaked with a 0.2% trypsin and PBS solution. After the
incubation of skin sample for overnight at room temperature, digested SC was peeled off gently and
immersed into 0.05% trypsin inhibitor solution for 1 min. Afterwards, the isolated SC was washed
with fresh purified water for min. five times to remove the underlayer tissues. The final obtained SC
sheet was then placed onto glass slide and stored in desiccator to dry for min. three days.

2.5. Confocal Raman Spectroscopy (CRS)

In order to investigate the effects of different non-ionic emulsifiers on SC, CRS served as the
primary instrument to detect their differences. After drying, the SC sheets were taken out of the
desiccator and fitted onto the scan table of alpha 500 R confocal Raman microscope (WITec GmbH,
Ulm, Germany). This CRS device was equipped with a 532-nm excitation laser, UHTS 300
spectrometer and DV401-BV CCD camera. To avoid the damage of skin sample due to higher laser
intensity, the laser power used was 10 mW, which could be adjusted using the optimal power meter
(PM100D, Thorlabs GmbH, Dachau, Germany). A 100x objective with numerical aperture of 0.9 (EC
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Epiplan-neofluor, Carl Zeiss, Jena, Germany) was used to focus the light on skin surface. The
backscattered light from the skin was then dispersed by an optical grating (600 g/mm) to achieve the
spectral range from 400-3800 cm™. Collected scattered light was analysed on a charge-coupled device
(DV401-BV CCD detector) which had been cooled down to —60 °C in advance. The CRS
measurements were performed based on a method developed by Zhang et al. [13,14].

2.6. Determination of Skin Surface and Thickness

In order to achieve spectral signals of lipids from skin surface and measure SC thickness at the
same time, the spectra were detected with the focus point moving from -50 um beneath the skin to
50 um above the skin. The spectra were recorded with the step size of 1 um. The skin surface was
determined using the intensity difference of keratin signal (v (CHs), 2920-2960 cm™). The area under
the curve (AUC) of the keratin peak was calculated and plotted against depth. While the intensity of
the keratin signal reaches the half maximum, the laser spot would be located at the boundary between
glass slide and skin bottom or the boundary between skin surface and air [13,38]. So that the spectrum
extracted from the boundary between skin surface and air was regarded as skin surface and used for
lipid signal analysis. Moreover, with the description above, the full width of half maximum (FWHM)
could serve as the thickness of skin sample.

2.7. Lipid Signals in Fingerprint Region

2.7.1. C—C Skeleton Vibration Mode

The first three small peaks in Figure 1 highlighted in red are assigned to the vibration of C—C
skeleton. They are sensitive to the trans—gauche conformational order of long chain hydrocarbons
which exist mostly in intercellular lipids [39,40]. The peaks located at 1060 cm™ and 1130 cm™! arise
from all-trans conformation which stand for a more ordered state of lipids. The peak at 1080 cm
corresponds to the gauche conformation which represents a more disordered state of lipids [41,42].
In this case, PCA analysis and polynomial background subtraction are needed to remove the noise
and obtain a more precise result. On the other hand, the band at 1130 cm™ contains part of the
contribution of keratin at 1125 cm™. As a result, an adequate integration area is selected to eliminate
the influence of keratin peak. Then, the conformational order could be calculated with the ratio of
AUC of those three peaks: conformational order = AUCios0 / (AUCis0 + AUCu30) as originally
described by Snyder, et al. [43]. Thus, a higher value of conformational order represents an indication
to the gauche conformation and disordered state of lipids.

2.7.2. CHa Twisting and Scissoring Mode

The peak located at about 1300 cm™ in Figure 1 is assigned to the CHz twisting mode. The shift
of this peak could also indicate the order or disorder of lipid conformations because of the sensitivity
of this peak to hydrocarbon chains [44]. The broadening and shift to a higher wavenumber of this
peak indicates a tendency of intercellular lipids turning into a more disordered and gauche
conformation state.

Apart from the detection of conformational order on Raman spectra, vibrational characteristics
are also convenient to determine the lateral packing state (orthorhombic order, hexagonal order, and
liquid-like chain packing) influenced by the intramolecular interactions [44]. The CH2 scissoring band
at 1430-1470 cm™ reflects the nature of lateral packing between ceramide molecules. The shift of this
peak to a higher wavenumber in the Raman spectrum stands for a more hexagonal or even liquid
like packing state.

2.7.3. CHz and CHs Stretching and C=0 Vibration Mode

The last two bands marked in fingerprint region of Figure 1 are assigned to & (CHz, CHs)- mode
at 1425-1490 cm™ and v (C=0)- mode at 1630-1710 cm™ respectively. The band at 1630-1710 cm™
arises from the Amide I mode which showed the least variation within one donor or among different
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donors. Thus, this band has been often used in the normalization of other Raman peaks derived from
SC [30,42]. The band at 1425-1490 cm™ originates from both keratins and lipids. In this study, this
band was regarded as “lipids-peak” for calculation of lipid content.

Based on the equation of Normalized lipids = AUCu1425-1400/ AUC1e30-1710, the lipid-keratin peak was
normalized by the amide I peak. The final calculated result would indicate the content variation of
lipids. Therefore, the lipid content in fingerprint region in this study was calculated as equation
above.

2.8. Lipid Signals in High Wavenumber Region

In order to achieve further information about lipid content and lateral packing order state for a
more precise and forceful result, the lipid-keratin peak (2800-3030 cm™) in the HWN region was
taken into consideration. This band is also derived from the CH2 and CHs vibrations.

2.8.1. Gaussian Deconvolution Process

As depicted in Figure 1, it is obvious that the peaks originated from lipids and keratins
overlapped and formed a peak with higher intensity and broad width. In order to track the
information of each peak individually, a mathematical process based on Gaussian functions was
employed. As described by Choe, the Gaussian function type exhibited the least fitting error and
demonstrated to be the best fitting function for Raman spectra of the skin [32].

v(C-H) asymmetric »(CH ;) symmetric
stretching mode stretching mode

Nt

1 trans conformation v(CH;) asymmetric

stretching mode

.

d(CH,, CH ) vibration

v(C-H) symmetric
stretching mode

0.8 4 gauche conformation S(CH,,) scissoring mode

—_ ] trans conformation \
z 0.6 - Amide 1
= S(CH,) twisting mode v(C=0) vibration
z 4
o=
=
5 044 l /
-
=
— 4
0.2
v(C-C) skeleton vibration
0.0 4
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Figure 1. Major band assignments of CRS spectrum obtained from skin sample. The red/blue areas
represent the specific peak referring to different molecular vibrations. The break on the axis of
wavenumber separates the fingerprint region (left side) and high wavenumber region (right side).
The peaks assigned to trans and gauche conformations are both originated from C-C skeleton
vibration.

In this study, the obtained spectrum of SC was deconvoluted into four Gaussian peaks
automatically with the application of curve fitting toolbox on Matlab software (version R2019a,
MathWorks GmbH, Natick, MA, USA). The summation of four Gaussian functions was used as the
fitting formula. In order to achieve reproducible result and reduce the fitting error, the Gaussian peak
maximum positions and FWHMSs were allowed to vary in defined intervals only. Afterwards, a non-
linear iteration process was applied. It can be seen from Figure 2 that each fitted peak was labelled in
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different colour. The goodness of fitting results could also be generated automatically with all R?
above than 0.98.

lipids keratins

Stratum corncum spectrum

v (C-H) symmetric stretching
v (C-fI) asymmetric stretching
v (CH;) symmetric stretching
v (CH;) asymmetric stretching

Gaussian fitting curve

Intensity (a.u.)

i O . i 5 i W e

T T T
2800 2850 2900 2950 3000

Wavenumber (cm™)

Figure 2. Deconvolution of lipid-keratin peak from skin spectrum by using four Gaussian peaks in
high wavenumber region. The assignments were labelled with different colours.

2.8.2. v (C-H) Symmetric and Asymmetric Stretching

As illustrated in Figure 2, peaks located at 2850 cm™ and 2880 cm stand for the v (C-H)
symmetric and v (C-H) asymmetric stretching mode respectively which are both derived from the
vibration of lipids. These two peaks are sensitive to the packing order of alkyl chains of lipids. Based
on some research, the ratio of the intensities of these two peaks could be used as a sign of crystalline
phase of intercellular lipids [39,45]. In this study, peak areas after deconvolution were applied for the
calculation of lateral packings Rationt = AUCass0/ AUCas50 according to ref. [46]. This procedure has
effectively eliminated the influence of multi-peak overlap phenomenon. Hereby, the higher Ratiolat
represents a prevalence towards highly crystalline and orthorhombic phase. The lower Ratiol reveals
a tendency towards disordered and liquid-like phase.

2.8.3. v (CHs) Symmetric and Asymmetric Stretching

As is shown in Figure 2, the blue and orange peaks at 2930 cm™ and 2980 cm™ arise from the
contribution of keratins and originated from the v (CHs) symmetric and v (CHs) asymmetric
stretching separately. Previous studies often use the area of these two keratin related peaks to
normalize lipid related peaks in order to determine the lipid content [47,48]. As described in this
study, the AUC extracted directly in high wavenumber would contain the contribution of adjacent
peaks. The deconvolution process would exclude the influence of peak superposition. As a result, the
Gaussian areas after deconvolution were employed for calculation of lipid content: Normalized lipid
= (AUC2ss80 + AUC2850)/(AUC2930 + AUC2980).

2.9. Data Analysis

2.9.1. Raman Spectra Pre-Processing

The initial processing step of Raman spectra usually included the spectral cosmic ray removal,
smoothing as well as background subtraction which were all performed by the WITec Project
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Software (WITec GmbH). Referring to the smoothing process, Savitzky-Golay (SG) filter was applied
with third polynomial order and nine smoothing point. For the type of background subtraction, an
automatic polynomial function was fitted to the spectrum and subtracted. Furthermore, the AUC
extracted in this study is the integrated area under a specified peak of the spectrum and could be
calculated using trapezoidal method on WITec Project Software or MatLab software.

2.9.2. Principle Component Analysis

Multivariate data analysis was also performed on the WITec Project Software. For the study,
Principle component analysis (PCA) was employed to further analysis the grouped spectra and
reduce minor variations. PCA is the underlying method for many multivariate methods and could
effectively obtain a reduced data set from multiple dimensions. Among the grouped Raman spectra,
the first three principle components (PCs) are selected for reconstruction since they have contained
most of essential information. In this study, PCA was applied for lipid conformation analysis.

2.9.3. Statistical Analysis

Spectra data were obtained from repeated measurements (2 > 18). The graphs were shown with
mean values + standard deviations (mean + SD). Statistical differences were determined using one-
way or two-way analysis of variance (ANOVA) followed by Student-Newman-Keuls (SNK) which
were employed by GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA). Diagrams and
statistical differences were ultimately generated. Significant differences were marked with different
number of asterisks: * p <0.05, ** p <0.01, *** p <0.001.

3. Results

3.1. Lipid Content Analysis with Normalized Lipid Signal

Lipid content in SC was analysed in the fingerprint and HWN regions by using lipid signals
normalized by keratin signals. With the aim of detecting their impacts on lipids, different non-ionic
emulsifiers were used to treat the SC, respectively. The alterations of lipid content are shown in
Figure 3a,b. As can be seen, the red bars indicate the relative lipid content in fingerprint region while
the blue bars represent the content in HWN region. It is evident that most of the PEG ethers cause a
reduction of lipid content (Figure 3a) while all the polysorbate emulsifiers show no effects on SC lipid
content (Figure 3b). Specifically speaking, the group of PEG ethers treated SC shows different extent
of lipid reduction. Among them, only O2 and S2 treated SCs indicate no effects on SC lipid content.
Focusing on the rest of the emulsifiers, all the PEG-20 alkyl ethers display to dramatically reduce
lipid content. Regarding the PEG-10 alkyl ethers, O10 shows a relatively smaller difference compared
to S10 and C10 which both indicate a greater reduction of skin lipid content. Interestingly, only C2 in
PEG-2 alkyl ethers shows a slight impact on reducing lipid content. In contrast, polysorbate
emulsifiers reflect completely no extraction of lipids. It turns out a part of this outcome is correlated
with a previous result in our group that showed 5% of polysorbate 60 had no effects on lipids [13]. In
general, the result of lipid content analysis in fingerprint region is complementary to that in HWN
region and exhibited the same tendency of emulsifier effects.



Pharmaceutics 2020, 12, 223 9 of 16

Bl Fingerprint region

B2 High wavenumber region

1.0 @ 104
'E 0.8+ : - _E 0.8
= 2 * 1 ek g e =
= 0.6 & P i g 2 e : - 2 0.6
= | &
3 | 3
= 0.4+ 1 3 044
E I =
=} | 2 £
] | =
] | 5
Z 0.2+ | Z 024
|
i
0.0 | 0.0

water O2 010 020 S2 S10 S20 C2 C10 C20 SLS water PS40 PS60 PS80

Figure 3. Normalized lipid signals in fingerprint and HWN region for lipid composition analysis of
(a) PEG alkyl ethers treated SC and (b) PEG sorbitan esters treated SC. Mean + SD, n =18. * p < 0.05;
**p<0.01; *** p <0.001.

3.2. CH: Twisting and Scissoring Mode Analysis

CH: twisting mode in fingerprint region was selected in this study. It is also feasible to analyse
the lipid conformational order. The band derived from CH2 twisting mode is located at about 1300
cm™. The band shift is sensible to the conformation of hydrocarbon chains of lipids, so that it could
be used as another conformational signal. Figure 4 shows the comparison of twisting mode between
emulsifier treated and water treated skin samples. The peak location is in between 1285-1303 cm. It
can be clearly seen that SLS has the most significant effect on SC lipid as the band shifts from about
1293 cm™ to about 1299 cm™. Among PEG ethers, relatively higher effects on lipids are caused by the
PEG ether emulsifiers with the average number of oxyethylene groups of 20 as well as O10 and S10.
Interestingly, C10 only shows small effects on lipid conformation. Nevertheless, in lipid content and
C—C skeleton conformation analysis presented above, C10 has been determined to strikingly extract
lipids and change conformational order. Apart from this slight discordance, the result is still a
confirmation of emulsifier effects on lipid signals. Further, no significant effects are noted in
polysorbate emulsifier treated SCs.
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Figure 4. Lipid signals of CH: twisting and scissoring mode for analyzing (a) PEG alkyl ethers treated
SC and (b) PEG sorbitan esters treated SC. Mean + SD, n = 18. * p <0.05; ** p <0.01; *** p <0.001.

Except for the detailed information of hydrocarbon chains of lipids, CRS is also available to
determine the lateral packing of lipids with CH: scissoring mode in fingerprint region. Using the
peak at 1434-1452 cm™, Figure 4 shows the differences of scissoring mode when comparing emulsifier
treated and water treated skin samples. It can be observed that some bands strikingly shift to higher
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wavenumbers after treatment with emulsifiers such as PEG-20 alkyl ethers and SLS. It means that the
lateral packing tends to be transformed from orthorhombic phase to hexagonal or liquid-like phase.
C10 and S10 shows to moderately lower the lateral packing density. However, the influence of O10
on SC is slightly lower than what we expected but similar to the impact of C10 on SC. In line with
results from C-C skeleton vibration mode analysis, the results from scissoring mode analysis show
no significant difference for polysorbate emulsifiers treated SCs.

3.3. C—C Skeleton Conformation Analysis

C—C skeleton vibrations in fingerprint region contain the all-trans signal (1060 cm™ and 1130 cm™)
and gauche signal (1080 cm™) of SC lipids. With the application of non-ionic emulsifiers, lipid
conformation in SC was influenced to different degree. As displayed in Figure 5a, most of the PEG
ethers show significant effects on lipid conformation when compared with water treated SC.
Especially S10 and S20 as well as C10 and C20 present huge effects on SC lipid conformation,
indicating the intercellular lipids have more gauche conformation (more disorder state). Surprisingly,
010 and O20 only show small influence on altering lipid conformation which is even less than the
impact of C2. Whereas O2 and 52 show no effects on turning lipids into a more gauche conformation.
Focusing on the investigation of the polysorbate group, it can be seen from Figure 5b that no
significant difference has been found in polysorbate emulsifiers-treated SCs. It turns out that, with
the application of polysorbate emulsifiers, lipid conformation remains in a more trans and ordered
state.
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Figure 5. C-C skeleton vibration mode for lipid conformation analysis of (a) PEG alkyl ethers treated
SC and (b) PEG sorbitan esters treated SC; lateral packing order analysis by AUC ratio of band 2850 cm™
and 2880 cm™: (c) PEG alkyl ethers treated SC and (d) PEG sorbitan esters treated SC. Mean + SD, n =
18.%* p <0.05; ** p < 0.01; *** p < 0.001.

3.4. Lateral Packing Analysis in HWN Region

Commonly, the broad shaped lipid-keratin peak originated from C-H vibration in HWN region
is used to calculate lipid content and lipid lateral packing. The ratio of AUCs of 2880/2850 cm™ has
been defined to evaluate the lateral packing density of intercellular lipids. In this spectral region,
peaks reflecting vibrations of SC lipids overlap with peaks derived from keratin. After the
deconvolution process of lipids-keratin signals, the calculation of lateral packing in HWN is more
precise owing to the exclusion of keratin peak influences.

As the results shown in Figure 5c, 020 and C20 have the highest effects on decreasing the lateral
packing density which are nearly the same as the effect of SLS. C10 tends to transform the lipid
structure to hexagonal phase (more disordered structure). In addition, O10, S20 as well as C2 treated
SC only indicate relatively lower effects. Whereas S10 treated SC unexpectedly presents no statistical
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difference which is unlike the lateral packing result shown in the scissoring mode analysis. The
results depicted in Figure 5d reconfirmed that polysorbate emulsifiers appeared to exert no
significant effects on SC lipids and maintained the orthorhombic structure of intercellular lipids.

3.5. Skin Thickness Measurement

The thickness of skin samples was measured after the treatment with different emulsifiers. It has
to be noted that SC thickness was measured on dried SC sheets and will thus give lower values as in
(hydrated) full thickness skins. With the comparison to references, the results are shown in Figure 6.
It is apparent from Figure 6a that the water treated SC was measured to be the thickest with the
average thickness of 4.50 + 0.64 um. In contrast, SLS treated SC exhibited the thinnest skin samples
(2.55 £ 0.54 um), followed by the C20 and C10 treated SC with thickness of 2.84 + 0.69 um and 3.27 +
1.20 um respectively. 010 and O20 treated SC showed a tendency towards a reduced thickness as
well. Unexpectedly, no indication was found of reduction of SC thickness after treatment with S10.
In another experiment depicted in Figure 6b, the water treated SC was measured to have the thickness
of 4.04 + 1.16 um, while the polysorbate emulsifiers treated SCs showed no significant difference
when compared with water treated SC.

Thickness (m)
Thickness ()Lm)

water 02 010 020 S2 S10 S20 C2 C10 C20 SLS water PS40 PS60 PS80

Figure 6. Thickness of SC after treatment with (a) PEG alkyl ethers treated SC and (b) PEG sorbitan
esters treated SC. Mean + SD, n=18. * p <0.05; ** p < 0.01; *** p <0.001.

4. Discussion

Throughout this study, different spectral signals were utilized to analyse the effects of non-ionic
emulsifiers on SC lipids. The result of lipid content analysis was achieved with the combination of
lipid spectral signals from fingerprint region and HWN region. We could clearly see that PEG ethers
were more capable to extract the lipids from SC than polysorbate emulsifiers. Meanwhile, both results
of lipid content analysis were in good correlation with each other. It proved that after curve fitting
process, the lipid-keratin peak ratio could serve as a sensitive lipid signal to calculate the lipid
content. As an alternative, the lipid-keratin peak ratio in fingerprint region may be used and gives
similar results.

The conformational analysis was evaluated in this study with the band shift of the twisting mode
and calculated by the ratio of three small peaks related to gauche/trans conformation which originated
from the C—C skeleton vibration bands. In view of the same tendency of detected emulsifier effects,
both of the lipid spectral signals are capable to analyse lipid conformation accurately. However,
comparing a series of complicated data processing steps in C-C skeleton vibration features, the
prominent peak shift related to CHz twisting mode at about 1300 cm™ would be a better choice and
less time-consuming.

There was a slightly difference in lipid analysis of lateral packing density. The ratio calculated
by 2880/2850 cm™ revealed that S10 had no significant effect. Whereas the results of scissoring mode
indicated significant difference (p < 0.01). Although the deconvolution process has eliminated the
influence of the keratin signal in the HWN region, the differences between results from S10 treated
SC and water treated SC are not large enough to reach statistical significance. With the consideration
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of minor errors may result from the curve fitting process, the signal of scissoring mode might provide
a more sensitive and efficient detection in our further study.

As the preliminary study of our group presented, the thinning of SC was assumptively caused
by the extraction of lipids, subsequently leading to a loosened cohesion of SC and thereby fascinating
keratinocytes removal [13]. In the skin thickness analysis of present work, most results complied with
expectations and previous findings although the results of S10 and C2 reflected inconsistent with
former lipid signals which may be triggered by the influence of different donors. The thinner the SC
thickness originally, the less accurate the measuring result. Besides, the isolation of SC may also
induce measurement errors.

Since this systematic study has proved that non-ionic emulsifiers have the potential to interact
with SC lipids, we may find some rules or mechanisms to explain the ability of them to extract lipid
components and decrease lipid order of SC. First, their capability to affect SC lipids might be
governed by their structural properties as they contain both polar head region of hydrophilic chain
and nonpolar tail region of hydrophobic chain. The characteristics of non-ionic emulsifiers used in
this study has been listed in Table 1. As the influence of PEG ethers on SC shown, we may suggest
that the higher the average number of oxyethylene groups, the stronger the interaction between PEG
ethers and SC lipids. Meanwhile, the alkyl chain was highlighted in the potency of emulsifier
interaction with SC lipid as well. With the results shown in this study, C2 appeared to be the only
emulsifier to reduce lipid content and increase lipid disorder compared to other PEG-2 ethers. As
they own the same number of oxyethylene groups, we may speculate that PEG derivatives with less
carbon numbers of alkyl chain present higher ability to disturb SC lipid properties. Furthermore,
keeping constant the number of carbon atoms in hydrophobic chain, similar effects of PEG oleyl
ethers (unsaturated alkyl chain, C18) and PEG stearyl ethers (saturated alkyl chain, C18) on SC lipids
were observed. We might then assume that with the same length of alkyl chain, the double bound
only show little impact on SC lipids.

In the present study of polysorbate emulsifiers, they have been confirmed to have no influence
on SC lipids, although they have longer polyoxyethylene chain (1 = 20) and different length of alkyl
chain. In this case, the molecular weight and structures could also serve as underlying factors for
explaining the effects of polysorbate emulsifiers. The molecular structures of PEG ethers and esters
used in this study are given in Table 2. It is apparent that polysorbate emulsifiers have larger
molecular structure sizes which are expected to make it difficult for them to penetrate the skin and
interact with SC lipids. Furthermore, although a recent finding from another group revealed a slight
toxicity of polysorbate emulsifiers towards skin cells, it is not contradictory to our results that
presented more friendly effects of them on skin lipids [49]. Our investigation suggests that
polysorbates do not penetrate the skin and thus do not reach the deeper levels of the skin where
living cells are located. Thus, it can be concluded that they may be regarded as safe excipients as long
as they are not taken up into viable cell layers. Meanwhile, the emulsifier incorporated in various
formulations may also display different influence on skin properties [13,49].

Last, according to the HLB values listed in Tablel, we first expect that the HLB values of non-
ionic emulsifiers correlate to their effects on SC lipids. We could suggest from the result of PEG ethers
that the higher the HLB value, the more intensive effects of emulsifiers on SC lipids. However, C2
with HLB value of 5.3 sometimes revealed relatively similar influence with O10 and S10 (HLB value
12.4). More strikingly is that all polysorbate emulsifiers present no effects on SC lipids with HLB
values all around 15. Therefore, we may conclude that HLB value alone is not a reliable predictor of
interactions between non-ionic emulsifiers and SC lipids. On the other hand, the molecular weight
and structures may be the main factor of polysorbate emulsifiers to interact with skin lipids.
Concerning these debatable factors, further research needs to be done for deeper understandings of
possible mechanisms to describe how non-ionic emulsifiers penetrate the skin and interact with skin
components.
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Table 2. Chemical structures of PEG alkyl ethers and PEG sorbitan fatty acid esters.

PEG Sorbit
PEG Alkyl Ethers Chemical Structures orbrian Chemical Structures

Fatty Acid Esters

PEG-20 sorbitan monopalmitate (Polysorbate 40)

PEGmoleyl ether ,{/VOW/\/\/\/\/\/\/ o .
HO\$/\O Y O/\%\/OH

xty+z+tw=20

PEG-20 sorbitan monostearate

PEG-n stearyl ether " ,{/VOW/\/\/\/\/\/\/ . Oﬁz

(Polysorbate 60) o

HO. OH
% o v

xtytztw=20

PEG-20 sorbitan monooleate

PEG-n cetyl ether " ,{/\/OW . /\i;\;

(Polysorbate 80) o

HO. OH
7, o y

xty+ztw=20
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5. Conclusions

This study systematically examined the effects of non-ionic emulsifiers, including PEG alkyl
ethers and PEG sorbitan fatty acid esters, on SC lipids. CRS was employed in this study as a non-
invasive, efficient and versatile instrument. Different spectral signals of CRS in both fingerprint and
HWN regions were applied to assess the alteration of lipid content, conformation, lateral packing
order and SC thickness which caused by the interaction of non-ionic emulsifiers with SC. To sum up,
it has been demonstrated that the results of conformation and lateral packing order analysis were
basically correlated with the results of content analysis, indicating that the extraction of lipids from
SC may disturb the lipid structures in SC, and to some extent weaken the skin structural integrity.
Furthermore, our results so far implied that non-ionic emulsifiers of polysorbates as well as PEG
ethers with a smaller number of oxyethylene groups would be better choices to incorporate into
topical formulations due to their lower effects regarding extraction of lipids, interruption of lipid
organizations and further damage of skin barrier functions.

Overall, based on these findings, the assessment of different lipid signals played a meaningful
role to filtrate more effective spectral features for deeper differentiations. This research on non-ionic
emulsifiers could also serve as a basis and be helpful to screen suitable emulsifiers for further
formulation development.
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1 | INTRODUCTION

Dominique Jasmin Lunter*

Abstract

The class of PEGylated emulsifiers finds
broad application in the pharmaceutical
and cosmetic industry. We target on one
of the categories of polyethylene glycol
(PEG) alkyl ethers with different lipo-
philic and hydrophilic chain length and aim to examine their effects on the

skin comprehensively. In this study, we employed confocal Raman spectros-
copy for skin depth profiling and imaging. A unique probe of heavy water
(D,0) was incorporated, which can be tracked percutaneously and simulta-
neously monitor the effects caused by emulsifiers. According to the results,
most of the PEGylated emulsifiers caused changes in skin lipid content/organi-
zation and induced the alteration in relative water content/hydrogen bonding
structure. The results obtained from the depth profiling analysis provided the
possibility to estimate the least penetration depth of emulsifiers. Among them,
PEG-20 ethers displayed the most penetration ability. Meanwhile, it is interest-
ing to find that the treatment of emulsifiers also affected the spatial distribu-
tion of D,0O whose differences were in line with the molecular skin variations.
In particular, the isotopic H/D substitution in the skin was highlighted in
detail. This result supports the possibility to use D,O as an excellent and cost-
effective probe to evaluate the skin barrier function.

KEYWORDS

confocal Raman spectroscopy, heavy water, PEGylated emulsifiers, skin barrier function, skin
molecular properties

“bricks and mortar” model [4, 5]. Primary protection of
SC is provided by the intercellular lipids (the mortar) [6,

In everyday life, our skin is facing contact with sanitary,
cosmetic, or pharmaceutical products, gaining the poten-
tial of external irritations [1-3]. Establishing a significant
barrier against environmental influences, stratum cor-
neum (SC) makes up the outermost layer of the skin, pro-
viding mechanical protection with commonly described

7]. At ambient conditions, skin lipids are highly struc-
tured and mainly assembled in densely packed ortho-
rhombic lamellar phases. Nevertheless, with the skin
exposed to foreign substances, physical and chemical
interactions may happen to each other, changing the
molecular properties of skin components. When the skin
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is highly irritated, the lipid structures will tend to be a
more fluid state [8-10]. Except for the lipids, the skin
water-related property is also considered as an attractive
property due to the common observation of trans-
epidermal water loss in skin research [11]. In particular,
in recent, the tight relationship of skin water regulation
with intercellular lipids was introduced. Although the
role of the skin lipids and water-related properties has
been highlighted in some studies, the deepened under-
standing of their molecular variation is still lim-
ited [12-14].

There is extensive literature describing the irritation
triggered by topically applied compounds in which
emulsifiers are the main considering targets, owing to
their intrinsic surface activity and intensive applications
[15, 16]. However, conflicting data are emerging about
their adverse effects on the skin [17, 18]. Walters et al
stated that PEG alkyl ethers based on a C;, alkyl chain
were effective in disrupting the lipid monolayer [19]. Our
previous study also found reduced skin lipid content and
altered lipid structures after applying the PEG-20 glycerol
monostearate [20, 21]. Recently, we evidenced the differ-
ent influence of a series of PEG alkyl ethers and PEG
sorbitan esters on skin lipids [22]. Compared with the
previous study, our current research focuses more on the
depth-dependent comparison of molecular skin proper-
ties due to different penetration depth of emulsifiers. Fur-
thermore, the relative water content and hydrogen
bonding state are taken into consideration to gain insight
view of interactions with lipid properties.

The insights into the mechanisms of molecular skin
alterations gain complete attention in skin research. Con-
siderable studies have been evaluating the skin barrier
function based on the electrical, microscopic, and scatter-
ing approaches, which provide limited information on
the insights of molecular skin interactions [23-25]. The
fluidity and mobility of skin components regarding their
structural changes were recently announced by using
nuclear magnetic resonance, which is more precise but
challenging to elucidate the skin depth variations [26,
27]. For a more comprehensive look, confocal Raman
spectroscopy (CRS) is introduced. It is sensitive to iden-
tify minor changes in molecular skin components and
available to detect skin from different depth [28].

Skin lipid analysis has been well grounded using
CRS. Lipid content and lateral packing structure analysis
have been comprehensively discussed by selecting useful
Raman signals [29, 30]. However, skin water regulation
and the associated hydrogen bonding state still need to
be well elucidated. Recently, the hydrogen bond water
molecular types were suggested by Choe et al using CRS
to analyze the skin water-related properties of intact skin.
Although it is an effective way, the shortage was

uncovered when treating the skin with moisturizing solu-
tions or formulations. In this case, extra water will pene-
trate the skin and subsequently induce a variation of OH
bond signal on CRS spectra [31, 32]. To minimize the
effects of external water penetration, we introduced a
probe of heavy water (D,0) to dissolve the model sub-
stances applied to the skin. With this probe, the effects of
external penetrated water can be eliminated due to differ-
ent Raman spectral features of OD bond and inherent
skin OH bond [33]. Thus, skin water-related properties
can be effectively detected. Meanwhile, as the CRS spec-
tra recorded, D,O distribution can be monitored and
visualized across skin depth. As is known that water pen-
etration dynamics can be regulated by the skin barrier
integrity [34, 35], the D,O penetration depth can be
expected to differ following the effects of emulsifiers.
Therefore, we assume the application of D,O as a promis-
ing approach for evaluating the skin barrier state. The
isotopic substitution and water diffusion behavior are
also taken into adequate account.

2 | MATERIALS AND METHODS

2.1 | Materials and animal

Deuterium oxide (D,0, 99.9 atom % D) is obtained from
Sigma Aldrich (St. Louis, Missouri). PEG alkyl ethers
including PEG-2 oleyl ether (02), PEG-10 oleyl ether
(010), PEG-20 oleyl ether (020), PEG-2 stearyl ether (S2),
PEG-10 stearyl ether (S10), PEG-20 stearyl ether (S20),
PEG-2 cetyl ether (C2), PEG-10 cetyl ether (C10) and
PEG-20 cetyl ether (C20) were purchased from Croda

7 \O/\// Db
PEG-n oleyl ethers

L _~_}-OH

)
] In

PEG-n stearyl ethers

OH
O
n
PEG-n cetyl ethers

FIGURE 1
investigated in this study

Chemical structures of PEGylated emulsifiers
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Gmbh (Nettetal, Germany) (Figure 1 shows their chemical
structures with different oxyethylene groups; Figure S1
represents the CRS spectrum of pure substances). Sodium
lauryl sulfate (SLS) was achieved from Cognis GmbH &
Co. KG (Diisseldorf, Germany). Sodium chloride, dis-
odium hydrogen phosphate, potassium dihydrogen phos-
phate and potassium chloride were of European
Pharmacopeia grade. Porcine ear skins (German landrace;
age: 15 to 30 weeks; weight: 40 to 65 kg) were provided by
the Department of Experimental Medicine at the Univer-
sity of Tuebingen and local butcher.

2.2 | Dermatomed porcine skin

Porcine ears were achieved on the day of slaughter and
cleaned with isotonic saline. The skin was removed from
cartilage, cleaned from blood, and cut into strips of
approximately 3 cm width. The strips were stretched
onto a Styrofoam plate with pins. Skin hairs were
trimmed to around 0.5 mm with electric hair clippers.
Thereafter, the skin was dermatomed to a thickness of
1 mm (Dermatom GA 630, Aesculap AG & Co. KG, D-
Melsungen), punched out for circles to a diameter of
25 mm, wrapped with aluminum foil and stored into the
refrigerator at —30°C. Upon use, the circular skin sam-
ples were thawed to room temperature and washed clean
with phosphate-buffered saline (PBS). This procedure
has been previously described in ref. [36]. Besides, two
donors were used for the depth profiling analysis of
PEGylated emulsifiers, which were slaughtered from the
same slaughterhouse on the same day. The first donor
was used for the studies of PEG-2 ethers and PEG-10
ethers. The second donor was used for investigations of
PEG-20 ethers and SLS. D,O only treatment was per-
formed in both donors and used as a reference to nor-
malize the slight data differences and make the

emulsifier-treated samples comparable, which meant to
decrease the inter-experiment variations.

2.3 | Franz diffusion cells

D,0O dissolved PEGylated emulsifiers were applied on
porcine skin using Franz diffusion cells. Degassed and
prewarmed (32°C) PBS was used as receptor fluid. A cir-
cular skin sheet was placed on the cell with SC facing
up. The donor compartment was put on top of the skin
and clamped tightly. The equipped cell was put into a
water bath with a temperature of 32°C and stirring speed
of 500 rpm. After 30-min equilibrium, 1 mL of each sam-
ple was applied to the skin (D,O or D,O dissolved).
PEGylated emulsifiers used in this study are shown in
Table S1. A piece of parafilm was then capped onto each
donor compartment to prevent evaporation. After 2 hour
incubation, the skin samples were removed from cells
and cleaned with isotonic saline and cotton swabs for
30 times. The actual involved skin area was punched out
and mounted onto the device for CRS measurement. The
cross-sectional view of the device is depicted in Figure 2.
A full description was provided in supporting informa-
tion (Figure S2) and has been reported in the previous
publication of our group [37].

2.4 | Confocal Raman spectroscopy

241 | CRS setting

Skin spectra were acquired with an alpha 500R confocal
Raman microscope (WITec GmbH, Ulm, Germany) which
was equipped with a 532 nm excitation laser, UHTS
300 spectrometer and DV401-BV CCD camera. The optical
grating was 600 g/mm for recording the spectra in the range

laser beam

Teflon base
FIGURE 2 The schematic profile coverslip ~- g
of the device for confocal Raman Teflon lid

e — oil immersed objective

100x/1:25 Oil

L skin sample

" PBS soaked tissue

polyethylene foil

measurement
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of 0 to 3800 cm™*. Herein, 100x/1.25 NA (numerical aper-
ture) oil immersion objective (E Plan, Nikon, Tokyo, Japan)
in combination with a 50 pm pinhole was utilized [38].
Laser power was adjusted to 5 mW by the optimal power
meter (PM100D, Thorlabs GmbH, Dachau, Germany) to
avoid skin sample damage. For non-biological samples (eg,
H,0, D,O and their mixtures), 40x/0.6 NA objective was
used (EC Epiplan-neofluor, Carl Zeiss, Germany).

2.4.2 | CRS depth profiling

Line scans were conducted to collect skin spectra in-
depth with the laser spot recording from 10 pm above the
skin down to 50 pm inside the skin. The step size was
1 pm and the exposure time was 2 seconds for one mea-
surement followed by 2 accumulations for each spectrum.
The complete acquisition time was around 4 min for each
depth analysis. The obtained spectra were preprocessed
by the WITec Project Software (WITec GmbH, Ulm, Ger-
many) including the smoothing process (Savitzky-Golay
filter with third polynomial order and nine smoothing
points) and background subtraction (automatic polyno-
mial function was fitted to the spectrum and subtracted).
Principal component (PC) analysis was then employed to
reduce the noise of spectra. The first three PCs are
selected for gaining the reconstructed spectra, as they can
mostly describe the dataset and obtain the critical charac-
teristic information of skin and D,O. The skin surface
was determined based on the detection of the boundary
between SC and coverslip. The area under the curve
(AUC) of keratin peak (V(CHs), 2920-2960 cm™') was
plotted against scan depth. The left point of the full-width
of half-maximum of this plotted profile was identified as
the boundary between the skin surface and coverslip.
The AUC was calculated using the trapezoidal method.
Data were acquired from three replicates repeated for
over three times (total n = 9). Diagrams show arithmetic
mean + SD.

2.4.3 | CRS spectral image

The third donor was used for CRS image scanning. Two-
dimensional CRS maps were obtained by using image
scans. A scanning area of 25 X 50 pm?® (25 x 50 pixels) in
x-z direction was mapped with 1 pm step size in both
directions and 0.05 s integration time per spectrum. The
scan was started from above the skin surface to obtain a
complete skin cross-sectional image. After a series of
preprocedures including cosmic ray removal, smoothing
and background subtraction, a color-coded image was
generated. In these images, each pixel corresponds to one

CRS spectrum. In order to visualize the skin layer and
track the spatial distribution of D,0, the pure, untreated
skin spectrum and D,O spectrum were assigned, respec-
tively, to different colors to indicate their location within
the examined area.

2.5 | Evaluation of skin properties
2.51 | Gaussian-function based
decomposition

The decomposition process in high wavenumber (HWN)
region has been mainly introduced by Choe et al in skin
research [31, 32]. In brief, in our work, the band of 2800 to
3800 cm™' was decomposed into 10 subbands using
Gaussian functions (see Figure 3). This process was auto-
matically performed by applying curve-fitting toolbox on
Matlab software (Math work, version R2019a). The good-
ness of fitting results was generated with R* over 0.98. As
shown in Figure 3A, the four subbands centered at around
2800 to 3000 cm ™" are assigned to lipids and keratin. Peaks
at 2850 and 2880 cm™" correspond to »(C-H) symmetric
and v(C-H) asymmetric stretching mode of lipids. Peaks at
2930 and 2980 cm™ are assigned to »(CHs) symmetric
and v(CH;) asymmetric stretching mode of keratin. The
other six subbands in the spectral range of 3000 to
3800 cm™' represent the various hydrogen bonding types
of the water molecule and the small contribution of kera-
tin. Among them, the peaks centered at 3070 and
3325cm™ are assigned to the unsaturated methylene
stretching vibration of keratin and the N-H vibration of
keratin separately. The four peaks corresponding to the
hydrogen bond of water molecules were located at around
3010, 3280, 3460 and 3600 cm™:, associated to tightly
bound DAA-OH (single donor-double acceptor), strongly
bound DDAA-OH (double donor-double acceptor), weakly
bound DA-OH (single donor-single acceptor) and free
water (superposition of very weakly DDA-OH bond, dou-
ble donor-single acceptor and unbound OH). The hydro-
gen bonding configurations are represented in Figure 3B,
which have been introduced in detail by Sun [39].

2.5.2 | Intercellular lipid properties

Lipid content could be analyzed in the fingerprint region.
The peak at 1425 to 1490 cm™" is composed of mostly the
intercellular lipids. The peak at 1630 to 1710 cm™ is
corresponding to the (C=0)-mode for amide-I, rep-
resenting the least variations from different donors. Thus,
relative lipid content can be calculated according to the

equation of normalized lipid = AUC435.1490/ AUC1630.1710-
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FIGURE 3 Raman band ( A) V(CH,) symmetric
decomposition procedure in high 1.0 YCH)
wavenumber region based on ten Gaussian | asymmetric
peaks, A, and the schematic drawing of the
hydrogen bonded water molecules 0:8: DA-OH
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The detailed explanation has been described previously by
our group [21].

The decomposed lipid and keratin related peaks in the
HWN region have been demonstrated to be able to
calculate the lipid content following the function of
Normalizedjipig =  (AUC,g80 + AUC2850)/(AUCs030 +
AUC,050) [40]. In this study, skin lipid content analysis in
fingerprint and HWN region can be mutually verified and
provide a better comparison of these two signals in-depth
profiling analysis.

For indicating the transition of skin lateral packing
state from orthorhombic to hexagonal (more disorder
state) phase, decomposed peaks at 2850 and 2880 cm™*
were utilized for calculation of Ratio,; = AUC,gg0/
AUC,550 based on the findings from previous research
[41]. The higher value of Ratio,,, represents a prevalence
of highly crystalline and orthorhombic phases.

2.5.3 | Skin water-related properties

In this study, different hydrogen bound water types were
used to calculate the relative water content. With the
sum of AUCs of all OH-related bands normalized by ker-
atin band (L (CH3), 2920-2960 cm™"), the total water con-
tent can be calculated in different skin depths.
Furthermore, the DDAA-OH and DA-OH bounds are
mainly focused, as they account for over 90% of water
molecular type in the skin. The hydrogen bonding state
of water molecules can be represented by the ratio of

A A A '/\ A A
)’.\) /.\) ,f.\)‘ /f.\) /f.\)
D D D b D D

DAA-OH DDAA-OH DDA-OH DA-OH free-OH

AUCs of DA-OH- and DDAA-OH-related bands, which
was firstly proposed by Choe et al [42].

2.5.4 | Heavy water as a probe in skin

By extracting the spectrum from each pixel in-depth, the
relative O-D content was calculated by applying the spec-
tral feature of the O-D stretching band (2250-2750 cm™h)
normalized by keratin band (1(CHs), 2920-2960 cm™).
This ratio represents the relative intensity of the O-D bond
and the D,O distribution quantitatively.

3 | RESULTS
3.1 | Intercellular skin lipid content and
lateral packing state

The findings of lipid-related differences were shown in
Figure 4 and Figure 5. Lipid content variations against
depth were plotted in both fingerprint and HWN regions
based on the calculations mentioned above (Figure 4A-C
and Figure 4D-F). It is visible from the both regions that
skin lipid distribution is inhomogeneous and intercellular
lipid content keeps decreasing from the skin surface.
Comparing the variations of calculated content values,
the analysis in the fingerprint region showed better selec-
tivity and sensitivity, as shown in previous study [30]. It
is apparent that the variations of the normalized ratio
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FIGURE 4 Depth-dependent profiles of skin lipid content of D,0 and emulsifiers treated skin, calculated by using the lipid signals in
fingerprint region, A-C, and lipid signals in high wavenumber region based on the decomposition process, D-F, mean + SD,n =9
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FIGURE 5 Depth-dependent profiles of calculated Ratio),, of D,O and emulsifier-treated skin representing the order of lipid lateral

packing structure, mean + SD,n =9

(from about 0.8 to 1.3) are intensively larger than in the
HWN region (from about 0.46 to 0.57). It indicates that
the lipid signal in the fingerprint region can provide more
information on smaller differences of lipid molecular
changes, which could be a better choice for future stud-
ies. However, the lipid signal HWN region can also be a
second verification in our study to investigate the effects
of PEGylated effects.

The depth profiling results among the investigated
emulsifiers revealed the different extent of lipid extraction
in both regions. SLS, as the positive control, showed the
most reduction of lipids, especially at the upper layer of
the skin, which is line with previous reports [1, 43].
PEGylated emulsifiers presented different effects on
extracting lipids from the skin. As both figures showed,
02, S2 and C2 treated skin only showed a slight reduction
from the surface of the skin comparing with the result
from reference (heavy water only treated skin). 010, S10
and C10 have similar effects on the levels of detected lipid
contents, mainly located at the wupper layer of

approximately 8 pm. The trend is more evident in 020,
S20 and C20 treated skin. Their ability to extract skin
lipids increased remarkably from the depth analysis. Com-
paring the different extent of lipid reduction, the number
of hydrophilic groups of PEGylated emulsifiers highlights
their crucial role in lowering skin lipid content.

The variation of lipid lateral packing order state could
be identified from the viewpoint of calculated Ratio),; vs
skin depth. As shown in Figure 5A-C, the lateral packing
states of lipids in the skin are inhomogeneous. The
highest ordered lateral packing state of lipid structure is
located in the intermediate part of the SC (approximately
4-10 pm), whereas less ordered lipid packing state was
found on the skin surface. We could clearly see from
Figure 5 that the SLS treated skin exhibits the most vital
ability in decreasing the ordering state of lamellar lipids,
and this influence spreads deep into the viable epidermis.
Whereas for PEGylated emulsifiers treated skin, 02, S2
and C2 only show small variation by depth on their lipid
packing state. Significant differences are hard to notice in
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this category of emulsifiers, indicating more friendly
effects of them on skin. 010, S10 and C10 lead to a mod-
est decrease of Ratioj,, compared with the reference,
which can be observed at the upper part of the SC, indi-
cating a slight increase of disordered lateral packing state.
In comparison, the lateral packing orders are more disor-
dered after the treatment of 020, S20 and C20. Clear
decrease of Ratioj,; can be observed in the intermediate
layers (approximately 12 pm) of skin. The comparison
among all the emulsifier effects on the lipid lateral pack-
ing order suggests nearly consistent results with the
reductions of lipid contents.

3.2 | Skin water-related properties

Figure 6A-C shows the relative skin water content by
depth. It can be seen that the application of SLS on skin
significantly reduced skin water content. The treatments
of PEGylated emulsifiers reveal different extent on affect-
ing the water content. O2 and S2 only slightly decrease
the water content from the upper layer of SC, whereas C2
causes slightly more reduced compared with O2 and S2.
010, S10 and C10 have a similar tendency to cause rela-
tive more reduction in water content. The most substan-
tial effect can be observed with the applications of 020,
S20 and C20 on skin from skin surface to around 15 pm
depth. By comparing the water content profiles with the
effects of emulsifiers, it is not difficult to find that the
trend of water content variation is generally consistent
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with the extraction of lipids and the disordering of lipid
lateral packing order. Besides, the relationship between
their distribution statuses is also noticeable that the skin
layer with the most ordered state of lipids presents the
highest water content. Meantime, the skin layer with the
lowest water content on the uppermost layer and the sub-
strate of the SC shows the more disordered state of lipid
packing state.

Figure 6D-F presents the profiles of hydrogen bonding
skin water molecular types calculated by the ratio of AUCs
of DA-OH- and DDAA-OH-related bands. It can be seen
that the water molecules on the skin surface have a higher
content of weakly bound water, corresponding to the less
ordered lamellar lipids on the skin surface, which may
easily cause breaks of OH bonds and loss of water. With
the treatment of emulsifiers, the transition state to a

1.0 Full skin spectrum
—D,0 spectrum
~ 0.8
=
E 06
z
& 0.4
R
e MU\
0.0 Mo
T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500
Wavenumber (cm™)
FIGURE 7 Raman spectra of full-thickness skin and heavy
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FIGURE 6 Depth-dependent profiles of the water content of D,O and emulsifier-treated skin calculated by integrating the signal
intensities of O-H stretching vibrations normalized by keratin band after decomposition process, A-C, and the hydrogen bonding state of
skin water molecules obtained from the ratio of weakly bound (DA)/strongly bound (DDAA) water molecule types, D-F, mean + SD,n =9
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weaker bound water type can be observed at different
levels. The differences are not significant after applying O2
and S2 on the skin. Only slight differences can be observed
on the skin surface layer when treating skin with C2 on
the skin. The emulsifiers of PEG-10 ethers and PEG-20
ethers exhibit similar differences in DA/DDAA values.
The influences are generally following the lipid-related

properties, although the PEG-20 ethers revealed more
potent effects on skin lipid properties. Based on these
results, we may assume that when the skin lipid phases
convert into a more disordered lipid packing state, the
bonding state of skin water molecules might be more
weakly bound. This correlation between skin water-
related properties and lipid variations also complies with
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FIGURE 8 CRS analysis of the skin. Recorded CRS spectra associated with the red points representing each depth of the skin after
incorporation of heavy water showing the basic principle for obtaining the skin depth profile by using spectral line scan and skin map of

cross section by using spectral image scan

Skin surface

Skin depth

FIGURE 9 Color-coded Raman images representing the x-z direction distribution of heavy water in skin samples with the treatment of
D,0 and different emulsifiers. The spectral characteristics of D,O was shown in red, while the blue region presented the spectral features of

skin components
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other studies when analyzing the distribution of human/
porcine skin or age-related profiles, etc. [32, 44].

3.3 | CRS for monitoring heavy water
within the skin

Deuterium is a heavier isotope compared with hydrogen,
which shifts the OH stretching vibration into a lower
wavenumber area in Raman spectra. As shown in
Figure 7, the O-D stretching band is located at 2250 to
2750 cm™, which completely stands out from the skin
spectrum without any overlapping area. It indicates that
the exogenous penetrated water (D,0) can be easily iden-
tified and distinguished from the endogenous skin hydro-
gen bonds (O-H). The approach for CRS measurement
has been shown in Figure 8.

Figure 9 depicts the images of D,O distributions from
x, z-directions. The D,O alone treated skin shows the mini-
mal distribution of D,0, which is mostly located in the
upper layer of the skin with relatively lower content. With
the SLS treatment, D,O shown in red penetrates the
deepest inside the skin. It shows densely packed red color
overlaid, indicating more presence of OD bond in each
pixel. Among the PEGylated emulsifiers, O2 and S2 treated
skin represent similar behavior of D,0O distribution with
D,0 alone treated skin. 010, S10 and C2 slightly acceler-
ated the penetration of D,O in the skin with the observa-
tion of O-D signals in a relatively deeper layer. C10 seems
to promote the penetration more compared with O10 and
S10 even with some slight inhomogeneous spread in skin.
The deeper penetration of D,0 followed to be affected by
020 and S20, which displayed similar depth location of
D,0. The strongest impact came from C20, which revealed
the deepest distribution of D,O compared to other
PEGylated emulsifiers. In summary, the D,O penetration
depth is clearly influenced by selected PEGylated emulsi-
fiers. The impact behaviors were mostly in accordance with
the variation of lipid and water-related properties, which
reflected the potential of tracking heavy water diffusion in
skin to evaluate the influences of compounds on skin.

3.4 | H/D substitution in
D,0O-incorporated skin

The application of D,0O on skin was mentioned in a few
studies. However, the behavior of isotopic substitution
that happened in skin was only briefly discussed [45, 46].
To better understand the distribution process of D,0 in
skin, isotopic substitution cannot be simply ignored. First
of all, the C-H/C-D substitution was taken into account.
In order to have a clear view of C-H/C-D substitution,
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FIGURE 10 Simulation of isotopic substitution collecting the
spectra of different volume ratio of H,O and D,0. A, The linearity
curve between the H,O concentration and the integrated intensity of
OH stretch band. B, The linearity curve between the D,O
concentration and the integrated intensity of OD stretch band. C,
The OD/OH stretch bands for isotopic substitution with the
Vino/Vpao 0of 1:1, 1:2, 1:3, 1:4, 1:5. D, The OD/OH stretch bands for
isotopic substitution with the Vi,0/Vpao 0of 1:1, 2:1, 3:1, 4:1, 5:1

the mixture of methanol and deuterated methanol was
detected to simulate the substitution process (full descrip-
tion can be found in supplementary information). As
shown in Figure S3, the C-D stretching mode is located
at 2000 to 2300 cm~!. However, there is no prominent
peak appeared on the skin spectra in this region
(Figure 8), indicating that the C-H/C-D substitution in
the skin is not detectable.

O-H/O-D substitution is commonly highlighted in deu-
terated water applications [47, 48]. To elucidate the action
between skin H,O with penetrated D,0, the mixtures of
different volume ratios of H,O and D,O were used as
models. As shown in Figure 9A-B, the intensity of the
OH/OD bond increases linearly with the H,0/D,O
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content, demonstrating a convincible spectra display. It is
clear from Figure 10C-D that the signal intensity increases
with the increased volume proportion and corresponding
molecular vibration. However, the O-D bond has a greatly
higher intensity than the O-H bond. When the H,O mole-
cule dominates the significant proportion, the O-H bond
appears relatively similar intensity with O-D bond. In this
case, the increase of H,O volume (see Vino/Vpao of 2:1,
3:1, 4:1) only show a slight increase of O-H bond intensity.
If we compare the dynamic spectra of D,O in the skin
(Figure S1), it is easy to find that the penetrated D,O
amount is less than the skin H,O amount. It indicates that
the proportion of D,O molecule in the skin is less than the
H,0 molecule. Thus, the actual O-H bond intensity will
only be slightly underestimated due to the O-H/O-D
substitution.

4 | DISCUSSION

The alterations of skin lipid properties are associated
with the impairment of skin barrier function [14, 49].
According to the effects of PEGylated emulsifiers, the
decrease of skin water content and the prevalence of
weakly bound hydration state of skin water are parallel
to the adverse effects on lipid properties. The mechanism
can be speculated that the disorder of lipid packing and
subsequently caused impairment of skin barrier function
lowered skin water content and further reflected the
decrease of water holding capacity. In specific, our results
supported the finding that the disorders skin lipids will
loosen some tight hydrogen bonds surrounded and
reduce the ratio value of DA/DDAA [42].

By tracking the distribution of D,O, emulsifiers
appeared different effects on its penetration depth. It
turns out that the extent of their effects on molecular
skin segments correlates to the permeability of simulta-
neously applied D,O. The potential mechanism might
be triggered by the increase of SC lipids mobility and
fluidity, which facilitated the interactions of water mol-
ecules with lipid polar head groups and making the
D,O easily to be penetrated. With these correlated
results, it demonstrates that the application of D,O on
the skin enables the assessment of skin barrier func-
tion. Meanwhile, the research by Wang et al also pro-
vided support to our study which found out that the
treatment of glycerin on skin promoted the penetration
of D,0 [46]. Besides, the advantage of using D,O is
clearly highlighted in our study to enable the detection
of skin water-related properties. Even with the effects
of isotopic substitution, the variation of skin water con-
tent and hydrogen bonding state of skin water can also
be identified.

Overall, the tendency for skin interactions mainly fol-
lows the sequence: PEG-20 alkyl ethers > PEG-10 alkyl
ethers >PEG-2 alkyl ethers. The hydrophilic chain length
seems to be the primary determinant in the activity of
skin interactions. Many reports also underlined the
importance of alkyl chain length in the potency of skin
interactions [18, 50]. However, it is still debatable in our
study, as its influence is not clearly highlighted when
comparing the results of PEG oleyl ethers, PEG stearyl
ethers and PEG cetyl ethers. In addition, little differences
were found when comparing to the PEG oleyl ethers
(Cys, unsaturated), and PEG stearyl ethers (Cg, satu-
rated). It indicates that the effects of PEGylated emulsi-
fiers with unsaturated hydrocarbon chains are similar to
those with saturated chains. The more information pro-
vided in this work referred to the penetration depth of
them. The spectral signal of lipid content in the finger-
print region appeared to be the most sensitive one. With
this result, we could have a clue about the least penetra-
tion depth of each emulsifier due to their effects on differ-
ent depths of the skin.

5 | CONCLUSION

In this work, we investigated the effects of a class of
PEGylated emulsifiers using CRS to monitor their effects
on molecular skin properties. D,O was simultaneously
incorporated to visualize its distribution in the skin. The
comprehensive depth-dependent profiling results illus-
trated the changes in the skin lipid and skin water-
related properties. They clearly showed the prevalence of
disordering skin molecular properties by the treatment of
PEGylated emulsifiers with longer hydrophilic chain
length. Besides, the least penetration depth of emulsifiers
in the skin can be estimated based on their depth of influ-
ences. The application of D,0 allows the differentiation
of endogenous and exogenous hydrogen bonds, which
enables the detection of skin water-related properties.
The overall results stressed the correlation data of differ-
ent D,O penetration depth with different extent of molec-
ular skin effects, supporting the idea of using D,O as a
convenient and inexpensive target in the skin for multi-
ple roles. The H/D substitution as a frequently missing
part has been considered to compensate for the incom-
plete description of their occurrence and behavior in the
skin. Finally, this study performed a multifactorial analy-
sis of emulsifiers on skin and enhanced our understand-
ing in skin molecular variability with topically applied
compounds. It would be of interest in the future for us to
deepen the understanding of mechanisms of emulsifiers
used as penetration enhancers for evaluating drug pene-
tration and permeation behaviors.
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TABLE S1 Characteristics of PEGylated emulsifiers used in this study

PEGylated emulsifiers Alkyl chain Alkyl chain length Number of Abbreviations HLB value

and saturation oxyethylene group

PEG-2 oleyl ether Oleyl alcohol C18, C7-C8 unsaturated 2 02 5.0
PEG-10 oleyl ether Oleyl alcohol C18, C7-C8 unsaturated 10 010 12.4
PEG-20 oleyl ether Oleyl alcohol C18, C7-C8 unsaturated 20 020 15.3

| PEG-2 stearyl ether | Stearyl alcohol | C18 | 2 | S2 | 4.9
PEG-10 stearyl ether Stearyl alcohol C18 10 S10 12.4
PEG-20 stearyl ether Stearyl alcohol C18 20 S20 15.3

| PEG-2 cetyl ether I Cetyl alcohol I Cle6 | 2 | C2 I 53

PEG-10 cetyl ether Cetyl alcohol Cl6 10 C10 12.9
PEG-20 cetyl ether Cetyl alcohol Cl6 20 C20 15.7
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1. Detailed description of Raman measuring device

The device used for Raman measurements was custom built and modified
according to the device used by Bonnist et al. ™ and has been reported in our
previous work 231, As shown in Figure S2, it is made of Teflon and consists of
three parts that tightly fix the skin sample between a coverslip and the lid of the
device. The whole setup prevents the full-thickness skin sample from drying during
the Raman measurement.

The upper and middle parts of the device both contain a hole that allows the
laser beam to go through the skin sample for collecting Raman spectra. To build
the setup, a coverslip is fixed in between the two parts to completely cover the hole.
Subsequently, the skin is put onto the coverslip with the skin surface (stratum
corneum) down to the coverslip. Afterward, a piece of tissue soaked with PBS is
put onto the dermis side and a circular polyethylene foil is placed on top of it.
Finally, the lid of the device is screwed tight, making the skin pressed gently
against the coverslip.

Oe

FIGURE S2 The whole setup used for confocal Raman measurements in this study. (A)
unassembled three parts of the device, (B) assembled device.

2. Simulated C-D/C-H substitution

We model the Raman spectra using all-H forms methanol (CH3OH: H:0, 1:1)
and all-D forms of deuterated methanol (CDsOD: D20, 1:1) for identifying the
induced isotopic substitution behaviors (Figure S3). It is easy to recognize the
Raman shift of C-H stretch bands from the region 2750-3100 cm™ to 2000-2300
cm™(C-D stretch bands) and O-H stretch mode from 3100-3750 cm to 2300-2750
cm* (O-D stretch mode). Furthermore, it is interesting to find that the intensity of
all-D forms spectra appeared nearly twice the intensity of all-H forms spectra.

Some literature stated that the D atom can be incorporated into lipids via the
fatty acid biosynthesis pathways or proteins via the amino acid and carbohydrate
biosynthesis [“-¢1. While turning to the spectra of D20 incorporated skin in our study,
it is simple to notice from Figure S1 that there is no C-D band appeared, indicating
no C-H/C-D substitution occurred. It assures the complete access of spectra we
obtained to the molecular information of lipids and proteins. Further, the excised
porcine skin detected in this study is not metabolically active which provides the
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basis of this result, since it is in line with the finding from Berry et al, that the
abiotic H/D exchange does not occur at levels measurable by Raman
microspectroscopy 1. Therefore, the C-H/C-D substitution in the skin is not
detectable.

Intensity (a.u.)

10000

— Venzon/Vizo=1:1

8000 Vepzon/Vo2o=1:1

6000
4000
2000
o] )
T T T T T T T T T T T T T
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FIGURE S3 Raman spectra of all-H forms methanol/water (CH3sOH: H20, 1:1) and all-

D forms deuterated methanol/heavy water (CDsOD: D20, 1:1).
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Properties regarding stratum corneum (SC), the outermost membrane of the skin, remain an active area in
dermatologic and cosmetic research. The reduced thickness of SC is associated with varied adverse statuses such
as skin lipid deficiency, skin barrier dysfunctions and skin deceases, etc. Emulsifiers with existing irritative ef-
fects on skin components also face the risk of decreasing SC thickness. We have been focusing on the effects of
PEGylated emulsifiers on the skin and have an interest in finding the role of their polyethylene glycol (PEG)-
chain length in tuning skin irritations. With this aim, PEG-stearyl ethers with different numbers of hydrophilic
chains were applied on the skin, and their influence on skin thickness was discovered to determine their skin
barrier effect. Confocal Raman spectroscopy (CRS) with extensive application in skin research was used here. To
obtain the precise determination of skin thickness, our secondary aim was to find the optimal CRS configuration
referring to varied objectives and pinhole sizes where further study is still in demand. Therefore, SC thickness
measured via eddy current approach served as reference. The applied PEG-stearyl ethers formed the system to
achieve varied thicknesses. Results confirmed that the skin interactions rose with increasing PEG-chain length,
however only up to a certain limit, with decreasing effects recorded from PEG-40 stearyl ether and no effects
observed from PEG-100 stearyl ether. Simultaneously, CRS combined with water immersion objective and 50 pm
pinhole presented the most consistent values to the references and exhibited better spectral intensity and signal-
to-noise ratio. Correlation plots involving different cases of configurations were calculated for error corrections.
Taken together, this work helps to identify the potential mechanisms governing the interactions between PEG-
stearyl ethers and skin and offers powerful evidence of using CRS as a reliable alternative to obtain accurate
thickness values.

1. Introduction

In recent years, stratum corneum (SC) has caught extensive attention
in skin research as the outermost and multifunctional layer of skin
(Ashtikar et al., 2013; Biniek et al., 2015; Ghadially et al., 1996). As an
effective barrier preventing the entry of foreign substances, the
morphology and composition of it have always been the study focuses
(Pham et al., 2016; Schmitt and Neubert, 2018; Vyumvuhore et al.,
2015). Since the skin is exposed to everyday life, facing potential irri-
tative factors, the interactions between SC and exogenous substances are
of high interest to be discovered. Non-ionic emulsifiers have a wide
range of applications in pharmaceutical and dermatological fields, of-
fering many opportunities to be in contact with skin (Ghanbarzadeh

* Corresponding author.
E-mail address: dominique.lunter@uni-tuebingen.de (D.J. Lunter).

https://doi.org/10.1016/j.ijpharm.2021.120308

et al., 2015; Kumar and Rajeshwarrao, 2011). However, some of them
have been reported to have negative impacts on skin epidermal layers.
Their ability to cause skin abnormalities have been revealed from plenty
of aspects, e.g. skin pH, skin hydration, trans-epidermal water loss
(TEWL), skin mechanical stress, etc. (Barany et al., 2000; Sahle et al.,
2012; Walters et al., 1982).

As one of the main types, PEGylated emulsifiers also gained great
attention in skin analysis. Due to their similar chemical formula con-
taining the hydrophilic PEG-chain and corresponding hydrophobic tail
of ethers or fatty acid esters, there may be a pattern hidden to govern
their interactions with skin components. In preliminary studies, their
potential law in tuning the influence of drug enhancing effects have been
widely investigated. The crucial roles of alkyl chain and PEG-chain have
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been discussed (Park et al., 2000; Shin et al., 2001). The chain length of
polar head groups and the different fatty acids, alkyl chain lengths and
degrees of saturation have all reflected varying importance. However,
our previous study evidenced that their structure-activity was exposed
prominently from hydrophilic PEG-chain length regarding their influ-
ence on skin barrier functions. It was found that the increasing length of
PEG-chain can lead to stronger effects on skin lipid extractions and
structural disorders. Following this interesting finding, one can be aware
that this potential law was only examined within limited PEG numbers.
To better understand their structural mechanism in interacting with the
skin, extended PEG-chain length of PEGylated emulsifiers is highly ex-
pected to be investigated.

Except for the viewpoint of structural rules, the molecular weight is
also an important factor. Barany et al. investigated the TEWL after
treating the skin with a series of PEG fatty acid esters (Barany et al.,
2000). The results suggested that PEG derivatives with lower molecular
weight had higher potency to increase the TEWL and damage the skin. In
the meantime, our group also found that the PEG derivatives of poly-
sorbate emulsifiers with higher molecular weight did not show the
property of extracting skin lipids (Liu and Lunter, 2020a; Zhang and
Lunter, 2018a). According to these, one can assume that the PEG alkyl
ethers with more PEG units possessing higher molecular weight may also
be struggling to interfere with the skin barrier. Therefore, to find the
approximate boundary of PEG number limiting the access of PEGylated
emulsifiers into the skin, our work first aimed to investigate PEG-stearyl
ethers’ interaction potential with increasing PEG-chain length.

To assess the skin barrier properties with the percutaneous applica-
tion of emulsifiers, SC thickness, as associated with the reduction of SC
components and change of morphology, has become an attractive
reflection (Choe et al., 2016; Dabrowska et al., 2016). Preliminary
works, dealing with the alteration of SC thickness, can be traced from
varying aspects. Zhang et al. found that the removal of SC lipids by
emulsifiers were in line with the trend of decreasing SC thickness, which
evidenced the link of skin irritation and skin thickness (Zhang and
Lunter, 2018a). Application of skin thickness as a diagnostic criterion
has also been discussed. In this regard, Sedky et al. found that skin
thickening can be considered a characteristic manifestation of systemic
sclerosis (Sedky et al., 2013). Additionally, comparable thickness values
served as a measure for the SC integrity in plenty of studies (Berthaud
and Boncheva, 2011; Pany et al., 2018). Based on these findings, SC
thickness is of high interest to be analyzed and of great importance to be
correctly and accurately determined.

Currently, varying attempts to develop excellent approaches for
measuring SC thickness have been implemented. Comparing these
techniques, CRS as a non-destructive method shows the benefit of con-
trolling the measurement depth and, in the meantime, saves time and
effort. The application of CRS in evaluating layer thickness has been
considerably discussed, especially in the field of physical and material
science (Belu et al., 2008; Ledinsky et al., 2016). In skin research, our
group applied the keratin signal to evaluate the SC thickness of isolated
SC (Zhang and Lunter, 2018a). Caspers et al. reported measuring the in
vivo SC thickness according to the water mass percentage profile against
depth (Caspers et al., 2000). Ri et al. developed a new method based on
determining the DNA concentration profile (Ri et al., 2020). As
described above, there have been continuous efforts to find dermal
spectral features to identify the epidermal layers, while the correct in-
strument configurations inducing accurate skin thickness estimations
have not yet been fully studied. However, literature underlining the
selections of objectives, including the types of dry objectives (metal-
lurgic air objectives) and immersion objectives (normally immersion
medium: water or oil) have already been investigated. Everall (Everall,
2010; 2000a) discussed the refraction-induced distortion in exquisite
detail while using dry objectives, and introduced a mathematical model
to correct such errors. Lunter also showed the penetration profiles are
affected by different objectives and pinhole sizes (Lunter, 2017).
Although much has been learned, there is still little known about the
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optimal configuration for precise thickness value determination.

Thus, we also aimed at optimizing the CRS configuration including
the varying types of objectives and differing sizes of the pinhole (Everall
et al., 2007) which have both been reported to influence the detected
thickness values in different studying areas. With this goal, this practical
experimental design, particularly for skin samples, can provide the most
authentic data and reference for further skin studies. Mathematical
correction of measured thickness with non-optimal microscopic setup is
also provided. The establishment of correlation within varying combi-
nations can also be used for simple data corrections and reliable inter-
laboratory comparison. The comparable thickness values can help
identify novel insight to assess the PEG-stearyl ethers’ influence on skin.

2. Materials and methods
2.1. Material

PEG alkyl ethers (Chemical structure was shown in Fig. 1) including
PEG-10 stearyl ether (S10), PEG-20 stearyl ether (520), PEG-40 stearyl
ether (S40) and PEG-100 stearyl ether (S100) were purchased from
Croda GmbH, (Nettetal, Germany). Sodium lauryl sulfate (SLS) was
obtained from Cognis GmbH & Co. KG (Diisseldorf, Germany). Trypsin
type II-S (Iyophilized powder) and trypsin inhibitor (lyophilized pow-
der) were obtained from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany). Parafilm® was from Bemis Company Inc., (Oshkosh, WI,
USA). Sodium chloride, disodium hydrogen phosphate, potassium
dihydrogen phosphate, and potassium chloride were of European
Pharmacopoeia grade. All aqueous solutions were prepared with ultra-
pure water (Elga Maxima, High Wycombe, UK).

Porcine ear skins (German landrace; age: 15-30 weeks; weight:
40-65 kg) were provided by Department of Experimental Medicine at
the University of Tuebingen. The Department of Pharmaceutical Tech-
nology at the University of Tuebingen has been registered to use animal
products (registration number: DE 08 416 1052 21).

2.2. Dermatomed porcine ear skin

Fresh porcine ears were cleaned with isotonic saline. Full-thickness
skin was removed from cartilage and gently cleaned from blood with
cotton swabs and isotonic saline. The obtained postauricular skin sheets
were then dried with soft tissue, cut into strips of approximately 3 cm
width and stretched onto a Styrofoam plate (wrapped with aluminium
foil) with pins to minimize the effect of furrows. Skin hairs were trim-
med to approximately 0.5 mm with electric hair clippers (QC5115/15,
Philips, Netherlands). Subsequently, the skin was dermatomed to a
thickness of 0.8 mm (Dermatom GA 630, Aesculap AG & Co. KG, Tut-
tlingen, Germany) and punched out for circle diameter 25 mm. After-
wards, the skin circles were wrapped with aluminium foil and stored in a
freezer at — 30 °C. On the day of the experiment, the skin sample was
thawed to room temperature and ready for next the procedures. This
dermatome procedure has been previously described by our group (Liu
and Lunter, 2020b).

Hydrophobic tail Polar hydrophilic group

oot

Fig. 1. Chemical structure of PEG-n stearyl ether which is composed of polar
hydrophilic group and hydrophobic tail and where “n” represents the average
number of oxyethylene groups.
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2.3. Frang cells incubation of skin samples

Franz diffusion cells have been commonly used as a specific analyt-
ical setup for ex vivo determination of skin absorption. Here, degassed,
prewarmed (32 °C) phosphate-buffered saline (PBS) was used as re-
ceptor fluid and filled in the Franz diffusion cells (Gauer Glas, Piit-
tlingen, Germany) of 12 mL. The stirring speed of the receptor fluid was
500 rpm. The dermatomed skin circles were mounted onto the cells with
donor compartment on above. The equipped Franz diffusion cells were
put into a water bath with a temperature of 32 °C. After a short equili-
bration time of 30 min, 1 mL of each emulsifier solution was applied to
each skin sample. Then, a piece of parafilm was capped onto each donor
compartment to prevent evaporation. After 4 h incubation, skin samples
were removed from the cells, and each skin surface was gently washed
and cleaned with isotonic saline and cotton swabs for 30 times to remove
the remaining sample and avoid erroneous measuring results. Finally,
the actual application area (15 mm in diameter) was punched out and
patted dry with cotton swabs. Herein, each sample was applied to the
skin in triplicate. A detailed description of this method is available in a
previous publication from our group (Zhang and Lunter, 2018b).

2.4. Stratum corneum isolation and drying

The stratum corneum was isolated following the trypsin digestion
process described by Kligman et al. (Kligman, 1963; Zhang and Lunter,
2018a). This isolation procedure has been proven not to influence the
lamellar lipid organization. The obtained skin circles (with a diameter of
15 mm) were placed dermal side down on filter paper soaked with a
0.2% trypsin and PBS solution. After the incubation of skin samples
overnight at room temperature, digested SC was peeled off gently and
immersed into 0.05% trypsin inhibitor solution for 1 min. Afterwards,
the isolated SC was washed with fresh purified water for min. five times.
In order to control variables and reduce errors when comparing thick-
ness measuring approaches. The final obtained SC sheet was split into
two parts. Half of it was placed onto a glass slide for CRS measurements.
Another half was put onto a non-ferrous substrate for measurements
with the micrometer gauge. Before the measurements, samples were
stored in a desiccator to dry for min. three days.

2.5. Characterization of SC thickness measurements

2.5.1. Authentic SC thickness value measured by micrometer gauge

After treatment with different emulsifiers, the SC thicknesses were
measured with eddy current method, using a Fischer ISOSCOPE®
FMP10 portable instrument equipped with FTA3.3H probe (Helmut
Fisher, Sindelfingen, Germany). To reduce the effects of skin hair which
can accidentally cause errors when measuring the distance between SC
surface to sample substrate, hair was very gently removed when washing
the isolated SC in water. SC samples were then put on non-ferrous
substrates. Each skin sample was measured for over 18 times at
different places. The averages and standard deviations were then
calculated for comparisons.

2.5.2. Instrumentation details of confocal Raman spectroscopy (CRS)

CRS configurations were taken into account to find the optimal set-
tings for precise measurement of SC thickness. After drying, the SC
sheets were taken out of the desiccator and fit onto the scan table of
alpha 500 R confocal Raman microscope (WITec GmbH, Ulm, Ger-
many). This CRS device was equipped with a 532 nm excitation laser,
UHTS 300 spectrometer and DV401-BV CCD camera. To avoid skin
samples’ damage due to higher laser intensity, the laser power was set to
10 mW, which could be adjusted using the optimal power meter
(PM100D, Thorlabs GmbH, Dachau, Germany).

Objectives and pinhole sizes were the main factors that were meant
to be investigated to discover the optimal configuration for accurate SC
thickness measurements. The objectives investigated in this study
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include the 40x 0.6NA (S Plan Fluor ELWD, Nikon, Tokyo, Japan), 100
x 0.9NA (EC Epiplan-neofluor, Carl Zeiss, Jena, Germany) dry objec-
tives as well as the 63x 1.0NA water immersion objective (W Plan-
Apochromat, Carl Zeiss, Jena, Germany) and 100x 1.25NA oil immer-
sion objective (E Plan, Nikon, Tokyo, Japan)). Different pinhole sizes of
25 pm and 50 pm were combined separately. In specific, the samples
measured with immersion objectives were mounted with a coverslip to
avoid sample contaminations.

During the measurement, the light was focused through the objec-
tives onto the skin surface. The backscattered light from the skin was
then dispersed by an optical grating (600 g/mm) to achieve the spectral
range from O to 4000 cm!. The scattered light was collected and
analyzed on a charge-coupled device (DV401-BV CCD detector) which
had been cooled down to — 60 °C in advance. The CRS measurements
were performed based on a method developed by Zhang et al. (Zhang
and Lunter, 2018b).

To measure SC thickness, the spectra were detected with the focus
point moving from — 50 pm beneath the skin to 50 pm above the skin
with the step size of 1 pm. The spectra were then collected for each spot
with an integration time of 1 s and 4 accumulations. The skin surface
was determined using the keratin signal intensity (v (CHs), 2920-2960
cm V). The area under the curve (AUC) of the keratin peak was calcu-
lated and plotted against depth. While the keratin signal intensity rea-
ches the half maximum, the laser spot would be located at the boundary
between the glass slide and the skin bottom or the boundary between the
skin surface and the air. The spectrum extracted from the boundary
between the skin surface and the air was regarded as skin surface and
used for lipid signal analysis. The full width of half maximum (FWHM)
could serve as skin sample thickness with the description above.

2.6. Skin lipid content analysis via CRS spectral markers

It has been well demonstrated that the skin lipid extraction and
reduced lipid content were in line with skin thickness reduction (Zhang
and Lunter, 2018a). Thus, SC lipid contents were supposed to be
analyzed to evidence the alteration of SC thickness after treating the skin
with PEG-n stearyl ethers.

Based on previous research, the spectral signal in the fingerprint
region is more sensitive to analyze the skin lipid content used in this
study (Liu and Lunter, 2020c). In detail, the § (CHy, CH3)-mode at
1425-1490 cm~! is relevant to the lipid signal. The v (C=0)-mode at
1630-1710 cm ™! is derived from the amide I mode. In general, the
spectral intensity varies to some extent between different skin samples
and different donors. The amide-I mode displays the least variation
within one donor or among different donors. To account for the
described variation of spectral intensity, the lipid-related signal can be
normalized by the amide-I signal for calculating the relevant lipid
content.

2.7. Spectral and statistical data analysis

The initial processing step of Raman spectra usually included the
spectral cosmic ray removal, smoothing as well as background sub-
traction which was performed by the WITec Project Software (WITec
GmbH). The smoothing process, Savitzky-Golay (SG) filter was applied
with third polynomial order and nine smoothing points. For the type of
background subtraction, an automatic polynomial function was fit to the
spectrum and subtracted. Furthermore, the AUC extracted in this study
is the integrated area under a specified peak of the spectrum and could
be calculated using the trapezoidal method on WITec Project Software.

Data were acquired from three replicates repeated for over 6 times,
generating repeated measurements of over 18 times (n > 18). The
graphs are shown with mean values + standard deviations (mean + SD).
Statistical differences were determined using one-way or two-way
analysis of variance (ANOVA) followed by Student-Newman-Keuls
(SNK) which were employed by GraphPad Prism 7.0 (GraphPad
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Software Inc., La Jolla, CA, USA). Diagrams and statistical differences
were ultimately generated. Significant differences are marked with
different number of asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results

Skin samples treated with PEG-n stearyl ethers were investigated for
SC thicknesses. According to previous results, different PEG numbers of
PEGylated emulsifiers will show different effects on the skin barrier. In
this work, results from micrometer gauge were used to optimize the
different configurations of CRS detected thicknesses. Insights concern-
ing the effects caused by PEGylated emulsifiers can then be obtained.
Simultaneously, water was used here as a negative control for skin
treatment, and SLS was used as a positive control due to its extensively
documented skin irritative effects. Besides, after treating the skin with
different emulsifiers, the skin lipid content should also follow the SC
thickness changes. Therefore, the lipid contents were subsequently
calculated for verification of thickness results and emulsifier effects.

3.1. Authentic SC thicknesses after skin treatments of emulsifiers

Accurate detection of SC thickness should be first established to be
used as a reference for verifying and correcting the CRS results. Subse-
quently, the thickness differences among varying PEG-stearyl ethers
treated skins can thus also be determined precisely. Here, a micrometer
gauge with the principle of magnetic induction and eddy current
approach was applied since it has been widely accepted to gain accurate
results and is often regarded as the reference for studying advanced
alternatives. Then the thicknesses of obtained SCs after the treatment
with PEG-stearyl ethers were detected. Fig. 2 shows the comparison of
their different thickness values. The SC thickness of the reference (water
treated skin) exhibits an average thickness of 13.69 + 2.45 pm. The
decrease of SC thickness compared with water treated skin can reflect
the irritative effects on the skin barrier. The most prominent reduction of
SC thickness was observed after the cutaneous application of SLS, which
can be easily expected to damage the skin barrier to a great extent.
Furthermore, PEG-stearyl ethers were focused and indicated different
impacts on the skin. It can be seen that S10 and S20 both showed sig-
nificant effects on decreasing the SC thickness with the detected values
of 10.93 + 1.98 pm and 8.76 + 1.45 pum respectively, suggesting their
capability of extracting skin components or producing loosely-packed
skin barrier structures. Interestingly, an only moderate effect was
observed when applying S40, indicating smaller skin irritation. More
surprisingly, S100 was observed to have no significant effect on reducing
the SC thickness, which shows the average thickness of 13.86 + 1.87 pm.
The results of S40 and S100 were not expected since our previous study
found increasing irritating effects with the increase PEG chain length.
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Fig. 2. Thickness of SC measured with micrometer gauge after treatment of
PEG-stearyl ethers. Each individual skin sample was split in two halves for
analysis with micrometer gauge and CRS separately. Mean + SD, n > 18. * p <
0.05, ** p < 0.01, *** p < 0.001.
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On the other hand, they were in line with the previous results of poly-
sorbate emulsifiers which showed mild effects on the skin (Liu and
Lunter, 2020a; Zhang and Lunter, 2018a).

3.2. SC thickness measured by CRS with different configurations

The same SC pieces were analyzed on the CRS instrument. Two dry
objectives and two immersion objectives were combined separately with
two different pinhole sizes (25 pm and 50 pm). It is easy to observe from
Fig. 3a and b that the SC thicknesses measured by dry objectives are
significantly lower than those measured by the micrometer gauge. To be
specific, the SC thicknesses evaluated by the dry 40 x 0.6NA objective
varied in the range of 4.5-7.6 pm whereas assessed by the dry 100 x
0.9NA objective the thickness differed between 2.0 and 4.5 pm. Thus,
both objectives underestimated SC thicknesses. Meanwhile, the emul-
sifiers’ effects cannot be well discriminated. Using the dry 100 x 0.9NA
objective, only S20 and SLS were determined to reduce the SC thickness.
Via the dry 40 x 0.6NA objective, only slight differences can be iden-
tified for S10 and S40. In the meantime, although pinhole size seems to
be an inconsequential factor here, slight differences can still be noticed
from Fig. 3a. Only 40 x objective combined with 50 pm pinhole
captured the decrease of thickness caused by S40. Thus, the dry objec-
tives were found to be less sensitive to evaluate the sample differences
here.

As shown in Fig. 3c and d, immersion objectives seem to give a closer
estimation of SC thicknesses. Both objectives gave results from which
statistical differences could be found between skin samples. The com-
binations of water objective or oil objective with 50 pm pinhole dis-
played identical results compared with the micrometer gauge. Instead,
immersion objectives combined with 25 pm pinhole size appeared
relatively less sensitive to differentiate between samples. It can be
observed from Fig. 3c that S10 and S40 only showed moderate and slight
differences between each other when evaluated by the water objective in
combination with the 25 pm pinhole. Similar results were also found
when using the oil objective mounted with 25 pm pinhole. Thus, when
analyzing the statistical differences, larger pinhole size is better suited to
compare emulsifiers impact in SC thickness. Even so, the role of im-
mersion objectives can still be highlighted. They have more advantages
than dry objectives. The obtained values were much closer to the real
thickness values. The factor of pinhole size did not show a great impact
on the examined values. However, slight impacts can still be identified
with a smaller pinhole size.

3.3. Effects of CRS configuration on spectral signals

The signal to noise ratio (SNR) and signal intensity of spectra are two
important issues affecting the discrimination of spectral signals. Fig. 4a
presents the SC spectra using oil or water objectives equipped with 25
pm or 50 pm pinholes. These spectra were extracted from the depth
point of highest intensity, i.e., just below the SC surface. It can be
noticed that the oil objective setups generate lower SNR. In particular,
the spectrum obtained from the oil objective combined with 25 pm
pinhole represents the lowest SNR. In contrast, the SNR of spectra ob-
tained from the water objectives was drastically improved. However,
obvious differences in spectra cannot be clearly found by using different
pinhole sizes. As is generally known, good SNR is essential to display
more biochemical information about biological samples. Thus, water
objectives obviously have a greater advantage than oil objectives in skin
analysis.

Fig. 4b shows the AUC profiles of the keratin peak signal against skin
depth. Obviously, spectra collected by the water objective equipped
with 50 pm pinhole exhibit the highest intensity. The intensity curves
generated by water objective/25 pm pinhole and oil objective/50 pm
pinhole are similar to each other, while their intensities in deeper layers
are relatively lower. The lowest intensity profile was obtained from the
configuration of oil objective and 25 pm pinhole. According to these
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Fig. 3. Thickness of SC measured with different configurations of CRS device after treatment of emulsifiers, (A) dry 40 x 0.6NA objective, (B) dry 100 x 0.9NA
objective, (C) water immersion 63 x 1.0NA objective, (D) oil immersion 100 x 1.25NA objective. Each individual skin sample was split in two halves for analysis

with micrometer gauge and CRS separately. Mean + SD, n > 18. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 4. (A) Signal to noise ratio and (B) intensity of skin spectra obtained from different configurations of CRS including the water/oil immersion objectives
incoporated with 25 pm/50 pm pinholes (blue: pinhole-50 pm/oil immersion 100 x 1.25NA; green: pinhole-25 pm/oil immersion 100 x 1.25NA; organge: pinhole-
25 pm/water immersion 63 x 1.0NA; red: pinhole-50 pm/water immersion 63 x 1.0NA).

comparisons, the use of smaller pinhole diameter decreased the signal
intensity. For the practical experiment, the spectral signal should be as
high as possible when ensuring the appropriate resolution. Thus, 50 pm
pinhole combined with water objective represents a greater advantage
in our study.

3.4. Correlations and corrections of SC thickness measured via CRS

Fig. 5 and 6 show the correlations of dry objectives and immersion
objectives, respectively. The p-values represented indicate all compari-
sons of significant correlations. Strong positive correlations are observed
from both figures as the correlation coefficients (R?) are close to 1. It can
be deduced that the thicknesses detected by CRS show the same trend as

the reference values. These good correlations give us a hint that the use
of varying CRS configurations only causes the decrease or increase of
values as a whole. The comparison between one and other can still be
rightly performed.

Simultaneously, linear regressions were calculated, which produced
equations enabling the verification of the most accurate skin thickness
determinations. As can be seen from Fig. 5 and 6, the slope of the
regression of the water objective/50 um pinhole is the closest to 1 (r* =
0.962), allowing the most precise determination. Concerning the oil
objective, although the slope is also close to 1, the intercept added will
cause overestimation of thickness. However, it can be found that the
equations generated can also be used to correct the thickness values
determined using sub-optimal CRS configurations. This can provide
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Fig. 5. Correlation plot and linear regression of SC thickness measured by different configurations of CRS and micrometer gauge after treatment of emulsifiers, (A)
dry 40 x 0.6NA objective and 25 pm pinhole, (B) dry 40 x 0.6NA objective and 50 pm pinhole, (C) dry 100 x 0.6NA objective and 25 pm pinhole, (B) dry 100 x

0.6NA objective and 50 pm pinhole.

practical support for other laboratories to correct the depth analysis
values obtained using the same configurations.

3.5. Lipid content analysis utilizing CRS

Lipid content was analyzed to verify the influences caused by
emulsifiers since the findings from our group have demonstrated that
the extraction or reduction of skin lipid components will simultaneously
decrease the skin thickness by using varying emulsifiers or formulations
treated skin samples (Liu and Lunter, 2020a; Zhang and Lunter, 2018a).
Thus, in this study, we calculated the SC lipid content after normalizing
the CRS spectra (as shown in Fig. 7). The water treated SC presented the
normalized value of around 1.14, which was used as a reference here. A
lower normalized value than that of the reference indicates a higher
tendency of emulsifiers to extract the lipid components and disrupt the
barrier function. The most significant decrease can be seen from SLS,
and S20 treated SCs, which reduced the lipid content by approximately
19.7% and 14.9%. Subsequently, S10 also showed the ability to impair
the SC lipid content. Moderate significance was observed with the
decrease of the lipid content by nearly 8.93%. In the meantime, no
prominent effect was observed with the skin treatment of S100, indi-
cating lower extraction of lipids and thus fewer irritant effects. Those
above-mentioned significant differences were in line with the differ-
ences observed in comparing the differences in SC thicknesses obtained
after incubation with the emulsifiers except for S40 treated skin. Inter-
estingly, no lipid extraction caused by S40 was detected although its
negative effects on SC thickness have been identified. We speculate that
the spectral signal might not be sensitive enough to differentiate the
small differences of lipid contents since the other variations of lipid
contents are broadly consistent with the changes of SC thicknesses. In

summary, we believe this analysis provided a better chance to verify
emulsifiers’ influences on the skin barrier.

4. Discussion

One of our study’s main purposes was to examine the varying effects
of PEG-n stearyl ethers on skin. According to the results, the most
prominent influence was interestingly found after the treatment with
$20. To some extent, this finding was unexpected as it has been inferred
previously that the increasing PEG number will encourage irritating
effects on the skin (Liu and Lunter, 2020a). However, S100 surprisingly
indicated no influence on the skin, and the results found for S40 sug-
gested weaker effects. These discoveries can clearly offer an interesting
mechanism in explaining their skin barrier irritation. Presumably, their
performance could be explained by the influence theory of molecular
structure sizes, which can be described such that the large molecule
structures limit their penetration into the skin. Some evidence can be
traced from the study of Casiraghi et al. who investigated the skin
permeation of ketoprofen and found that PEG-40 stearate induced no
significant increase of permeation whereas PEG-8 stearate and PEG-12
stearate did show significant increases (Casiraghi et al., 2012).
Although the systematic study of the other PEG-n stearates is lacking, it
could still be suggested that the number of oxyethylene groups gov-
erning the entry of PEGylated emulsifiers inside skin might be around
40. This promising finding give us the hint that different key factors can
dominate the irritative effects induced by PEGylated emulsifiers. Their
ability to damage the skin barrier can be estimated by the oxyethylene
group numbers and simultaneously considering their structure sizes.
Therefore, it can also be advantageous to select potential candidates for
drug delivery systems that generate milder skin effects. Except for the
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Fig. 6. Correlation plot and linear regression of SC thickness measured by different configurations of CRS and micrometer gauge after treatment of emulsifiers, (A)
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direct summary of PEGylated emulsifiers, non-irritative influences of
polysorbate emulsifiers found in our previous studies (Liu and Lunter,
2020a; Zhang and Lunter, 2018a) can also be explained. It can be sug-
gested that the polysorbate emulsifiers with relatively larger molecular
sizes or polar head groups will be more friendly to the skin.

We also aimed to optimize CRS configuration to find its capability to
determine the SC thickness accurately. Based on the results, one can be
clearly aware that the immersion objectives improved the accuracy of
the SC thickness measurements considerably. From a theoretical view,
the refractive indices between SC (1.41) and air (1.00) differ widely,
resulting in optical distortion whereas the refractive indices of water
(1.33) and oil (1.51) are closer to that of the SC which can help to

improve the correctness. In this respect, our findings of better-suited
immersion objectives agree with the inner principles of reducing the
refractive distortions (Everall, 2010; 2000b). On a more refined level,
water immersion objective outperformed the oil objective in our study
with slightly better accuracy regarding thickness estimation and greatly
improved SNR. Except that, oil is also not an elegant choice in experi-
mental practice. It exhibits higher viscosity than water which is thus
difficult to wipe off and in turn, easily causes measuring errors as it
sticks to the cover glass. In contrast, water as an alternative has no risk of
contaminating the samples. Still, there is no need for special cleanup
methods, and the cost is negligible. On the other hand, the importance of
pinhole size cannot be neglected. Our findings confirm that smaller
pinhole size will prominently cause a decrease in the intensity of the
signal reaching the detector. Although the larger pinhole will theoreti-
cally reduce depth resolution, good compensation can still be observed
using the 50 pm pinhole in conjunction with immersion objectives to
achieve precise results.

5. Conclusion

We found varying effects of a series of PEG-stearyl ethers on skin. The
presented data broke the supposition that the number of oxyethylene
groups primarily governs PEGylated emulsifiers’ irritation of the skin.
New guidance concerning their molecular structure sizes was suggested.
The number of 40 oxyethylene groups may be considered the boundary
to determine PEG-stearyl ether’s ability to irritate the skin. Further ex-
periments should be done about their penetration and permeation
ability which will be of high interest to find the optimal candidate with
penetration or permeation enhancement abilities and less-irritative and
skin-friendly properties.
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CRS showed the possibility to be used as a strong alternative for
precisely determining SC thickness. The CRS configuration was opti-
mized to be the combination of water immersion objective and 50 pm
pinhole. In conclusion, metallurgic air objectives significantly under-
estimated the thickness values, whereas the immersion objectives gave
more precise results. Improved SNR and signal intensity were the ben-
efits of this configuration compared with oil immersion objectives and
smaller pinhole size. Furthermore, the established correlations can be an
excellent example of authentic skin thickness studies and can correct
errors to some extent.

6. Statement of ethics

Porcine ears were acquired from the Department of Experimental
Medicine of University Hospital Tuebingen. Live animals used were kept
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periments approved by the ethics committee of University Hospital
Tuebingen. Those ears were received directly after the death of the
animals. Before the study, Department of Pharmaceutical Technology
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Non-ionic emulsifiers have been continuous research focus in skin analysis. With the aim of finding their role as
penetration enhancers in dermal drug delivery systems, PEGylated emulsifiers of polyethylene glycol (PEG)
ethers were targeted to be investigated ex-vivo. The effectiveness of them in the enhancement of skin penetration
was examined by conventional tape stripping method and confocal Raman spectroscopy (CRS). Fluorescein
sodium salt (Fluo-Na) and procaine HCl were respectively used as model drugs. The drug delivery performances
were compared in the aspects of penetration amount and depth. Based on the results from both analyses, all
investigated emulsifiers have the ability to enhance the amount of drug penetration. PEG-20 ethers showed
higher ability than PEG-2 oleyl ether (02) in promoting drug distribution by depth, especially PEG-20 cetyl ether
(C20) showed a distinct effect. According to this study, their penetration enhancing performances seem to be
linked to their interruption of intercellular lipids, which can be considered as the underlying mechanism for
governing the ability of PEGylated emulsifiers as penetration enhancers. Further instrumental comparison

highlighted the benefits of using CRS as an alternative in skin penetration analysis.

1. Introduction

The main challenge of dermal drug delivery comes from the skin
barrier of stratum corneum (SC) [1]. As the protective layer of the
human body, SC restricts the passage of desirable drugs as well [2]. To
effectively deliver actives into the skin, plenty of means have been
developed. Among them, using additives to assist drug penetration has
been extensively accepted [3,4]. As the simplest way in drug delivery
systems, the effectiveness of additives for percutaneous penetration and
permeation is of great importance to be confirmed.

Emulsifiers as the common excipients have wide applications in
dermatological and pharmaceutical developments [5,6]. As an impor-
tant category, non-ionic emulsifiers attract attention with potential use
as penetration enhancers. Increased rate of transport, including both
permeation and penetration, were observable in previous studies [7,8].
The targeted PEGylated emulsifiers were from a category of non-ionic
emulsifiers. In our study, three PEG-ethers with 20 oxyethylene groups
were selected. Our preliminary study found that they were able to
decrease the skin lipid content and disorder the skin lipid packing and
conformation [9,10]. With those effects, our current perspectives aim at
their corresponding effectiveness as penetration enhancers. To gain

* Corresponding author.
E-mail address: dominique.lunter@uni-tuebingen.de (D.J. Lunter).
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more insights on this kind of emulsifiers, PEG-2 oleyl ether was also
considered, since no such influences have been found [10]. However,
enhanced drug permeation performances were observed in some studies
[11-13]. It is, thus, of interest to verify its function in penetration study
as well.

Monitoring drug penetration has been serviced by varying tech-
niques [14,15]. Promising choices have been emerging with different
requirements. The conventional tape stripping method has been a
common demand in clinical studies, which can be employed in in-vivo
measurements [16,17]. With a simple procedure to apply the tape on
skin and remove the skin layer, this method is still popular today in the
skin research area for various purposes [18,19]. Most importantly, it
allows the quantification of topically delivered drugs, enabling the
determination of drug penetration profiles. Thus, in our study, tape
stripping technique is one of the choices to monitor drug distribution.
The hydrophilic substance of fluorescein sodium salt (Fluo-Na) was used
as a model drug. However, to obtain accurate interpretations using this
technique, plenty of small challenges can be encountered. Based on
preliminary research, a standardized procedure is necessary to be
established in performing tape stripping steps [20]. Critical parameters
should also be properly considered, such as tape application method,
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skin rinsing process and analytical approach [21,22].

Apart from the direct measurements of extracted skin components,
non-invasive methods have been increasingly investigated in current
trends [23,24]. Spectroscopic techniques have been well-developed to
make this goal come true. In practical experiments, confocal Raman
spectroscopy (CRS) and infrared spectroscopy (IR) are mostly utilized
[25,26]. However, in comparison, CRS has more advantages over the
latter. It allows the vertical detection through different skin depth
instead of the spectroscopic signal collection from the surface only,
which is an inevitable drawback for IR study. Thus, in IR analysis, other
skin invasive procedures are combined, such as tape stripping or cryo-
sectioning steps [27,28]. In contrast, CRS can give sufficient informa-
tion without further steps. Therefore, CRS was applied as another choice
to fulfil the plan of monitoring drug penetration. As a well-studied active
for skin delivery in previous literature, procaine HCl was used as a model
drug for CRS analysis [29,30]. It owns the characteristic signal which
can be differentiated from skin spectra. By normalizing the peak area of
the obtained signal, relative procaine concentration can be obtained for
comparison.

Summarizing the main content, we chose to apply both tape strip-
ping and Raman spectroscopic methodologies to monitor the drug dis-
tribution inside the skin with additives of PEGylated emulsifiers in this
study. We aim at finding the ability of emulsifiers acting as penetration
enhancers on two model drugs and simultaneously comparing the per-
formances of the two techniques. Herein, benefits and drawbacks of
techniques will be discussed. The critical role of using CRS as an alter-
native in skin analysis will be highlighted. Behind the intuitive obser-
vations of penetration profiles, deeper meaning and underlying
mechanisms will be appropriately clarified.

2. Materials and method
2.1. Materials

The materials used were procaine HCl (Ceasar & Loretz GmbH, D-
Hilden), fluorescein sodium salt (Fluo-Na, Sigma-Aldrich St. Louis, MO,
USA), PEG-20 oleyl ether, PEG-20 stearyl ether, PEG-20 cetyl ether and
PEG-2 oleyl ether (020, S20, C20, 02; Croda GmbH, Nettetal, Germany),
parafilm® (Bemis Company Inc., Oshkosh, WI, USA), and adhesive D-
Squame® tapes (CuDerm Corporation, Dallas TX, USA). Sodium chlo-
ride, disodium hydrogen phosphate, potassium dihydrogen phosphate,
and potassium chloride were of European Pharmacopoeia grade. All
aqueous solutions were prepared with ultra-pure water (Elga Maxima,
High Wycombe, UK).

Porcine ear skins (German landrace; age: 15 to 30 weeks; weight: 40
to 65 kg) were provided by Department of Experimental Medicine at the
University of Tuebingen. The Department of Pharmaceutical Technol-
ogy at the University of Tuebingen has been registered to use animal
products (registration number: DE 08 416 1052 21).

2.2. Skin preparation

Porcine ears were obtained on the day of sacrifice and directly
cleaned with isotonic saline. The skin was removed from cartilage,
cleaned from blood, and cut into strips of approximately 3 cm width. The
strips were stretched onto a Styrofoam plate with pins. Skin hairs were
trimmed to around 0.5 mm with electric hair clipper (QC5115/15,
Philips, Netherlands). Thereafter, the skin was dermatomed to a thick-
ness of 1 mm (Dermatom GA 630, Aesculap AG & Co. KG, D- Melsun-
gen), punched out for circles to a diameter of 25 mm, wrapped with
aluminum foil and stored in a freezer at —28°C. This procedure has been
previously described in ref. [31].

2.3. Sample application

Two different donors were separately used for procaine HCl and
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Fluo-Na penetration analysis. Both experiments were performed by
incubating the skin in Franz diffusion cells, which are currently the most
common and acceptable technique for ex-vivo skin evaluations. In this
respect, 12 mL of degassed and prewarmed (32°C) phosphate-buffered
saline (PBS, pH 7.4) was used as the receptor fluid. Circular skin sam-
ples were thawed to room temperature, washed clean with PBS and
placed between the cells and donor compartments. The assembled cells
were clamped tight and transferred into a water bath with 500 rpm
stirring speed inside cells. After the equilibration time of 30 min, pre-
pared samples were respectively applied. With a certain application
time, the actual applied area of skin sample was punched out for a
diameter of 15 mm which was then used for further studies. This pro-
cedure has been carefully described in previous publications [32].

In the experiments of analyzing Fluo-Na penetrations, 5 mg/mL Fluo-
Na was prepared and applied on the skin for 1 h, which was considered
as reference. In comparison, different PEGylated emulsifiers were used
as penetration enhancers. 5% of the respective emulsifier was incorpo-
rated into the solution and applied to the skin for 1 h.

Concerning the analysis of procaine penetration, 1% of procaine HCl
was used as a reference. Likewise, 5% of PEGylated emulsifier was
combined and applied to the skin for comparison.

2.4. Tape stripping method

Fluo-Na penetration was evaluated with tape stripping method fol-
lowed by the quantification with fluorescence spectroscopy. After in-
cubation in Franz diffusion cells, the applied solution was directly
removed. 1 mL of water was pipetted into the donor compartment to
rinse the skin surface clean. After repeating the rinsing procedure for 4
times, the skin was patted dry, punched out for the applied skin area and
placed onto a piece of filter paper to dry for 30 min.

Subsequently, 30 tapes were weighed in advance and pressed onto
the skin with a thumb rolling movement for 3 times, applying a rela-
tively constant weight of 905 g/cm? (1.6 kg). When removing the skin
from the tape, clamping to the skin from tweezer should be avoided,
which can induce a depressed area to the skin surface and affect the
homogeneity of skin extraction.

After 30 min of drying, tapes were weighed again to obtain the
extracted skin mass. Skin thickness was calculated by dividing the skin
mass by stratum corneum density (~1 g/cm3) and skin area (diameter of
15 mm) [33]. The penetration depth of Fluo-Na was established by
plotting the model drug concentration against cumulative skin depth.

2.5. Quantification of Fluo-Na

After gaining the extracted skin mass, tapes were transferred into
brown Eppendorf tubes filled with 1.5 mL of PBS (pH 7.4). Fluo-Na was
subsequently extracted from tapes by shaking for 10 min, putting into an
ultrasonic bath for 15 min and centrifuging for 6 min. Samples con-
taining a higher concentration of Fluo-Na were diluted.

To measure the fluorescence intensity of Fluo-Na from each tape,
fluorescence microplate reader (Varioskan LUX, Thermo Fischer Scien-
tific, USA) was employed with an excitation wavelength of 490 nm and
an emission wavelength of 540 nm. The calibration curve of Fluo-Na
dissolved in PBS (pH 7.4) was constructed by pipetting 100 pL of each
sample in triplicate into 96-well plate within the concentration range
from 0.004 to 0.7 pug/mL. The corresponding correlation coefficients
between 0.9999 and 1 were obtained by conducting the Pearson cor-
relation analysis. Equation obtained from the calibration curve was used
for quantification. One empty tape with the addition of PBS following
the same procedures was used as control.

2.6. Modified profile of Fluo-Na penetration

In the course of generating penetration profiles, Fluo-Na concentra-
tion was plotted against cumulative skin depth. According to previous
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studies, the model drug concentration was usually calculated with the
drug amount normalized to the stripped skin area [16,34]. However, the
skin thickness value can be obtained from each tape. It means that the
extracted skin on tape is columniform which has a certain area and
height. Therefore, it is more plausible to calculate the drug concentra-
tion by dividing the drug amount by skin volume (skin area times skin
thickness), giving a concentration value with the unit of pg/cm?. Fig. 1A
depicts a simple and intuitive view to easily understand the way of
calculating the drug concentration.

Apart from the modified approach for calculating drug concentra-
tion, the cumulative skin depth for plotting the penetration profile
should also be adjusted. Conventionally, the skin thickness obtained
from each number of tapes is directly used as the point in profile cor-
responding to the drug concentration (Fig. 1B, blue line). However, the
calculated drug concentration actually corresponds to the average
concentration of the stripped skin column. Therefore, the points on
profile should be adjusted to half the value of skin thickness (i.e., the
class center), subsequently drawing the cumulative skin depth (Fig. 1B,
orange line). Fig. 1 presents an example of analyzing the Fluo-Na
penetration profile in this study.

2.7. Confocal Raman spectroscopy

CRS was used for profiling the procaine penetration. To this end, an
alpha 500 confocal Raman spectroscopy (WiTec GmbH, Ulm, Germany)
equipped with a 532 nm excitation laser, UHTS 300 spectrometer and
DV401-BV CCD camera was applied. After performing the same rinsing
procedures as in tape stripping method, the skin surface was blotted dry,
a custom-built skin-placed device was used for embedding the full-
thickness skin inside, allowing better spectral analysis (Description of
the custom-built device in detail can be found in ref. [35]). The laser
power was adjusted to 25 mW using the optical power meter (PM100D,
Thorlabs GmbH, Dachau, Germany).

The CRS measurements were carried out by recording the skin
spectra from 10 pm above the skin surface to —40 pm inside the skin
with a step size of 1 ym using the 63x/1.0NA water immersion objective
(W Plan-Apochromat, Carl Zeiss, Jena, Germany). The optical grating
used was 1800 g/mm with the spectral center of 1300 cm ™' for
recording the spectra in the range of 700 to 1800 cm ™. In spectral line
scanning analysis, the integration time was 2 s with two times accu-
mulations. Data were acquired from three replicates repeated for over
three times, generating repeated measurements of over nine times. All
skin samples used for comparison were from the same donor.

2.8. Spectral analysis of procaine penetration

The collected spectra were preprocessed with cosmic ray removal,
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smoothing and background subtraction using WITec Project Software
(WITec GmbH). Thereinto, Savitzky-Golay (SG) filter was applied with
third polynomial order and nine smoothing points. The background was
subtracted by the shape method with a size of 400. For reducing noise,
principal component analysis (PCA) was performed using the Project
Plus 5 software (WITec GmbH). The first three principal components
were selected for reconstructing the spectrum [36]. By calculating the
area under the curve (AUC), the integrated area under a specified peak
of the spectrum could be obtained using the trapezoidal method on
WITec Project Software.

For profiling the drug penetration by depth, peak area of procaine
signal (1612 cm™ Y v (NH) 8(C-C) vibration) was normalized by the peak
area of amide-I signal (1670 cm’l; v (C=0)-mode), as previous studies
found that the amide-I peak was relatively stable within one donor and
would be able to be used for spectral signal normalization [37]. With the
achievement of different profiles, the skin surface was determined by the
intersection of the amide-I signal and the glass signal [25]. The signal
attributions are shown in Fig. 2 where the typical procaine signal from
different skin depth is also depicted.

2.9. Statistics

In the analysis of Fluo-Na penetration in skin, penetration profiles
were achieved from three different measurements with tape stripping
method for calculating the skin depth. The cumulative drug concentra-
tion and depth can be directly obtained from the profiling data.

In CRS spectral analysis, the relative concentration was obtained by
normalizing the procaine signal to the main amide-I peak. Due to the
slight overlapping of amide-I peak and procaine peak, as shown in Fig. 2,
the calculated ratio would not reach zero when the procaine was not
detectable because of the residual intensities. Thus, the baseline should
be determined by visualizing the disappearance of characteristic pro-
caine signal and obtaining the stable value of the calculated ratio. In our
study, the AUC of the penetration profiles were calculated and compared
by setting the baseline at 0.27 (a.u.) where no procaine signal can be
found from the spectra, and the normalized ratio was relatively stable.

All emulsifier treated skin samples were compared with the reference
(non-emulsifier treated skins) for both model drugs. The graphs are
shown with mean values + standard deviations (mean 4 SD). Statistical
differences can be generated with the analysis of one-way analysis of
variance (ANOVA) followed by Student-Newman-Keuls (SNK) which
were employed by GraphPad Prism 8.0 (GraphPad Software Inc., La
Jolla, CA, USA). Significant differences were marked with different
number of asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 1. (A) A simple view of regarding the skin from stripped tapes as a columniform for easier understanding the way of calculating drug concentration; (B) different
ways of plotting the penetration profiles: directly using the skin depth for calculating cumulative depth (blue line/ red dots); using the average of skin depth from

each tape for calculating cumulative depth (orange line/ black dots).
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3. Results

Recently, the impacts of PEGylated emulsifiers on skin have been
investigated by CRS. Varying effects on skin components were
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discovered, which proved CRS to be an effective and non-invasive
approach [10]. Thus, it is of interest to examine the effectiveness of
PEGylated emulsifiers as penetration enhancers by using CRS technique
to evaluate the percutaneous drug delivery. The penetration properties
of two model drugs were respectively obtained using conventional tape
stripping approach and CRS. Afterwards, the techniques and penetration
enhancing effects of emulsifiers on different model drugs were
compared.

3.1. Fluo-Na penetration measurement by tape stripping method

The penetration behavior of Fluo-Na with and without emulsifier
was aimed to be compared. Via the tape stripping technique and fluo-
rescent spectroscopy measurements, the penetration profile of Fluo-Na
can be achieved. Following the aforementioned modified evaluations,
profiles were produced and summarized in Fig. 3.

The green dot-lines in Fig. 3A represent the Fluo-Na penetration
without any additives. It can be seen that the penetration depth was
nearly 6-7 pm with a decrease of the drug concentration by skin depth.
Fig. 3B depicted the profiles with the addition of O2. A slightly higher
amount of drug can be observed from the skin surface (within around 4
pm), indicating a slight effect of it in enhancing drug penetration.

The drug penetration behaviors with the treatment of PEG-20 ethers
are shown in Fig. 3C-E. Steady decrease of drug concentration against
depth was observed with the addition of C20. It can be seen that the drug
concentration was improved compared with reference; meanwhile, the
highest penetration depth of over 11 pm was achieved. Similar manners
of S20 and 020 acting on the Fluo-Na penetration are displayed in
Fig. 3D-E. Improved drug concentration and depth (8-9 pm and around
8 pm for S20 and 020 respectively) were visualized.

For better visualizing the results, cumulative drug concentration and
depth were summarized and statistically compared, as shown in Fig. 4.
In this manner, the penetration behaviors can be clear, legible and easy
to declare. Based on the results, a quantitative comparison between
investigated emulsifiers and reference showed all significant differences.
The highest quantitative enhancement was reflected from C20.
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Fig. 3. Penetration profiles of Fluo-Na by plotting the drug concentration from each tape against depth: (A) Reference; (B) 02; (C) C20; (D) S20; (E) 020.
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Relatively lower improvement was found from the addition of 02,
although significantly different data were still achieved. Simulta-
neously, drug penetration depths were also compared. The penetration
depth was determined as the depth at which the detection limit was
reached. As expected, the highest penetration depth was achieved from
C20, which led to the highest significance. Whereafter, slight signifi-
cance was obtained from S20. In the case of 020, slight improvement
was also visible; however, this difference did not reach statistical sig-
nificance. Altogether, PEG-20 ethers seem to penetrate the skin deeper
and act on the deeper distribution of the active.

3.2. Impact of emulsifiers on total removed SC amount

Another parameter of interest was found in our tape stripping
studies. As shown in Fig. 5, the cumulative skin depth obtained from the
total of 30 tapes was recorded. Each emulsifier treated skin sample was
compared with reference. By evaluating the statistical significance, skin
samples applied with PEG-20 ethers were evidenced to induce greater
corneocytes removal with the same number of tape strips (30 times).
Significant differences (p < 0.01) of C20 and S20, and slight significance
of 020 (p < 0.05) were observed. It might be explained that these three
emulsifiers have a higher potential to interrupt the skin barrier, hence,
loosen the packing of the lipid matrix. This is in accordance with our
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Fig. 5. Comparison of cumulative skin depth removed by a total of 30 tapes.
Skin samples with the addition of investigated emulsifiers were compared with
reference to determine the significant differences. Mean + SD, n = 3. * p <
0.05, ** p < 0.01, *** p < 0.001.

previous findings that PEG-20 ethers can generate the reduction of skin
lipid contents and ordered structures, whereas O2 did not show the same
trend [10,32].

3.3. Procaine penetration measurement by CRS

Parallel to the Fluo-Na measurements, procaine HCl was employed as
another model drug analyzed by CRS. Full-thickness skin was directly
measured by CRS after the application time of 12 h and 24 h. The
penetration profile was generated according to the spectral analysis
mentioned in Section 2.8. Experiments regarding the application time of
12 h and 24 h were all conducted from the single donor.

Fig. 6 shows the comparison of penetration profiles with the incu-
bation time of 12 h. The green dots represent the result of reference. It
can be noticed that the procaine penetrated approximately 13 pm into
the skin. With the addition of O2 (Fig. 6A), the penetrated amount of
active was slightly increased at the skin surface. However, the pene-
tration depth was found unchanged compared with reference. Similar
trends were visualized for the other emulsifiers including S20 (Fig. 6B)
and 020 (Fig. 6C) in terms of the enhanced penetration amount and
remained penetration depth. Surprisingly, a considerably higher drug
amount was detected from C20 treated skin (Fig. 6D). The procaine
signal can be found until around 20 pm, indicating significantly
increased penetration depth.

After Franz cell incubation for 24 h, procaine penetration perfor-
mances are respectively shown in Fig. 7. With prolonged application
time, slightly increased penetrated amount and depth (nearly 15 pm)
can be found for reference (green dots). The penetration enhancement
effects due to the actions of emulsifiers (red triangles) were easier to be
differentiated. Summarizing the results, the improved penetration
amount can be found in all emulsifier treated samples. Among them, the
effect of O2 in case of procaine delivery was more subtle, which can be
specially visualized from its smallest effect. The rest of the emulsifiers
revealed the ability of enhanced penetration depth ranked as C20 (over
30 pm) > S20 (around 25 pm) > 020 (around 17 pm). Apart from these
observations, a more pronounced effect induced by C20 is worth to be
mentioned. It can be clearly visible that the relative drug amount is
several times higher than the reference. A large gap between the profiles
indicates the outstanding potential of C20 in enhancing procaine
penetration.

To enable a better comparison of the procaine penetration behaviors,
the area under the curve (AUC) of the penetration profile was calculated,
thereby the penetration enhancing effect can be more readable and
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clarified with statistical analysis. In this process, the baseline was set at
0.27 (a.u.) to ensure better discrimination between sample groups. In
Fig. 8, the statistical significance was marked by comparing emulsifier-
incorporated samples with reference. The data regarding the application
time of 12 h and 24 h were combined and individually assessed. Ac-
cording to the results, the actions of investigated emulsifiers facilitating
drug penetration were statistically confirmed, which all showed high
significance, regardless of the incubation time. However, comparing
their effectiveness as penetration enhancers, variances between groups
can still be identified. After 12 h skin treatment, C20 performed most
distinctly, followed by similar trends of the other candidates. While
extending the time enhanced action of emulsifiers to the skin, the
enhancement ability was ranked as C20 > S20 > 020 > O2. This ability
was, in fact, the promotion of penetrated drug amount, which was also
in line with the above-mentioned ability in deepening drug distribution
by depth.

3.4. Comparison of penetration results

Mainly two studies were performed for analyzing the penetration
enhancing effects of PEGylated emulsifiers. Two model drugs were
selected following two techniques for measurements. In comparison of
both studies, similar tendencies towards their enhancements on drug
penetration were confirmed. All applied emulsifiers investigated were
capable of improving dermal drug delivery. The emulsifier of C20 led to
the highest drug penetration amount and deepest penetration depth for
both Fluo-Na and procaine. Small differences can also be found; C20
showed the improved penetration amount tightly followed by S20 and
020 in Fluo-Na penetration whereas much greater penetration im-
provements than other emulsifiers in procaine penetration. It can be
explained that two different actives may not be affected similarly by the
same penetration enhancers. But overall, their penetration enhancing
trends were in line with their actions on skin lipids. To this point, PEG-
20 ethers have been demonstrated to be able to impair the skin lipid
domains [10]. It means that the impairment may increase the fluidity of
lipid structures and enable drugs to easier pass through. However,
enhanced penetration amount was also found by the addition of 02,
which actually showed no negative effects on skin lipids. It can be
speculated that O2 has relatively small influence on skin which was not
detectable in previous study, while it can slightly promote drug pene-
tration. This finding is also consistent with other studies showing the
increased absorption of actives when using O2 as penetration enhancer
[12,38]. Again, it needs to be kept in mind that the penetration

enhancing effect may be of different extent for different actives.

Another minor difference is regarding to the penetration depth; only
C20 and S20 showed improved data in tape stripping method, while the
CRS measurements confirmed the enhanced penetration depth by C20,
S20, 020 after 24 h treatments. Herein, the tape stripping method has
the limit of detection by depth, due to the number of tapes and mostly
extraction of stratum corneum. In this case, it will be tough to reach
significance when comparing penetration depths. Instead, CRS enables
the signal collection in deeper skin zones based on the encounter of
intolerable signal attenuations. Owing to the measurements of dozens of
micrometers, CRS apparently outperformed tape stripping approach in
skin depth evaluations.

4. Discussion

Penetration studies were performed in parallel with two techniques,
presenting valuable information in evaluating the penetration abilities
of tested excipients. As described above, the results regarding the
penetration profiles were thoroughly compared. Except for the direct
observation of drug penetration, underlying benefits and lacks of both
techniques through experiments are also noticeable. In tape stripping
experiment, standardized procedures are needed to ensure reproducible
results. A lot of small aspects should be taken care of. For example, skin
rinsing procedure is one of the critical points. It is easy to understand
that drugs trapped inside the skin furrows can cause the erroneous
calculation of the first several tapes. To avoid this, Alsheddi et al. have
evidenced that the rinsing procedure can effectively remove maintain-
ing residual of applied samples and reduce the erroneous interpretation
[21]. In our practical experiments, we found that this step can also
prevent the removal of corneocytes by wiping the skin surface, which is
another key to quantify the depth of skin layer. Another point worth
mentioning is the finger pressure applied on skin tape. Studies demon-
strated that the finger pressure could remove higher skin amount than a
constant weight and a roller [20,22,39]. Thus, a thumb was applied and
rolled on the tape. Thereby, the same operator should be retained to
avoid artifacts. Following these considerations, more steps of procedures
come with a higher potential for error. Additionally, the individual tape
stripping and drying process require a huge amount of time, which only
allows one single measurement within 4 h. While in CRS analysis, a
piece of skin sample can be multiply measured in a short time, as each
line scan takes only 4 min based on our descriptions. More data can be
obtained with the same number of samples. Besides, fewer procedures
are needed for sample preparation. The full-thickness skin can be
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directly used on the Raman microscope for measurements. This retains
the skin properties without invasive operations. The problem of skin
furrows can also be avoided by visualizing the detected skin area
through Raman microscopes’ video camera. Thus, as described, the tape
stripping technique is more laborious, time-consuming and error-prone,
whereas CRS exhibits more benefits of time-saving, easier-to-access,
non-invasive properties in skin analysis.

However, inevitably, there are some inherent challenges for CRS
techniques. One concern is the signal attenuation effect by probing the
skin from the deeper layer, limiting the depth detections. Furthermore,
CRS configuration was also one critical point for skin depth profiling.
Previous studies have demonstrated that an inappropriate combination
of pinhole sizes and objectives can lead to erroneous results [40,41]. The
refractive indices are the main reason involved, which can underesti-
mate the detected skin depth. In our study, the use of immersion
objective can reduce this kind of effect, which should be paid attention
to from different laboratory setups [35,42]. Another inherent challenge
refers to the suitability of substances for CRS detection. The analysis of
them can only be employed with characteristic signals different from
CRS skin spectra. Otherwise, the deuterated form is needed for conve-
nient use. With those challenges, sufficient knowledge and optimization
of the instrument in use for skin analysis should be possessed.

Further discussion about the enhancing mechanisms of PEGylated
emulsifiers was again noted. In our study, it can be intuitively known
that skin lipid interactions govern drug penetration. In comparison, less
effects of PEG-ethers on lipids can subsequently induce less capability of
penetration enhancement, as can be deduced from the lack of penetra-
tion enhancement by O2.

5. Conclusion

Overall, tape stripping and CRS techniques were both successfully
applied to examine the cutaneous drug penetration with the addition of
PEGylated emulsifiers. The general enhancing ability of them has been
presented to be correlated. Small variances concerning the penetration
depths and amount between two techniques may be explained and
clarified from the aspects of varying actives and inherent limitations of
tape stripping method. Benefits and pitfalls of the two techniques were
concluded in the study. CRS obviously offered more advantages from
plenty of aspects than the tape stripping method in skin analysis,
although some inherent challenges cannot be avoided. Several factors
like objective numerical aperture, pinhole diameter or laser wavelengths
have already been addressed by our group and others. Still, more
research needs to be done to establish a correlation between conven-
tional methods and CRS. In general, this study adds to the knowledge
base of using CRS for skin penetration analysis and can also be seen as a
highlight of using CRS as a powerful alternative to tape stripping
method. Certainly, the tape stripping method can also be a valid pre-
diction technique for novel drug delivery systems, if the lack of char-
acteristic spectral features from target does not allow analysis by CRS.
An additional finding is interesting as well that the tape stripped amount
of skin components can be used as a sign for impaired barrier function.
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ABSTRACT

Emulsifier mixtures are widely used in cosmetics and pharmaceutics and thus, brought extensive studies for their
performances on skin applications. PEG-20 cetyl ether (C20) is recently proposed to induce skin irritation and is
of interest to study its skin interactions when mixed with other emulsifiers. PEG-2 oleyl ether (02) and PEG-
20 stearyl ether (S20) are selected and in specific, 50 mM of C20, 02, S20 as well as Mix1 (50 mM C20 mixed
with 50 mM 02) and Mix2 (50 mM C20 mixed with 50 mM S20) solutions were applied on skin samples.
Confocal Raman spectroscopy (CRS) analyses of stratum corneum (SC) thickness and SC lipid content were
performed after 4 h skin treatments. In parallel, skin penetration properties were also evaluated via CRS by
applying procaine solutions with/without emulsifiers on skin samples for 24 h. In terms of the CRS measure-
ments, two excitation wavelengths of 532 nm and 785 nm are both utilized in this study and we secondly aimed
to compare their results and suitability in SC and skin analyses. Based on the experimental observations, com-
parable results are obtained by using both excitation wavelengths of 532 nm and 785 nm demonstrating their
suitability in analyzing SC and skin samples. Thereinto, 785 nm laser wavelength shows the advantage of deeper
skin penetration and allows the measurements of fluorescent skin samples; 532 nm laser wavelength enables
simple measurement performance without substrate and coverslip interference. With regards to the results of
emulsifier mixtures, the addition of S20 and O2 reduced the skin interactions and penetration enhancing ability
of C20, giving us the hint to build milder systems with emulsifier mixtures. Besides, the CRS results of stronger
skin interruption were also correlated with the higher critical micelle concentration (CMC) values of emulsifiers
and their mixtures, which may provide evidence in explaining the interactions between emulsifiers and skin.

1. Introduction

To address the issue of lowering the impairment of the skin barrier
function, techniques are required to decrease the interactions of C20

Polyoxyethylated (PEGylated) nonionic emulsifiers have found
increasing applications in plenty of pharmaceutical and cosmetic
products (Ban et al., 2020; Chiappisi, 2017; Jiao, 2008; Park et al., 2000;
Zhang et al., 2018). We studied a group of PEGylated emulsifiers with
different lengths of PEG-chain and different types of fatty alcohols as the
hydrophobic tail (Liu and Lunter, 2021a; Liu and Lunter, 2020a). Po-
tential patterns that can explain their interactions with ex-vivo skin have
also been addressed. According to previous studies, C20 showed the
most significant influences on interrupting the skin barrier such as SC
lipid extractions and disordered lipid structures (Liu and Lunter, 2020a,
2020b). The most penetration enhancing ability has also been proven
with different actives (Liu and Lunter, 2021b).
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with the skin barrier. The most direct and simple consideration comes to
the emulsifier mixtures which have been effective applications for
various commercial products. For the same purpose, plenty of studies
regarding different kinds of emulsifier mixtures have already been
performed (Arora et al.,, 2010; Azum et al., 2014; Shiloach and
Blankschtein, 1998). A representative study conducted by M. James-
Smith showed that the addition of dodecyl trimethylammonium bro-
mide lowered the skin irritative ability of sodium dodecyl sulfate (SDS)
(James-Smith et al., 2011). T. Hall-Manning also proposed that the
mixture of SDS and Dimethyl dodecyl amido betaine significantly
reduced the irritation potential (Hall-Manning et al., 1998). Similar
findings have been evidenced in studying different combinations of
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emulsifiers (Blagojevic et al., 2016; Chen et al., 2017). Despite such
observations, little is known about the exact attempts of PEGylated
emulsifier mixtures in influencing the skin. Thus, it is of interest to give
extra information on whether the mixture system of PEGylated emulsi-
fiers has milder interaction with the skin.

We selected PEGylated emulsifiers of S20 and O2 to be mixed with
C20. Their interactions with the skin barrier and performances in
affecting drug penetration have been previously studied, which enables
the comparisons of their mixtures and single treatment in our study (Liu
and Lunter, 2020a; Liu and Lunter, 2021b). Among them, S20 has strong
interruptions with the skin barrier, which is potentially related to its
highly similar molecular structures with C20, whereas O2 has shown
lower effects on the skin which we speculate is the reason for fewer PEG
numbers compared with C20. We expect these two mixtures with similar
and different hydrophilic chain lengths to be a predict for similar com-
binations when discussing the skin interactions since it still remains
unknown for PEGylated emulsifiers (Seweryn, 2018). On the other hand,
the relationship between the CMC values of emulsifiers or emulsifier
mixture systems and their extent to perturb the skin barrier has been
proposed in some studies (Hall-Manning et al., 1998; Lee et al., 1994). It
has been introduced that the higher the CMC value, the stronger the
potential of emulsifiers to impair the skin barrier. It supports the state-
ment that monomers with smaller size are easier to penetrate the skin
and perturb the skin components and structures, which means the
greater number of monomers, the stronger the disruption to the skin.
This interesting correlation for PEGylated emulsifier systems remains
still incomplete (de la Maza and Parra, 1994). Therefore, our study may
offer extra details in this aspect.

Characterization of skin properties requires a proper approach to
gain insights into the effects of emulsifiers or their mixtures on the skin
barrier. Detailed SC lipid and thickness analysis, as well as the skin
penetration properties, can be achieved by using CRS (Ali et al., 2012;
Belsey et al., 2014; Binder et al., 2019; Mahrhauser et al., 2015; Mélot
et al., 2009). It has been widely demonstrated to be a promising tech-
nique in skin analysis owing to its convenience, high efficiency, and non-
invasiveness (Franzen and Windbergs, 2015; Pudlas et al., 2011;
Vyumvuhore et al., 2014). According to our previous study, the methods
of using 532 nm laser wavelength in analyzing the SC and skin prop-
erties have been established (Liu and Lunter, 2021b; Liu and Lunter,
2020). However, ongoing questions were still raised about the suit-
ability of it compared with 785 nm laser wavelength, which was pointed
out in some studies to be more acceptable and suitable for skin mea-
surements (Darvin et al., 2009; dos Santos et al., 2019). With the
concern that the systematic investigation regarding the use of different
excitation wavelengths in analyzing various skin samples is still a lack,
our study for both SC and skin can be an excellent opportunity to explore
their comparisons in various aspects. Similar studies of using different
excitation wavelengths have been conducted in particular areas and
samples (Ghita et al., 2016; Hara et al., 2018; Harris et al., 2015; Tre-
bolazabala et al., 2013). L. Kerr has reported Raman signals from
healthy human cheek cells using different source laser wavelengths and
different sample substrates for the analysis of biological specimens (Kerr
et al., 2015). Additionally, the sample fluorescence and burning effects
have also been considered to determine the availability of laser wave-
lengths in the analysis of nail polish (Lopez-Lopez et al., 2015). Although
Tfaili has compared the spectra collected from different depths of the
skin surface by using different excitation wavelengths, a thorough
investigation of systematic SC and skin penetration properties in the
respect of data comparison is still lacking (Tfaili et al., 2012). Besides,
we also seek to investigate the benefits and pitfalls of different excitation
wavelengths used at different types of skin samples

Therefore, SC and skin samples with the treatment of emulsifiers and
their mixtures were evaluated with 532 nm and 785 nm excitation
wavelengths in this work. Comparisons of obtained results can evidence
their suitability and applicability in systematic SC and skin analysis.
Their application on fluorescent skin samples and the challenge of
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photoluminescence effects during measurements were also considered
in the present study.

2. Materials and method
2.1. Materials

Procaine HCl was purchased from Ceasar & Loretz GmbH (D-Hilden,
Germany). Emulsifiers of PEG alkyl ethers including PEG-20 cetyl ether
(ceteth-20, C20), PEG-20 stearyl ether (steareth-20, S20), and PEG-2
oleyl ether (oleth-2, O2) were obtained from Croda GmbH (Nettetal,
Germany). parafilm® was from Bemis Company Inc., (Oshkosh, WI,
USA). Trypsin type II-S (lyophilized powder), trypsin inhibitor (lyophi-
lized powder), and 1,6-diphenyl-hexatriene (DPH) were provided by
Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Sodium chloride,
disodium hydrogen phosphate, potassium dihydrogen phosphate, and
potassium chloride were of European Pharmacopoeia grade. All aqueous
solutions were prepared with ultra-pure water (Elga Maxima, High
Wycombe, UK).

Porcine ear skins (German landrace; age: 15-30 weeks; weight:
40-65 kg) were provided by the Department of Experimental Medicine
at the University of Tuebingen. The Department of Pharmaceutical
Technology at the University of Tuebingen has been registered to use
animal products (registration number: DE 08 416 1052 21).

2.2. Preparation of porcine skin

Porcine ears were obtained on the day of sacrifice and directly
cleaned with isotonic saline. The skin was removed from cartilage,
cleaned from blood, and cut into strips of approximately 3 cm width. The
strips were stretched onto a Styrofoam plate with pins. Then, skin hairs
were trimmed to around 0.5 mm with an electric hair clipper (QC5115/
15, Philips, Netherlands). Thereafter, the skin was dermatomed to a
thickness of 1 mm (Dermatom GA 630, Aesculap AG & Co. KG, D-Mel-
sungen), punched out for circles to a diameter of 25 mm, wrapped with
aluminum foil (FORA Suisse GmbH, Kreuzlingen, Germany), and stored
in a freezer at —28 °C. This procedure has been previously described by
our group (Lunter, 2016).

2.3. Skin incubation in Franz diffusion cells

Dermatomed skin samples were thawed to room temperature and
incubated in Franz diffusion cells (Gauer Glas, Piittlingen, Germany) for
application of emulsifier solutions and emulsifier-drug solutions. In
detail, 12 mL of degassed and prewarmed (32°C) phosphate-buffered
saline (PBS, pH 7.4) was used as the receptor fluid. Circular skin sam-
ples were thawed to room temperature, washed clean with PBS, and
placed between the cells and donor compartments. The assembled cells
were clamped tight and transferred into a water bath with a stirring
speed of 500 rpm. After the equilibration time of 30 min, 1 mL of
emulsifier solutions including C20, S20, 02, Mix1, and Mix2 were
applied for 4 h. skin samples were gently cleaned with isotonic saline
and cotton swabs. The real applied area was punched out for circle
(diameter of 15 mm) and placed on 0.2 % trypsin solution overnight for
digestion. Subsequently, the SC was peeled off gently, immersed into
0.05 % trypsin inhibitor solution for 1 min, washed in water for min. 5
times, and placed onto aluminum foil wrapped glass slides (VWR In-
ternational bvba, Leuven, Belgium) to dry for min. 3 days (Zhang and
Lunter, 2018). CRS was then used to study the obtained SC thickness and
lipid properties. Another study refers to the skin measurements by CRS
when using emulsifiers or their mixtures as penetration enhancers. For
this purpose, 1 mL of emulsifier solution with 1 % procaine was applied
onto the skin for 24 h after the preparation of Franz diffusion cells. For
profiling the drug penetration, the incubated skin sample was washed
with 1 mL water for 4 times and removed from the donor compartment
for direct CRS measurements.
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2.4. Confocal Raman spectroscopy

We focus on finding the differences of different excitation wave-
lengths of CRS in analyzing skin samples. A comprehensive evaluation
was completed by evaluating the SC and skin samples. To this end, an
alpha 500 confocal Raman spectroscopy (WiTec GmbH, Ulm, Germany)
equipped with a DV401-BV CCD camera was utilized. The 532 nm laser
wavelength combined with UHTS 300 spectrometer as well as 785 nm
excitation wavelength combined with UHTS 400 spectrometer were
both used for measurements. The laser power was adjusted to 25 mW
(532 nm) and 50 mW (785 nm) separately using the optical power meter
(PM100D, Thorlabs GmbH, Dachau, Germany). The optical gratings
were 1800 g/mm with the spectral center of 1300 cem~! (532 nm) and
300 g/mm with the spectral center of 900 cm ™! (785 nm). The grating of
600 g/mm with the spectral center of 2074 cm ™! in use of 532 nm laser
wavelength was also applied to compare the skin spectra when inves-
tigating the SC properties. However, in this regard, the grating of 900 g/
mm for 785 nm laser wavelength was not considered here due to the
limited range of wavenumber for spectral signal identifications. The CRS
measurements were carried out using a 63x/1.0NA water immersion
objective (W Plan-Apochromat, Carl Zeiss, Jena, Germany) which was
found to be the most suitable for accurate skin depth or skin depth
profiling analyses (Liu and Lunter, 2021a).

2.5. Stratum corneum properties

SC properties including the normalized lipid content and SC thick-
ness were analyzed with CRS to represent the variation of skin barrier
function. For this purpose, the isolated SC was placed onto a substrate,
covered with a coverslip, and put under the Raman microscope for
further evaluation. The substrates investigated in this study include a
glass substrate, quartz substrate (Neubert Glas, Geschwenda, Germany)
and aluminum foil wrapped glass slide. It has been studied that the use
of the 785 nm laser can induce a huge effect of photoluminescence
hiding the spectral information of the sample (Tuschel, 2016). Thus,
different types of substrates were considered to compare the suitability
of different excitation wavelengths in SC analysis. Likewise, the appli-
cation of a coverslip has also the potential in generating a slight pho-
toluminescence effect, covering part of the surface skin spectrum. For
this reason, glass coverslip and quartz coverslip were compared towards
their performances in skin spectra collections.

To investigate SC properties, skin depth scanning was conducted to
acquire the spectral signals. The scan area of 5 x 80 pm containing 2 x
80 pixels (x-z directions) was recorded with a step size of 1 pm. The
integration time was 1 s per each spectral point. After the data acqui-
sition, the area under the curve (AUC) of the keratin signal (amide-I,
v (C=0)-mode, 1630-1710 cm ) intensity was plotted against scan
depth. According to previous explanations, SC thickness can be deter-
mined using the full width of half maximum (FWHM) of this curve plot
with the CRS focusing point moving from above the SC surface to below
the SC bottom layer. On the other hand, the relative SC lipid content can
also be calculated by determining the peak originating from & (CHa,
CH3s)-mode as the ‘lipid signal’ which has been proven to contain most of
the lipid-related signals. Meanwhile, the keratin signal derived from the
v (C=0)-mode (amide-I) remains stable within one donor and thus, is
used to normalize the ‘lipid signal’ for calculating the relative lipid
content (Zhang and Lunter, 2018).

2.6. Skin penetration properties

Characterization of drug penetration in dermatomed skin was con-
ducted by placing the skin in a custom-built device. A coverslip with the
size of 25 x 25 mm was put onto the skin surface. The depth profiles
were obtained by scanning the area of 5 x 120 pm containing 2 x
24 pixels (x-z directions) with the step size of 5 pm. The integration time
was 1 s per point. After the data acquisition of the scan-image, the
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spectral lines were vertically extracted and the depth profiles of procaine
penetration were plotted. In detail, the most prominent characteristic
procaine signal has been found to be located at 1612 cm ! (v (NH) 6 (C-
C) mode). The AUC of this peak area was in the same way as lipid
content analysis normalized by the AUC of the keratin signal. The skin
surface was determined with the half intensity of keratin profile,
meaning the laser focus was half inside the skin and half inside the
coverslip. Starting from this point, the depth profiles of procaine pene-
tration were achieved.

When calculating the normalized procaine signals, a slight over-
lapping of keratin peak and procaine peak can be noticed. The calculated
ratio would not reach zero when the procaine was undetectable due to
the residual keratin signal intensities. Thus, the baseline was determined
by visualizing the disappearance of the procaine signal and obtaining
the stable value of the calculated ratio. In this study, the AUC of the
penetration profiles was calculated and compared by setting the baseline
at 0.23 (a.u.) for further comparisons.

2.7. CMC determination

CMC was determined using a hydrophobic fluorescent dye of DPH.
Plenty of experiments has demonstrated the increase of fluorescent in-
tensity when micelles are formed and the DPH is entrapped the hydro-
phobic micelle core (Bae et al., 2015; Wasan et al., 2004). In specific,
DPH dispersion of 2 mM in water was prepared after sonication. The
supernatant was used to dilute the emulsifier samples in various con-
centrations inside brown EP tubes. Prepared samples were put into a
dark chamber overnight at 32°C for equilibration. Each sample of 200 pL
was then pipetted into 96-well dark plate and measured with a fluo-
rescence plate reader with an incubation temperature of 32°C. The
wavelength of excitation and emission was 355 nm and 430 nm. The
obtained fluorescent intensities were then plotted against emulsifier
concentrations (log conc.)- The CMC of each emulsifier was then esti-
mated from the point at which the fluorescent intensity rapidly
increased. The point of intersection between two regression curves was
interpreted as the CMC. For each type of emulsifier, more than three
replicates were evaluated.

2.8. Statistics

Data were acquired from three replicates repeated for min. three
times, generating repeated measurements of min. nine times. All skin
samples used for comparison were from the same donor. In CRS analysis,
all collected spectra were preprocessed with cosmic ray removal,
smoothing, and background subtraction using WITec Project Software
(WITec GmbH). Herein, Savitzky-Golay (SG) filter was applied with
third polynomial order and nine smoothing points. The background was
subtracted by the shape method with a size of 400. For reducing noise,
principal component analysis (PCA) was performed using the Project
Plus 5 software (WITec GmbH). The first three principal components
were selected for reconstructing the spectrum. By calculating the area
under the curve (AUC), the integrated area under a specified peak of the
spectrum could be obtained using the trapezoidal method on WITec
Project Software.

The graphs are shown with mean values + standard deviations
(mean + SD). Significant differences were analyzed with one-way
analysis of variance (ANOVA) followed by the Student-Newman-Keuls
(SNK) test, which was employed by GraphPad Prism 8.0 (GraphPad
Software Inc., La Jolla, CA, USA). Significance was marked with
different number of asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results and discussion
The results of CRS analyses consist of the SC lipid and thickness

properties and the skin penetration performances which were meant to
investigate different effects of PEGylated emulsifiers and their mixtures.
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For this purpose, different CRS excitation wavelengths of 532 nm and
785 nm were utilized to perform the measurements. The obtained
comparable results can be an excellent sign of their suitability in SC and
skin analysis. Detailed observations including the appearance of the
spectrum, the applicability in analyzing fluorescent skin samples, and
the challenge of photoluminescence effects were also intended to be
elucidated.

3.1. SC lipid properties

The SC lipid properties were separately measured with 532 nm and
785 nm excitation wavelengths to present the effects of different
emulsifiers and mixtures on extracting skin lipids. Normalized lipid
content was calculated by normalizing the ‘lipid peak” with the keratin
signal as above mentioned. The larger the obtained lipid content value is
relevant to the lower degree of lipid extraction when exposed to emul-
sifier samples. Significant differences were achieved by comparing each
emulsifier applied skin with water treated samples, which allows easy
and intuitive comparison between the results acquired with two exci-
tation wavelengths. Based on the results shown in Fig. 1, a significant
decrease of C20 and S20, and relatively insignificant changes of 02 were
in good agreement with our previous finding (Liu and Lunter, 2020a).
The weak interaction of O2 and skin can be also verified with a lower
number of PEG units (Lim et al., 2009). The primary focus was on the
assessment of emulsifier mixtures. We observed significantly decreased
lipid content from the results measured by different laser wavelengths,
indicating impairments of the skin barrier remain. However, rather than
worsening the influence of C20 on skin lipids, the addition of another
type of emulsifier regardless of S20 or O2 tends to have fewer skin in-
teractions. Despite insignificant differences comparing the mixtures
with C20 alone treated skin samples, the tendency towards reduced lipid
extraction was still clear especially from the results obtained by 785 nm
excitation wavelength. Therefore, we conclude that the influence of
emulsifier mixtures on the skin is not a simple summation of their in-
dividual influence. Summarizing the results achieved from different la-
sers, their comparisons were broadly in line with each other. Small
differences noticed are concerning the data collection at randomly
chosen sample sites which can cause small differences that may lead to
one data set just reaching significance while another one just misses
significance. Thus, the results validate the suitability of 532 nm and 785
nm laser wavelengths in SC lipid analysis.
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3.2. SC thickness properties

SC thickness is another attractive reflection of skin barrier function.
The reduction of SC thickness is associated with the extraction of skin
components and the loosened packing of SC lipid structures according to
previous studies. The obtained SC samples after exposure to emulsifiers
and mixtures were simultaneously measured by CRS at different exci-
tation wavelengths.

According to the result (Fig. 2), we saw a significant decrease in SC
thickness in presence of C20, S20, and two mixtures, indicating their
impairment on the skin barrier. Our primary focus was on the influences
induced by the mixtures and C20, which were statistically compared in
this study. Upon the results, we observed a significantly lower SC
thickness reduction when exposing the skin to emulsifier mixtures
compared with skin treated with C20. It tells us extra information that
not only will the addition of S20 or O2 to C20 solution not increase the
impairment of SC, but it will to some extent decrease the negative ef-
fects. This evaluation, on the one hand, validates the result we achieved
from SC lipid analysis (Zhang and Lunter, 2018) and on the other hand,
reminds us of using a mixed emulsifier system to prevent the skin from
irritating emulsifiers. Gathering two groups of analyses through 532 nm
and 785 nm laser wavelength, identical assessments were achieved from
their statistical comparisons, demonstrating the suitability of their
application in SC thickness analysis.

3.3. Skin penetration profiles

In addition to the assessment on SC samples, drug penetration
through the skin was also evaluated with the emulsifiers or mixtures
used as penetration enhancers to gain further insight into their effects on
skin penetration performances. To this end, CRS was again applied to
record the spectral information and plot the relative procaine signal
profiles by depth. The capability of using CRS in evaluating the procaine
penetration has been validated with the conventional high pressure
liquid chromatography-ultraviolet spectroscopy (HPLC-UV) method
(Lunter and Daniels, 2014). For better comparison, the profile obtained
from skin exposed to procaine solution without emulsifiers was seen as a
reference to evaluate the penetration enhancement effects. We first
observed a significant increase of procaine penetration with the addition
of C20 (Figs. 3 and 4). Following, the influences of S20 and O2 act on the
procaine penetration relatively decreased compared with C20. The main
concern goes to the changes of emulsifier mixtures on the penetration
performances. Mix1 was observed to have a relatively lower effect on
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Fig. 1. Normalized lipid content of isolated SC measured with excitation wavelengths of 532 nm and 785 nm after the treatment of emulsifiers (C20, 02, and S20)
and emulsifier mixtures (Mix1: C20 and 02; Mix2: C20 and S20); the result of each emulsifier treated skin sample was compared with reference for analyzing the
significant differences; other statistic differences are also marked with asterisks. Mean + SD, n > 18, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 3. Penetration profiles of procaine HCI in dermatomed porcine skin measured at 532 nm with the application of different emulsifier solutions including C20 (A),
02 (B), and S20 (C), and emulsifier mixtures of C20 with 02 (Mix1, D) and C20 with S20 (Mix2, E) in equimolar ratio. Penetration patterns were compared with
(green circles) and without (red triangles) the addition of emulsifiers. Mean + SD, n > 9.

increasing the procaine penetration. Mix2 appeared to enhance the
penetration to a greater extent. Nevertheless, their increases in pene-
tration are still less than the enhanced penetration brought by C20. As
the results mentioned above confirmed the reduced negative effects of
emulsifier mixtures, we assume their decreased penetration enhancing
ability is due to fewer interactions with skin components. Thus, we
conclude that the addition of another type of emulsifier to C20 would
not sum up their enhancement effects, but instead, decrease the pene-
tration enhancing ability to some extent, which is in line with the
reduced lipid extraction and SC thinning effects of the emulsifier mix-
tures compared to C20 solution. Similar correlations of using penetra-
tion enhancers for improved skin penetration with stronger lipid
extractions can be another support for our finding here (Kumar et al.,
2015).

Penetration profiles were achieved with both 532 nm and 785 nm

laser wavelengths (Figs. 3 and 4). We would like to highlight that pro-
files attributed from CRS configured with 785 nm laser wavelength were
plotted against deeper skin depth up to 80 pm. Yet the profiles achieved
at 532 nm laser wavelength showed a depth of only 55 pm. This dif-
ference is due to the stronger signal attenuation when using 532 nm
laser wavelength which is unable to ensure the accuracy of collected
information at skin depths deeper than 55 pm. The longer wavelength of
785 nm is capable of penetrating deeper into the skin samples, yet the
characteristic peaks are not possible to be identified and also not reliable
for data collection when the scan focus goes below around 80 pm.
Detailed elucidation can be found in Section 3.7. Besides, we also
observed the penetration properties achieved at 532 nm are in general
accordance with the results obtained using 785 nm excitation wave-
length. Small differences may be noticed due to the randomly selected
detection on spots. Overall, the applicability and suitability of these two
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Fig. 4. Penetration profiles of procaine HCl in dermatomed porcine skin measured at 785 nm with the application of different emulsifier solutions including C20 (A),
02 (B), and S20 (C), and emulsifier mixtures of C20 with 02 (Mix1, D) and C20 with S20 (Mix2, E) in equimolar ratio. Penetration patterns were compared with
(green circles) and without (red triangles) the addition of emulsifiers. Mean + SD, n > 9.

excitation wavelengths applied on skin penetration analysis are
confirmed.

3.4. Comparison of penetration performances

To gain further insight into the function of using emulsifiers and
mixtures as penetration enhancers, an evaluation was made in terms of
the statistical comparison of cumulative drug penetration, in which the
penetration enhancing ability can be more easily addressed. We calcu-
lated the AUC of each penetration profile and made statistical compar-
isons (Fig. 5).

Significantly improved penetration was observed for all skin samples
treated with emulsifier and emulsifier mixture solutions. The trend
concerning their effectiveness used as penetration enhancers was in line
with their effects on extracting SC lipids and reducing SC thickness.

20

Clear significant decreases were noted when comparing the effect of C20
with two mixtures on the content of procaine penetration. Identical re-
sults were achieved by CRS configured with both excitation wave-
lengths, indicating both potent configurations for analyzing skin
penetration properties.

3.5. CMC of applied emulsifier samples

In existing studies, the interactions between emulsifiers in their
mixtures were highly focused. Plenty of researchers set their sights on
the reduced CMC values of emulsifier mixtures which were found to be
well correlated with reduced irritant effects. (Hall-Manning et al., 1998;
Zhou et al., 2016). Since we also stated above that mixtures of emulsi-
fiers were capable of lowering their negative effects on SC properties,
the CMC values of all investigated emulsifier samples were measured
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Fig. 5. Comparison of area under the curve (AUC) of different drug penetration profiles acquired at excitation wavelengths of 532 nm and 785 nm. The result of each
emulsifier or emulsifier mixture treated skin sample was compared with reference to determine the significant differences for evaluating their penetration
enhancement effects. Mixed emulsifier samples include mixtures of C20 with 02 (Mix1) and C20 with S20 (Mix2) in equimolar ratio. Mean + SD, n > 18, *** p

< 0.001.
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with fluorescence spectroscopy to figure out their roles in our study.

We see from Fig. 6 that C20 has the highest CMC value, while the
CMC values of the two mixtures are in between the CMC values of single
emulsifiers. Moreover, the decreasing order of the CMC values of the
emulsifier samples was noticed to be consistent with the decreasing
order of their impairment on skin. On the one hand, it indicates that the
emulsifier with a lower CMC value (02) may have fewer interactions
with skin components. In this case, the monomers may play the main
role in developing the skin barrier interruptions. The representative
study by Morris found a correlation of greater skin penetration with
higher monomer concentration when employing anionic emulsifiers
with short exposure time (Morris et al., 2019). Some authors also
claimed that the monomers can penetrate the skin barrier and interact
with the skin components (Ananthapadmanabhan et al., 1996; Lu and
Moore, 2012). Thus, the reduced CMC values of the emulsifier mixtures
can decrease the concentration of emulsifier monomers, and then
decrease the negative effects on SC. On the other hand, decreased CMC
values of mixtures also mean decreased number of C20 monomers in
mixtures, which decreases their intense interactions with SC lipids.
Upon this finding, although the mechanisms behind their interactions
with skin cannot be fully elucidated, this correlation can still give us
ideas to use an emulsifier in a mixed state to reduce the impairment of
the skin barrier.

3.6. Spectral comparison of SC samples

With the application of two excitation wavelengths in measuring SC
samples, varying responses of Raman spectra are of importance to be
compared. We plotted the AUC profiles of the keratin signal against SC
depth as shown in Fig. 7. The orange and green lines represent curves
acquired with 532 nm and 785 nm excitation wavelengths. The spot
where laser focus placed at half the maximum of keratin profile was
labeled as zero, representing the skin surface. The spectra extracted from
the spot with the highest keratin signal intensity were also displayed. We
noticed that the CRS spectra obtained at 532 nm excitation wavelength
have a higher intensity than at 785 nm excitation wavelength. Normally,
the higher the signal intensity the better the signal differentiation. It
indicates that the 532 nm source laser records SC spectra with clearer
signal information which is advantageous to differentiate signal varia-
tions. Besides, spectra obtained at 532 nm and 785 nm excitation
wavelength showed different relative intensities of keratin signal which
is due to the background removal of photoluminescence effect existed in
measurements with 785 nm excitation wavelength. This signal decrease
leads to slightly higher values of calculated relative lipid content, as can
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Fig. 6. Comparison of CMC values of investigated emulsifiers and their mix-
tures. Mixed emulsifier samples include mixtures of C20 with 02 (Mix1) and
C20 with S20 (Mix2) in equimolar ratio. The CMC of each emulsifier or
emulsifier mixture was compared with the CMC of C20 to determine significant
differences. Mean + SD, n > 3, *** p < 0.001.
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be noticed in Fig. 1.
3.7. Spectral comparison of skin samples

To investigate the spectral variations when measuring skin samples
with different excitation wavelengths, Fig. 8 depicts the depth plots of
keratin signal intensity at 532 nm (orange line) and 785 nm (green line)
excitation wavelengths. The skin surface was determined with laser
focus moving to the place where the keratin signal intensity firstly
reached half maximum. With the laser beam focusing into the deeper
layer of SC, the spectral intensity decreased due to signal attenuation.
We noticed that the spectrum acquired with 532 nm excitation wave-
length has a higher intensity than at 785 nm in the superficial layer of
the skin and then reaches a similar intensity level in the deeper layer. We
also extracted the spectra from the skin depth of 5 pm (point A), 30 pm
(point B), and 70 pm (point C) at both wavelengths to gain more in-
formation. The spectral quality and SNR that ensure the data validity
were compared. Based on the results, specific spectral signals of skin and
procaine can be easily recognized at the depth of 5 pm and 30 pm of both
lasers. However, when the laser beam moves to around 70 pm, the
excitation wavelength of 532 nm was not able to provide a clear spec-
trum, thus not enabling the identification of characteristic peaks. On the
other hand, using the 785 nm laser, clear spectra were observed from 70
pm depth. The spectral comparison at point C thus evidenced the
advantage of using a 785 nm laser for measuring the deeper depth of
skin samples.

3.8. Fluorescent skin samples

To investigate the proper laser wavelength in CRS analysis that could
overcome the background fluorescence and is more advantageous to
evaluate the skin properties, a piece of skin with inherent fluorescence
effects was used. Results of SC and skin properties were summarized in
Fig. 9. We observed that huge background fluorescence obscures the
recorded skin spectrum at 532 nm excitation wavelength (Fig. 9A-B).
The switch of different gratings and background subtractions cannot
solve this difficulty. Instead, the spectrum obtained at 785 nm displayed
a clear skin spectrum without fluorescent background (Fig. 9C). SC
sample was also measured at both excitation wavelengths. The sepa-
rated SC shows minimized fluorescent background at 532 nm laser
wavelength (Fig. 9E). Even more intense signals can be recognized from
Fig. 9F in the fingerprint region. However, their spectral quality is still
worse than the spectrum obtained at 785 nm laser wavelength whose
signal-to-noise ratio (SNR) has been obviously improved. Thus, we can
sum up that 785 nm excitation wavelength is more appropriate to
evaluate fluorescent skin samples.

3.9. Spectral photoluminescence

The photoluminescence effect is commonly found when using CRS
configured with a 785 nm excitation wavelength. To perform CRS
measurements, SC samples should be placed onto a slide as substrate and
covered with a coverslip for the application of the water immersion
objective. We summarized the SC spectra using different types of slides
and coverslips measured at 785 nm excitation wavelength. We observed
that when placing the SC on a glass slide, the spectrum acquired shows a
strong and broad peak at around 1400 cm ™! covering fingerprint Raman
scattering of skin sample (Fig. 10A). It was caused by the photo-
luminescence detected from the sample substrate when measuring thin
and transparent SC samples. Instead, the spectrum obtained at 532 nm
excitation wavelength showed no such effect (data not shown). To
eliminate the photoluminescence effect, potential substrates such as the
quartz slide and aluminum foil were considered whose performances
have been confirmed in existing studies of physical and biological
samples (Cui et al., 2016; Kerr et al., 2015). Thus, in SC spectra, weak
photoluminescence was found at high wavenumber region using quartz
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Fig. 7. Depth profiles of isolated SC showing
the variation of amide-I signal intensity
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Fig. 10. Representative CRS spectra of isolated SC obtained at 785 nm with the use of different sample substrates including glass slide (A), quartz slide (B), and
aluminum foil wrapped glass slide (C), and the application of glass coverslip (D) and quartz coverslip (E) when performing depth scanning analysis.

slide and at fingerprint region using aluminum foil-wrapped glass slide
(Fig. 10B-C). Both of their applications overcome the challenge of the
photoluminescence effect. Since weak and broad photoluminescence
appeared in the fingerprint region can be easily removed after back-
ground subtraction, spectrum recorded when placing onto aluminum
foil is also capable to analyze SC properties. Thus, considering the
number of sample types and sites for repetition (more than 15 pieces of
SC), the use of aluminum foil will be more cost-effective.

The depth spectra collected with glass and quartz coverslips were
shown in Fig. 10D-E. We observed that the SC Raman scattering inter-
fered with great photoluminescence when applying the glass coverslip.
By putting a piece of quartz coverslip (25 x 25 mm) on top of the SC
sample, the photoluminescent peak can be eliminated. In this case, the
quartz coverslip can be reused for each SC sample in measurement
which would be also cost-effective.

4. Conclusion

The effects of emulsifiers and their mixtures on SC properties and
skin penetration performances have been investigated in this study.
Reduced interactions of emulsifier mixtures with skin components were
demonstrated from the results. The improvement of emulsifiers and
mixtures acting on drug penetration showed also the same trend.
Further, correlations of reduced CMC values of emulsifier mixtures with
their relatively reduced SC impairment and skin penetration enhancing
abilities were established. To sum up, higher CMC values of emulsifiers
or their mixtures may trigger their interactions with skin components,
then cause SC lipid extractions, thickness reduction, and enhanced drug
penetration. It, thus, suggests monomers existing in emulsifier solutions
as the main theory of skin penetration and SC lipids interruption.
Although further studies need to be done to gain deeper insights into the
interactions between emulsifiers and skin, this finding can still give
specific advice in employing PEGylated emulsifiers in mixtures to build
milder systems and is also useful as an analogy for other kinds of
emulsifiers.

We also demonstrated the use of excitation wavelengths of 532 nm
and 785 nm to be suitable in analyzing SC and skin sample properties in
this study. Consistent results were obtained in comparing the effects of
different emulsifier samples on skin. Thereinto, the limits of 785 nm

wavelength are lower spectral intensity and the interference of cover-
slips and substrates. The main benefits are the collection of information
from deeper skin layers and the elimination of skin fluorescence effects
that appear in some skin samples. In conclusion, there is no doubt that
both 532 nm and 785 nm wavelengths can be used in skin studies. The
preference should be determined based on experimental requirements.
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