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SUMMARY 

Today, it is widely known that nanoparticles (NPs) maximize follicular and minimize 

interfollicular drug delivery, thereby reducing systemic drug levels and severe side effects. 

Non-life-threatening skin diseases, like Alopecia Areata (AA), a reversible hair loss 

disorder associated with major negative effect on quality of life, lack of sufficient treatment, 

among other things caused by negative risk-benefit profiles of potent drugs such as Janus 

Kinase inhibitors, e.g., tofacitinib (TFB). Therefore, NPs are predestined to enable a 

targeted drug delivery into hair follicles (HFs) for a safer treatment against skin diseases 

like AA. 

As proof of concept, the NP deposition inside human scalp HFs was studied by adjustment 

of a quantification method for human forearm HFs. Investigations on healthy human, AA-

affected hairless and hairy body donor scalp HFs showed that NP uptake into HFs 

depends on follicular density but is independent of hair shaft presence and hair type. 

Accordingly, TFB-loaded NPs were developed. Previously-synthesized squalenyl 

derivative NPs exceeded other approaches, demonstrating high drug loading capacity, 

biocompatibility, colloidal stability, and enhanced follicular delivery in an ex vivo pig ear 

model, which was supported by a biological effect in an in vivo dermatitis mouse model. 

Further investigations on follicular targeted delivery via NPs for a safe and potent 

treatment of skin diseases, leading to translation into the clinics, are highly desired. 
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ZUSAMMENFASSUNG 

Nanopartikel (NP) maximieren den follikulären und minimieren den interfollikulären 

Arzneistofftransport. Sie reduzieren dabei systemische Wirkstoffspiegel und schwere 

Nebenwirkungen. 

Für nicht lebensbedrohliche Hauterkrankungen wie Alopecia Areata (AA) gibt es keine 

zufriedenstellende Behandlung, da unter anderem für potente Arzneistoffe wie Janus 

Kinase Inhibitor Tofacitinib (TFB) negative Nutzen-Risiko-Verhältnisse existieren. 

Daher ist ein gezielter Arzneistofftransport durch NP in Haarfollikeln (HF) prädestiniert, um 

eine sichere und effiziente Behandlung von AA zu ermöglichen. 

Die Machbarkeitsstudie untersuchte die NP-Deposition in menschlichen Kopfhaut-HF 

unter Zuhilfenahme einer Quantifizierungsmethode für menschliche Unterarm-HF. Sowohl 

Untersuchungen an gesunden, an AA-befallenen haarlosen als auch an Körperspenden 

Kopfhaut-HF zeigten, dass die NP-Aufnahme in HF abhängig ist von der Follikeldichte, 

jedoch nicht vom Haarschaft-Vorhandensein oder dem Haartyp. 

TFB beladene Squalen-Derivat-NP überzeugten durch hohe Arzneistoffbeladung, 

Biokompatibilität, kolloidale Stabilität und verbesserten follikulären Arzneistofftransport – 

gezeigt im Ex-vivo-Schweineohrmodell und unterstützt durch eine biologische Antwort im 

In-vivo-Dermatitis-Mausmodell. 

Weitere Untersuchungen des follikulären gezielten Arzneistofftransports mit NP zur 

Erreichung einer sicheren und effizienten Behandlung von Hauterkrankungen, welche zu 

einer Translation in die Klinik führen, sind sehnlichst erwünscht. 
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ABBREVIATIONS 

Alopecia Areata       AA 

Antigen presenting cells      APC 

Hair follicle        HF 

Immune privilege       IP 

Interferon γ        IFN-γ 

Interleukin 15        IL-15 

Janus Kinase        JAK 

Major histocompatibility complex     MHC 

Nanoparticle        NP 

Nanoparticulate drug delivery system    NDDS 

Natural killer cells       NK cells 

Polycaprolactone       PCL 

Poly-lactic-co-glycolic acid      PLGA 

Signal transducer and activator of transcription   STAT 

Squalenyl derivative       SqD 

Transforming growth factor      TGF 

Tyrosine-kinase 2       TYK2 

U.S. Food and Drug Administration     FDA 
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1. INTRODUCTION 

Humans possess approximately 5 million hair follicles (HFs) 1. The HF is a mini-organ, 

which is important for thermoregulation, protection from harmful environmental influences, 

and social interactions. For example, eyebrows and eyelashes strengthen facial 

expressions and protect the eyes from external influences 2. Due to social standards, 

disorders, such as hair loss and hirsutism, can diminish quality of life 2. 

Alopecia Areata (AA) is a non-scarring, reversible hair loss disorder 3. It most commonly 

starts with patchy hair loss and can progress to total loss of all body hair (Alopecia 

Universalis). Even though AA is a non-life-threatening disease, it can have a major 

negative effect on quality of life and lead to depression and anxiety disorders 3. 

Unfortunately, until now there has been no agency-approved treatment available 3, due to 

the unfavorable risk-benefit profile of potent drugs like Janus Kinase (JAK) inhibitors. 

Therefore, the following thesis focuses on the development of a method for targeted and 

safe delivery of potent drugs into HFs to treat AA. 

1.1. HAIR FOLLICLE – THE TARGET SITE  

1.1.1. HAIR FOLLICLE TYPES  

With exception of the lips, the palms of the hands, the soles of the feet and part of the 

genitals, the human body is covered by HFs, which develop congenitally 1,2. Around 

100,000 to 150,000 of these 5 million HFs are found on the human scalp 1. HFs can be 

divided into different types 1. The two main types are called terminal and vellus HFs and 

are characterized as follows by their body location, hair shaft, and hair bulb embedment 1: 

i) Terminal HFs 1 

a. Body areas  e.g., human scalp; pubic area 

b. Hair shaft  strongly pigmented, visible 

diameter > 0.06 mm 

length > 2 mm 

c. Hair bulb location subcutaneous fatty tissue  

ii) Vellus HFs 1 

a. Body areas  most parts of the human body e.g., cheek, forehead 4 

b. Hair shaft  fine, poorly pigmented 

diameter < 0.03 mm 

length < 2 mm 1 
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c. Hair bulb location viable dermis  

The HF can be seen as an invagination of the skin and interruption of the main skin barrier 

– the epidermis with the overlaying stratum corneum 1. However, barrier mechanisms are 

still present inside the HF. The upper part is covered by stratum corneum transitioning into 

tight junctions in deeper parts 5. Moreover, the HF is a mini-organ, with over 20 different 

cell populations 6. It constitutes the pilosebaceous unit together with an associated 

sebaceous gland and arrector pili muscle, which is attached to 4 to 5 HFs 6,7. 

1.1.2. HISTOLOGY & ANATOMY 

 

 

Figure 1. Scheme of longitudinal section of terminal anagen HF according to Ref 2,8,9. 

 

Important anatomical and histological parts of a healthy anagen HF are depicted in Figure 

1 and elucidated in the following section 1,2,6,10,11: 

i) Infundibulum:  

ranges from skin surface to sebaceous gland duct opening and is initially still 

lined with epidermis 1,10. 
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ii) Isthmus:  

ranges down to the end of the bulge region, where epithelial stem cells are 

accommodated and the arrector pili muscle is located 10. 

iii) Suprabulbar and bulb region: 

contains the dermal papilla (specialized fibroblasts) and undifferentiated matrix 

cells 1,6,10,11. 

Further, the HF consists of concentric sheets of epithelial and mesenchymal components, 

which are separated by a basal membrane (Figure 1) 10. The main mesenchymal 

component comprises the outermost connective tissue sheath 10. It surrounds the HF 

and the dermal papilla 10. The dermal papilla controls the number of the undifferentiated 

matrix cells, and thereby the size of the hair shaft – they are separated by a thickened 

basal membrane 11. The outer root sheath, part of the epithelial regions, surrounds the 

HF and connects to the basal membrane 10. In the bulge region the outer root sheath 

accommodates undifferentiated multipotent stem cells 1. Another part of the epithelial 

regions is the inner root sheath. It consists of three partly keratinized layers (Henle’s 

layer, Huxley’s layer, and cuticle) and is separated by a companion layer from the outer 

root sheath, therefore a free movement during hair growth is possible 10. In the middle of 

the isthmus part, the inner root sheath vanishes and the outer root sheath continues until it 

migrates into the epidermally-lined infundibulum 1. The keratinized hair shaft is the 

innermost part of the HF, guarded by the outer parts and evolves from the hair bulb matrix 

cells by growing upwards 10. The hair shaft comprises different layers: terminal HFs have 

an innermost medulla, which is not present in vellus HFs, followed by the hair cortex and 

the hair shaft cuticle 10. The hair shaft cuticle consists of keratinized stacked cells 

interlocking with the cuticle cells of the inner root sheath 10. This fact plays an important 

role in targeted drug delivery into HFs via nanoparticles (NPs). A postulated mechanism 

hypothesizes that the cuticle cells act as a gear pump and push the NPs down into the 

HFs (see section 1.5.3.) 12. 

1.1.3. GROWTH CYCLE  

HFs undergo a lifelong hair growth cycle 1,13. Relying on these hair cycling abilities, the HF 

can be divided into two major parts: a permanent and a cycling part 1. The upper 

permanent part includes the infundibulum down to the bulge region (Figure 1) 1. The lower 

part comprises the cycling one 1. 

The cycle is divided into three different main stages 1,11: 
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1. Growth phase = anagen 

The hair shaft is produced by matrix cells located in the hair bulb near the dermal papilla. 

All HF cells are highly proliferative during this phase. Around 85 % of all human HFs are in 

this stage and the phase can last around 2-6 years for terminal scalp HFs 

(Figure 2 A) 1,2,11. 

2. Regression phase = catagen 

This phase is affected by stop of hair shaft growth, massive destruction and involution of 

the HF by programmed cell deaths leading to apoptosis. A “club-hair shaft” is formed. For 

terminal scalp HFs, this phase takes approximately 2 to 3 weeks (Figure 2 B) 1,2,11. 

3. Resting phase = telogen 

After the HF shrinks to almost half of its size, consisting only of an epithelial sac 

surrounding the club hair, the resting phase starts. Here, the rest of the dermal papilla is 

only a small cluster of quiescent dermal fibroblasts in close association with the remaining 

HF. For terminal scalp HFs this phase can take ~ 3 months. Fifteen percent of the HFs are 

in this phase (Figure 2 C) 1,2,11. 

Before a new growth phase can start, the hair shaft is shed. Since new insights into the 

physiological mechanism lead to the suggestion of an active and highly controlled 

shedding process, this additional phase is called “exogen” 1,2. 

 

 

 

 

 

Figure 2. Hair growth cycle. 

A) Anagen – growth phase of the 

HF and hair shaft;  

B) Catagen – regression phase – 

stop of hair shaft growth and 

deformation of HF;  

C) Telogen – resting phase – 

epithelial sac with a club hair 

according to Ref. 14,15
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1.1.4. IMMUNE PRIVILEGE OF ANAGEN HAIR FOLLICLE 

In addition to the lifelong growth cycling ability, the HF exhibits a relative immune privilege 

(IP) during the anagen HF phase 9,16,17. IP is a dynamic and functional state of an organ or 

tissue (e.g., placenta, corneal tissue, and testes) to protect itself against an undesired 

immune response triggered by autoantigens 16. The relative IP in anagen HFs is limited to 

the lower cycling part of the HF, reaching from the bulge to the bulb region 16. It is 

suggested that the IP protects the HF during the growth phase from an undesired immune 

response against possible autoantigens, emerging e.g., from melanogenesis and/or hair 

shaft growth 16. Therefore, during the IP state of the anagen HF, immune cells are absent 

and immune suppressors are present 3,16. 

The connective tissue sheath surrounding the HF is suggested to have a special function 

by preventing the migration of immune cells into the HF epithelium 16. Moreover, immune 

suppressors and immunosuppressive neuropeptides and -hormones (e.g., transforming 

growth factor β 1 and 2 (TGF-β 1 and 2)) modulate immune cells in close proximity of the 

HF 16. 

Furthermore, the IP status is mostly characterized by the absence of major 

histocompatibility complex (MHC) class I and II molecules 16. 

MHC class I molecules are normally expressed by all nucleated cells, presenting antigen 

epitopes to CD8+ T-cells 16. Cells lacking MHC class I molecules are normally eliminated 

by natural killer (NK) cells 16. However, the expression of TGF-β 1 and 2 prevent the attack 

of NK cells 16. In addition, NK cells lack of the receptor NKG2D for cell activation 16,18.  

MHC class II molecules, normally expressed by antigen presenting cells (APCs), e.g., 

dendritic cells, macrophages and Langerhans cells, are either absent, isolated or have 

altered and limited activity during IP in anagen HF 16. 

1.2. ALOPECIA AREATA PATHOGENESIS & PATHOMECHANISM  

Unfortunately, the specialized ability of anagen HF to express relative IP is closely 

associated with the development of AA 16. The breakdown of the IP in anagen HFs is 

suggested to be one of the key factors of the AA pathomechanism 16.  

Following androgenetic alopecia, AA is the second most non-scarring hair loss disorder 3 

with a lifetime prevalence of ~ 2.5 % 19. The disease onset can occur in each period of life 

and has no gender preference 3. 
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AA is a reversible hair loss disorder, where the hair shaft gets lost, but the HF is still 

preserved 3,16. It is characterized by either widespread or sharply defined bald lesion 

patterns, exclamation mark hair shafts and a possible exacerbation to a total loss of all 

scalp hair (Alopecia Totalis) or even all body hair (Alopecia Universalis) 3,16. However, a 

spontaneous remission can occur 3,16. The disease is often associated with co-morbidities 

like depression, anxiety, auto-immune diseases (e.g., psoriasis, rheumatoid arthritis, 

vitiligo and inflammatory bowel syndrome), and has a major negative effect on the quality 

of life 3,20. In addition to the psycho-social burden, the body is exposed to environmental 

influences without hair, e.g., missing nasal hair leads to a dripping nose, missing eyebrows 

and -lashes to eye irritations, and missing body hair to a poor thermoregulation 20.  

AA is hypothesized to be a complex poly-genetic auto-immune disease 21. Autoreactive 

CD8+NKG2D+ T-cells against autoantigens, originated from hair growth, infiltrate peri- and 

intrafollicular sites in the bulb region 21. A positive feedback loop between these 

CD8+NKG2D+ T-cells and the epithelial HF cells, which employ MHC class I molecules and 

NKG2D ligands, is hypothesized to cause the major inflammatory event in AA 21,22. In 

short, epithelial HF cells express MHC class I molecules and NKG2D ligands, and 

therefore they interact with CD8+NKG2D+ T-cells, which then secrete interferon γ 

(IFN-γ) 21,22.  

The epithelial HF cells, on the other hand produce interleukin 15 (IL-15), upon stimulation 

by IFN-γ 21,22. IL-15 in turn activates CD8+NKG2D+ T-cells and the IFN-γ production 21,22. 

These cytokines signal downstream through the JAK/STAT (signal transducer and 

activator of transcription) pathway 21,22. This hypothesis, regarding the major role for IL-15 

in the IP collapse of the anagen HF, was discussed controversially, since IL-15 is also 

known to act as apoptosis suppressor in different tissues 16. However, to live up to the 

heterogeneity of the disease, previously the pathomechanism hypothesis was expanded 

and an additional possible non-autoimmune-caused AA onset was postulated, leading to 

the same “stereotypic HF response pattern” 16,21. The non-autoimmune-induced AA can be 

caused by a dysbiosis of the HF microbiome, neurogenic HF inflammation (caused by 

IFN-γ or Substance P), or upregulated immune cell activities 16. Both pathomechanisms 

lead to an IFN-γ induced IP collapse. Hereupon, MHC class I and II molecules, as well as 

NKG2D ligands are extensively expressed by the HF epithelium, the peri-follicular mast 

cells become pro-inflammatory mast cells and extensively interact with T-cells 16. 

Moreover, the lower HF is exposed to a peri- and intrafollicular immune cell infiltration, 

e.g., CD8+ cells (intrafollicular), CD4+ cells (peri-follicular), APCs, pro-inflammatory mast 

cells, and NK cells 16. 
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Interestingly, this heterogeneity of the disease evolvement is also reflected in the 

responses to treatment regimens, leading to non-responders or inconsistent treatment 

responses 16. This might be one of the reasons that AA lacks an agency approved 

medicine. 

A study of international expert opinions regarding the treatment of AA was published in 

2020 23. Consensus was found on the importance of intralesionally applied glucocorticoids 

as first line treatment. However, the patient’s age, as well as disease severity, were factors 

leading to a preferred systemic or topical application of glucocorticoids 23–25. Furthermore, 

topical applications including calcineurin inhibitors, minoxidil and contact immunotherapy, 

as well as methotrexate and JAK inhibitors applied systemically, were agreed to be 

effective 23,24. Additionally, the newly-approved JAK inhibitors were deemed appropriate 

second-line therapy. The expert consensus states: “If all treatments were equally 

reimbursed, JAK inhibitors would be the ideal choice of systemic therapy in adults” 23. 

The application of JAK inhibitors against AA arose from the downstream signaling via 

JAK/STAT pathways of various cytokines included in AA development and IP collapse. 

These pathways were suggested to be an important interventional target to modulate the 

immune response 16,21,22. First case reports in mice as well as in human diseased skin with 

JAK inhibitors demonstrated very promising results 22,26,27. Further case reports and clinical 

trials followed supporting the results, but even here non-responders were detected 27–47. 

1.3. JANUS KINASES 

JAKs, intracellular tyrosine-kinases, are responsible for downstream signaling by 

(auto)phosphorylation and activation of their associated receptors, belonging to type I and 

II cytokine receptor family, and of STAT (Figure 3) 48. JAKs can be divided into four 

different subtypes: JAK1, JAK2, JAK3 and Tyrosine-kinase 2 (TYK2) 48,49. The cytokines, 

activating the type I and II cytokine receptor family, have a broad range of effects in the 

human body, e.g., immune response, inflammatory reduction and hematopoiesis 48,49. It is 

therefore not surprising that JAK inhibitors lead to a broad range of adverse effects, when 

applied systemically. For example, Tofacitinib (TFB) citrate, a JAK inhibitor mainly 

inhibiting JAK1 and -3, agency-approved to treat rheumatoid arthritis, psoriatic arthritis and 

ulcerative colitis 50, received in 2019 a U.S. Food and Drug Administration (FDA) boxed 

warning concerning an “increased risk of blood clots and death with higher dose” 51. 

Additionally, in 2021 the FDA published a drug safety communication of TFB regarding 

results of a TFB safety trial, which showed “increased risk of serious heart-related 

problems and cancer” 52. Therefore, the drug and the pending final results of the safety 



INTRODUCTION 
 

 
15 

study are under close monitoring 52. Moreover, in the case of AA, a continuous long-term 

treatment seems to be necessary to gain a sustained hair regrowth 53–55. Such a broad and 

severe side effects profile of JAK inhibitors like TFB result in an unfavorable risk-benefit 

profile when using JAK inhibitors against a non-life-threatening disease like AA. Therefore, 

the establishment of a targeted and safe delivery of TFB to the site of action is highly 

desirable to overcome these problems. 

 

Figure 3. JAK/STAT (Janus Kinase/Signal Transducers and Activators of Transcription) signalling 

pathway. A) Cytokine is docking to the extracellular site of the transmembrane receptor. B) The 

receptor activates the adjacent JAKs on the intracellular site. JAKs auto-phosphorylate themselves 

and phosphorylate the receptor. C) STAT molecules attach to the phosphorylated receptor and get 

phosphorylated and thereby activated by JAKs. The phosphorylated STATs dimerize and 
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translocate into the nucleus. Here, the dimerized STAT molecules act as activators of transcription. 

D) JAK inhibitors (JAK-I) inhibit their kinase function and thereby the phosphorylation and activation 

of the receptor and the JAKs after the extracellular cytokine docking 48,56. 

1.4. NANOPARTICULATE DRUG DELIVERY SYSTEMS  

Nanoparticulate drug delivery systems (NDDS) comprise delivery systems in the size 

range of ~ 10 to 1000 nm. They have been widely investigated and shown to improve the 

efficiency and efficacy of treatments in a broad variety of diseases by targeting delivery to 

the site of action 57–61. The desired properties of NDDS express following aspects: i) high 

drug loading capacity 58, ii) solubility enhancement of hardly soluble drugs 62, iii) drug 

protection from degradation due to environmental influences e.g., light 63, and iv) drug 

release in a controlled manner 64. Polymeric NDDS are mostly composed of 

biodegradable, biocompatible polymers e.g., poly-lactic-co-glycolic acid (PLGA), which is a 

FDA approved excipient 65,66. Additional excipients like surfactants are often needed for 

stabilization of the NP suspension. This can result in drug loading capacities of below 

5 % (w/w) 58,67. However, since the HF is a delimited reservoir, high loading capacity is 

highly desired in NDDS. Couvreur et al. invented the squalenoylation technique to 

circumvent this drawback 68. The squalenoylation technique comprises bioconjugation of a 

squalenyl moiety to a drug molecule by an easily accessible and straightforward chemical 

reaction, forming a prodrug. These prodrugs are able to form NDDS upon 

nanoprecipitation into aqueous solution without further necessary stabilization by 

additional surfactants 69. This technique did not only lead to very high drug loading 

capacities of ~ 30 % (w/w), but also enhanced the biological effect of the drugs 68–73. 

However, the bioconjugation is not easily facilitated on all drug molecules. Drugs with 

missing reactive groups (e.g., TFB) 74 or with multiple reactive groups cannot be easily 

covalently linked to the squalenyl moiety 75,76.  

To overcome this drawback and make the benefits of this technique – high drug loading 

capacity, surfactant free NP suspension – for NDDS formation accessible to a broader 

audience of drugs, Ho et al. synthesized an amphiphilic squalenyl derivative (SqD) by 

coupling the hydrophobic squalenyl moiety to an anionic hydrophilic head group – 

hydrogen sulfate 76. The resulting amphiphilic SqDs are able to form stable NPs upon 

nanoprecipitation in an aqueous solution. The stabilization of the NPs by charge repulsion 

makes the addition of surfactant unnecessary 76. Drug loading is enabled by charge and/or 

hydrophobic interactions. It was suggested that the NPs are shaped in a core-shell 

structure: the core consisting of the hydrophobic squalenyl moieties and the shell of the 

hydrophilic negatively charged head groups. So, positively charged drugs can be loaded to 
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the outer shell of the NPs by charge interactions and hydrophobic drugs are loaded by 

hydrophobic interactions to the NP core 76. This approach was successfully demonstrated 

by co-loading tobramycin and a hydrophobic quorum sensing inhibitor to the negatively 

charged SqD NPs 76.  

A further point to establish the approach of SqD-based NDDS in follicular delivery is the 

fact that squalene, a natural lipid and precursor of the cholesterol biosynthesis 77, is one of 

the major components (~ 12 %) of human sebum 78,79. Sebum is the squalene richest 

region in the human body, because for some reasons squalene is not further processed in 

the sebaceous glands 78,79. Therefore, NDDS for follicular delivery composed only of SqD 

and the active substance would be desirable to preserve the natural environment of the HF 

as much as possible. 

1.5. FOLLICULAR DRUG DELIVERY 

1.5.1. IMPACT OF FOLLICULAR PATHWAY ON (TRANS)DERMAL DELIVERY  

Today, the impact of the follicular pathway for trans- and intrafollicular delivery is widely 

known – the HF is thought of as an invagination in the skin barrier, enlarging the 

accessible skin surface and creating the possibility of a long-term reservoir for topical skin 

applications 80–83. Early investigations demonstrate a significant increase in systemic drug 

absorption with follicular pathway involvement 84–87. For example, a study investigating the 

follicular pathway influence on in vivo transdermal caffeine solution absorption in humans 

showed impressive results. With follicular pathway involvement, caffeine blood levels were 

detectable after 5 minutes, versus 20 minutes when the follicular pathway was excluded by 

artificially closed HFs 88,89. Another study demonstrated that the impact of the HF pathway 

on substance permeation through pig skin is associated with the substance’s lipophilicity. 

For hydrophilic substances a greater reduction in permeation was observed after HF 

plugging than for lipophilic ones 90. However, inside the HF biological barriers are still 

present, the upper part being lined by stratum corneum and replaced by tight junctions in 

the lower parts 5. 

1.5.2. FOLLICULAR RESERVOIR 

In comparison to stratum corneum, HFs can be seen as a long-term reservoir 91. Only by 

permeation into deeper tissues and/or with slow outward sebum-flow can a substance 

reduction occur 91, whereas substances deposited in a stratum corneum reservoir are 

exposed to influences like textile contact and desquamation 82. Differences in HF density 

and size of follicular orifice lead to different follicular reservoirs on different body sites. A 



INTRODUCTION 
 

 
18 

previous study in humans demonstrated the highest follicular density, of the tested sites, 

on the forehead and the largest follicular orifice on the calf, leading to a high infundibular 

volume for both regions, and to follicular reservoirs comparable to the estimated stratum 

corneum reservoir in these body regions. The follicular reservoir on the human forearm 

was the smallest 92,93. Further important findings about the follicular pathway were that HFs 

can reside in an “open/active” and “closed/inactive” status for follicular delivery. HFs with 

an active sebum production and hair growth are accessible for follicular penetration. In 

contrast, inactive HFs, coated by a “plug” composed of cell debris, dandruffs and old 

sebum, are not available for follicular penetration. Application of pretreatments, e.g., 

peeling or washing, can make the inactive HFs accessible for follicular penetration 94–97. 

1.5.3. TARGETED FOLLICULAR DELIVERY VIA NANOPARTICLES 

In addition to the important follicular pathway for transdermal and dermal absorption, 

investigations illuminated that solid particle-containing formulations, especially NPs, are 

superior in penetrating into and residing inside HFs 98. The behavior of other nanosystems 

such as flexible liquid vesicles (e.g., liposomes) on dermal delivery, which do not favor the 

follicular delivery route, is beyond the scope of this thesis. The subject is covered by 

several reviews like Ref. 99,100. 

Toxicology studies demonstrated that titanium dioxide microparticles in sunscreen do not 

penetrate over and through the stratum corneum into the viable dermis; instead, they 

accumulate inside the HFs 101. Intensive investigations of the safe and targeted delivery 

into HFs via NPs followed.  

After the application of a massage to enhance the penetration of the formulation in vitro by 

simulating the natural body movements, NP-containing formulations (size ~ 300 nm) 

penetrated deeper (~ 1500 µm) into HFs in comparison to a plain substance formulation 

(~ 500 µm) 91,102,103. Furthermore, in comparison to the stratum corneum reservoir where 

the formulation was depleted by textile contact and washing within one day, the follicular 

reservoir was found to exhibit long-term storage 91,102,104, retaining plain substance 

formulations for ~ 4 days and particle-containing formulations for up to 10 days 91,102. 

Formulation removal from the follicular reservoir is a rather slow process of sebum flow 

and hair growth 91,102. 

A so-called gear pump mechanism was postulated for the penetration of NPs inside the 

HF. The mechanism relies on the outer cuticle structure of the hair shaft, which is formed 

by overlapping cuticle cells. These cells have a thickness of 530 nm for humans and 

320 nm for pig ears and demonstrate a zig-zag structure 12. NPs of similar sizes are 

moved into the HFs upon the movement of the hair shaft, simulated in vitro by massage 
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89,91,102. In addition, in silico modeling supported this hypothesis 105. Comparing the 

follicular penetration depth of NPs with different sizes (122 to 1000 nm) revealed that 

particles in a size range of ~ 600 nm penetrated deepest, supporting the gear pump 

mechanism hypothesis 106. Therefore, NPs with a size of 400 to 700 nm are superior in 

deep follicular penetration 12,106. Further investigations supported the findings, that NPs 

maximize the follicular penetration and minimize the interfollicular permeation in 

comparison to plain substance formulations 64,107. Moreover, the HF is still covered by 

different barrier mechanisms to inhibit the penetration of NPs into the living tissue. The 

upper part is lined by stratum corneum, with adjacent tight junctions in deeper parts 5. 

Therefore, NPs can be used as drug depots, penetrating into the HF as a long-term 

storage, releasing the drug in a controlled manner over time 12. A maximized targeted drug 

delivery inside the HF by NDDS can reduce adverse effects and minimize interfollicular 

permeation. Not only can HF associated diseases be treated, but immune cells 108,109 

residing in the upper part of the HF as well as stem cells in the bulge region may also be 

targeted 85. 

1.5.4. DETERMINATION METHODS OF FOLLICULAR DELIVERY 

For in vitro investigations of follicular penetration, excised human skin cannot be used, 

thus pig ear skin is the gold standard: Human excised skin demonstrated a follicular 

reservoir of just ~ 9.5 % in vitro compared to in vivo 110. This is caused by contraction of 

the elastic fibers surrounding the HF upon excision; even re-stretching the human skin to 

its actual size cannot reopen the HFs 110,111. In contrast, pig ear skin stays on the cartilage, 

therefore the HFs remain open 110,111. Similar physiological characterizations for pig ear 

skin and human skin were found 111,112. 

For the in vivo investigations, non-invasive methods had to be developed to determine the 

follicular penetration without the application of skin punch biopsies. It was desirable to 

distinguish between the amount of formulation residing on the skin surface and the amount 

penetrating inside the HFs (Figure 4) 113. Therefore, the differential stripping method was 

developed. This method combines the skin surface cleaning tape stripping technique with 

the cyanoacrylate biopsy technique, to subsequently remove the follicular content (Figure 

4) 113. The tape stripping method was developed previously and used to determine 

concentration-depth profiles of formulation in the stratum corneum 114–117. The 

cyanoacrylate biopsy was introduced by Marks and Dawber in 1971 to remove stratum 

corneum and follicular content 118. One drop of superglue was applied to the skin and 

covered by a glass slide. After the polymerization of the superglue the glass slide was 

removed together with stratum corneum and the follicular content 118. By combining both 
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techniques, a distinct differentiation between the amount of formulation left on the skin 

surface and the amount that penetrated into the HFs can be made: Tape stripping is used 

to clean the skin surface by applying several subsequent tape strips (Figure 4 A-D), then a 

cyanoacrylate biopsy is applied to the cleaned skin surface to remove the follicular content 

(Figure 4 E-G) 113. By using a paint roller to press the tape strips onto the skin surface 

(Figure 4 B), the influence of the furrows and wrinkles on the skin can be neglected 94. 

Raber et al. further enhanced the quantitative determination method by performing mass 

balance, after the formulation was extracted from each item in contact with it (glove for 

massage, tape strips, cyanoacrylate biopsies, and a cotton ball to clean the application 

area and surrounding area) and analyzed (Figure 4 A-G) 119. Furthermore, they compared 

the in vivo method on the human forearm to the pig ear model and demonstrated an 

excellent in vivo/in vitro correlation, highlighting the impact of the pig ear model on the 

investigation of new NDDS for follicular penetration 119.  

 

 

 

Figure 4. Differential stripping to determine nanoparticle (NP) uptake into human hair follicles in 

vivo. A) Application of NP suspension and a three minutes massage; B-D) surface cleaning by tape 

stripping: B) polishing wrinkles and furrows by a roller; C) removing tape strips with forceps; D) 

cleaned skin surface after several tape strips; E-F) cyanoacrylate biopsy – removal of follicular cast: 

E) covering the application area with one drop of superglue and a tape strip; F) after polymerization 

of superglue – removal of the tape strip with forceps; G) mass balance – cleaning of skin surface 

with a cotton ball according to 119.  
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Other methods investigated the follicular penetration on pig skin by “single HF harvesting”. 

It involves the extraction of single HFs by 1 mm diameter punch biopsies and the 

comparison to 1 mm diameter interfollicular skin punches, without prior skin surface 

cleaning 63. This method was developed for the investigation of acne treatments with the 

benefit, in comparison to cyanoacrylate biopsy, being that by punching, not only was the 

HF extracted but the whole pilosebaceous unit including the sebaceous gland. However, in 

this method pig skin detached from the cartilage was used 63. Another method combined 

the skin surface cleaning by tape stripping with a total extraction of punch biopsies of the 

application area, compared to punch biopsies of untreated areas 120. 

In conclusion, NDDS are able to i) maximize follicular delivery 64,91, ii) minimize 

interfollicular delivery 64,107, iii) build up a drug depot inside the HF for up to 10 days 91,102, 

iv) protect the drug inside the HF from textile contact and washing 91,102, v) penetrate, 

depending on size, to different target sites inside the HF 106, thereby reducing systemic 

drug delivery, severe side effects, and possibly the application frequency, thus enhancing 

the patient’s compliance 121. The topical application of TFB-loaded NDDS for a safer and 

targeted drug delivery into the HF to treat AA seems predestined. 
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2. GOAL OF THESIS 

This thesis focused on the development of a safe and effective therapy of AA by 

targeted follicular drug delivery via NDDS. 

Several open questions remain and different approaches are yet to be investigated. These 

are addressed in the following three chapters: 

2.1. CHAPTER 1 – NANOPARTICLE UPTAKE INTO HUMAN SCALP HAIR FOLLICLES WITH 

AND WITHOUT A HAIR SHAFT 

Chapter 1 deals with the following investigations: 

Are NDDS able to deposit into AA-affected human scalp skin HFs 122? This was one 

of the most urgent questions, since the postulated gear pump mechanism for the NP 

uptake into HFs involves the cuticle cells of the hair shaft 91,102, which are absent in AA-

affected HFs 3. Moreover, data for healthy hair shaft-bearing human scalp skin were 

also still missing. Therefore, these questions were investigated in an in vivo study, 

employing the previously developed quantitative determination method of NP uptake into 

HFs in pig ear and human forearm 119. This method was adjusted and transferred to 

human scalp skin, with and without a hair shaft 122: First, the experimenter was trained 

on pig ear skin, demonstrating an excellent reproducibility of the original method. After the 

approval of the study by the Ärztekammer des Saarlandes ethical committee, including 

informed written consent of participants, the quantification method based on differential 

stripping was applied to human scalp skin HFs 122. Differential stripping consists of two 

main steps: skin surface cleaning via successive tape stripping, and subsequent HF 

harvesting by cyanoacrylate biopsy. Thus, a differentiation between the formulation left on 

the skin surface and that deposited into the HFs is possible 113,119. The method transfer 

included an adjustment of the skin surface cleaning step 122. Instead of 10 successive tape 

strips 12 were used. Additional important factors were determined: the hair shaft length 

had to be shortened to 1 mm and the usage of the paint roller seemed essential to ensure 

adherence of the tape strips 122. For comparison, not only was the healthy human scalp 

skin treated with the adjusted method, but also human forearm skin, then AA-affected 

human scalp skin, and hairy scalp skin of human body donors followed subsequently 122. 

Body donors were used to investigate the possible model character for further 

investigations of NP uptake into human scalp skin HFs. Comparing the healthy scalp 

HFs to HFs of body donors, similar results were found and no significant differences were 

shown 122. 
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Furthermore, to elucidate the influence of the HF density and hair type on the NP 

uptake into HFs, the NP uptake into HFs per application area was normalized to the 

number of HF orifices on the application area 122. For this reason, every application 

area was photographically documented and the HF orifices were counted. Hence, the NP 

uptake into one single HF could be determined and compared 122. No significant 

differences between the NP uptake into human forearm or human scalp HFs were 

detected, regardless of hair shaft presence or absence 122.  

 

These findings are further addressed by the publication: “Nanoparticle targeting to scalp 

hair follicles: New perspectives for a topical therapy for Alopecia Areata”.  

Rebekka Christmann, Carla Thomas, Nadine Jager, Anne S. Raber, Brigitta Loretz, Ulrich F. 

Schaefer, Thomas Tschernig, Thomas Vogt, Claus-Michael Lehr; Journal of Investigative 

Dermatology (2020) 140, 243e246 

DOI link to the formal publication on ScienceDirect: https://doi.org/10.1016/j.jid.2019.05.02 

Reprinted from Journal of Investigative Dermatology, Nanoparticle Targeting to Scalp Hair Follicles: 

New Perspectives for a Topical Therapy for Alopecia Areata; Rebekka Christmann, Carla Thomas, 

Nadine Jager, Anne S. Raber, Brigitta Loretz, Ulrich F. Schaefer, Thomas Tschernig, Thomas Vogt, 

and Claus-Michael Lehr, 2020, 140, 243e246.  

“Copyright © (2019) The Authors, published by Elsevier, Inc. on behalf of the Society for 

Investigative Dermatology” 122. 

  

https://doi.org/10.1016/j.jid.2019.05.02
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This proof of concept blazes the trail for the targeted drug delivery in the treatment of AA 

via NDDS and leads to the next chapter: 

2.2. CHAPTER 2 – CHOICE OF AN APPROPRIATE NANOPARTICULATE DRUG DELIVERY 

SYSTEM FOR TARGETED FOLLICULAR DRUG DELIVERY OF TOFACITINIB – 

CHARACTERIZATION AND DEVELOPMENT OF VERSATILE AMPHIPHILIC SQUALENYL 

DERIVATIVE NANOPARTICULATE DRUG DELIVERY SYSTEM PLATFORMS  

Chapter 2 deals with the following investigations:  

Development of potent drug loaded NDDS with the aim of high drug loading to 

enable sufficient targeted follicular drug delivery. As the potent drug the JAK inhibitor 

TFB was chosen. Of course, biocompatible NDDS had to be used. First attempts 

involved loading TFB into long established NDDS consisting of biocompatible polymers, 

e.g., PLGA and polycaprolactone (PCL). Unfortunately, no satisfactory TFB-loaded NDDS 

could be established, particularly in regard to drug loading and reproducibility of the 

manufacturing process. Difficulties were due to the pH-dependent water solubility 123 and 

instability in aqueous basic solutions 124,125 of TFB. The idea to use the squalenoylation 

technique arose 68. This technique is known to achieve high drug loading capacities of 

over 30 % (w/w) 68,69. An additional benefit of this technique would be the involved 

excipient – squalene. Squalene is one of the main components of human sebum, which 

represents the human natural environment in HFs 78. The squalenoylation technique, 

consists of the bioconjugation of a squalenyl moiety to the drug molecule forming an 

amphiphilic prodrug, able to build NPs upon nanoprecipitation into aqueous solutions 68,69. 

However, this technique is not available for drugs with missing functional groups or 

multiple functional groups, complicating the bioconjugation. Unfortunately, TFB presents 

only a weak chemical reactivity for covalently coupling reactions, which was also reported 

by other groups 74. Fortunately, the squalenoylation technique was developed further to 

overcome this drawback 75,76. The synthesis of an amphiphilic SqD – squalenyl hydrogen 

sulfate – consisting of a hydrophobic squalenyl tail and a hydrophilic hydrogen sulfate 

group enables a stable NPs formation upon nanoprecipitation into aqueous solutions 

without the addition of further surfactants and excipients 76. A core-shell structure 

formation of the NPs is postulated, with a hydrophobic core of squalenyl moieties and a 

hydrophilic shell of hydrogen sulfate groups, enabling drug loading for both, hydrophobic, 

as well as hydrophilic drugs (positively charged) either by intercalation, hydrophobic 

interactions, and/or charge interactions 76. However, the development of squalenyl based 

NPs calls for an experienced person in handling and manufacturing these NPs to minimize 

the failure of the manufacturing process due to the experimenter and to be able to adapt 
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and develop a sufficient manufacturing process for the to be-loaded drug. Therefore, 

before TFB-loaded SqD NPs could be developed, the SqD NDDS platform was 

further developed and explored 126. Besides the squalenyl hydrogen sulphate 

(negatively charged SqD), a positively charged as well as PEGylated SqDs were 

synthesized and different loading processes were investigated to open the NDDS 

platforms for a broader field of application 126; this part is further elucidated in the following 

publication. The loading of different model drugs and substances demonstrates the broad 

usability of the SqD based NDDS platforms by achieving high drug loading capacities of up 

to 45 % (w/w) 126. For example, as representative of glucocorticoids, the drug loading of 

dexamethasone in each different SqD was explored 126. Impressive drug loading capacities 

for all SqDs of ~ 32 to 35 % (w/w) were demonstrated 126. Furthermore, the colloidal 

stability of the SqD NDDS in physiological relevant pH solutions as well as the 

biocompatibility were elucidated 126. 

 

These approaches are further addressed by the publication: “Synthesis and 

Biopharmaceutical Characterization of Amphiphilic Squalenyl Derivative Based 

Versatile Drug Delivery Platform”.  

Duy-Khiet Ho*, Rebekka Christmann*, Xabier Murgia, Chiara de Rossi, Sarah Frisch, Marcus 

Koch, Ulrich F. Schaefer, Brigitta Loretz, Didier Desmaele, Patrick Couvreur, Claus-Michael Lehr; 

Frontiers in Chemistry (2020) 8:584242.  

DOI: 10.3389/fchem.2020.584242 

* These authors have contributed equally to this work and share first authorship 

Reprinted from Frontiers in Chemistry, Synthesis and Biopharmaceutical Characterization of 

Amphiphilic Squalenyl Derivative Based Versatile Drug Delivery Platform; Duy-Khiet Ho*, Rebekka 

Christmann*, Xabier Murgia, Chiara de Rossi, Sarah Frisch, Marcus Koch, Ulrich F. Schaefer, 

Brigitta Loretz, Didier Desmaele, Patrick Couvreur, and Claus-Michael Lehr; (2020) 8:584242  

“Copyright © (2020) Ho, Christmann, Murgia, De Rossi, Frisch, Koch, Schaefer, Loretz, Desmaele, 

Couvreur and Lehr. This is an open-access article distributed under the terms of the Creative 

Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is 

permitted, provided the original author(s) and the copyright owner(s) are credited and that the 

original publication in this journal is cited, in accordance with accepted academic practice. No use, 

distribution or reproduction is permitted which does not comply with these terms” 126.  
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With the experience gained after the successful characterization and evaluation of the 

versatile amphiphilic SqD NDDS platforms, further research focused on the development, 

characterization and evaluation of TFB-loaded SqD NPs, discussed in the third and last 

chapter: 

2.3. CHAPTER 3 – DEVELOPMENT OF TOFACITINIB LOADED SQUALENYL DERIVATIVE 

NANOPARTICULATE DRUG DELIVERY SYSTEM AND CHARACTERIZATION OF ITS 

ABILITY FOR TARGETED FOLLICULAR DRUG DELIVERY AND BIOLOGICAL RESPONSE 

– EX VIVO AND IN VIVO 

Chapter 3 deals with the following investigations: 

For TFB, a weak base, the negatively charged SqD with a hydrogen sulfate head group, 

was chosen 127. Since the charge interaction between the hydrogen sulfate head group 

and the TFB did not show satisfactory results, the intercalation of TFB with the 

hydrophobic squalenyl moiety was desirable. Therefore, the pH of the aqueous solution 

was controlled to repress the water solubility of TFB 127. However, a topical skin application 

was desired. Therefore, the pH of the skin had to be taken into account. As a compromise 

for both desired aspects, the final formulation had a pH of ~ 6.3 127. The TFB-loaded 

NDDS demonstrated an impressive drug loading capacity of ~ 20 % (w/w) and an 

enhanced solubility of TFB of up to 40 times compared to the plain drug formulation 127. 

After the successful development of TFB SqD NPs was achieved, the targeted 

delivery of TFB into HFs had to be investigated. The HF penetration of the NDDS 

and the delivery of TFB into the HFs was studied in the ex vivo pig ear model 127. 

Unfortunately, the differential stripping method could not be used to determine the TFB 

amount delivered into HFs by NDDS in the ex vivo pig ear skin model 127. The polymerized 

cyanoacrylate interfered with TFB in the analytical method, so another method to 

determine the amount deposited into HFs had to be found. Accordingly, the skin 

surface cleaning step of the differential stripping method 119 was combined with the “single 

HF harvesting method” 63 (for further information on the methods see section 1.5.4.) to 

reap the benefits of each method: open HFs by retaining pig ear skin on the cartilage 119, 

differentiation between formulation amount remaining on skin surface and amount 

penetrated into HFs 113,119, no disturbance of the analytical method caused by additional 

substances 63, and determination of mass balance 119. Therefore, after skin surface 

cleaning by tape stripping 113,119, the application area was divided into two halves. On one 

half all HFs were punched by a 1 mm diameter punch biopsy, on the other half the same 

amount of interfollicular skin biopsies were taken 127. For mass balance purposes all 

devices and the skin rest coming into contact with the formulation were extracted and 
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analyzed 127. Apart from the TFB SqD NPs formulation, aqueous drug formulations as well 

as an acetone:DMSO drug solution were studied 127. The TFB acetone:DMSO solution 

was chosen for comparison reasons to a previous study 128. In this previous study, topically 

applied TFB acetone:DMSO solution demonstrated a reduction of ear swelling 24 hours 

after the challenging with allergen in an in vivo dermatitis mouse model 129 as compared to 

the control group, using a drug-free acetone:DMSO solution 128. To investigate the 

biological effect of TFB, the in vivo dermatitis mouse model was chosen, where the 

TFB acetone:DMSO solution could serve as a positive control.  

The ex vivo pig ear model clearly demonstrated higher impact of follicular delivery 

compared to interfollicular skin penetration and permeation 127. Moreover, the TFB-loaded 

NDDS delivered a significantly larger amount of TFB into HFs compared to aqueous drug 

solutions 127. The TFB acetone:DMSO solution transported similar amounts of TFB as the 

NDDS to follicular skin, but slightly higher ones to interfollicular skin 127. Interestingly, as 

the only tested formulation, TFB acetone:DMSO solution did not meet the mass balance 

criteria 127. By the in vivo dermatitis mouse model TFB acetone:DMSO solution showed a 

significant difference in ear swelling reduction in comparison to the drug-free control group 

127. Moreover, the TFB SqD NPs demonstrated a biological effect by reducing ear swelling 

after a 24-hour allergen challenge 127. 

 

These approaches and findings are further addressed by the publication: “Tofacitinib 

Loaded Squalenyl Nanoparticles for Targeted Follicular Delivery in Inflammatory 

Skin Diseases”.  

Rebekka Christmann, Duy-Khiet Ho, Jenny Wilzopolski, Sangeun Lee, Marcus Koch, Brigitta 

Loretz, Thomas Vogt, Wolfgang Bäumer, Ulrich F. Schaefer, Claus-Michael Lehr; Pharmaceutics 

(2020) 12, 1131. 

DOI: 10.3390/pharmaceutics12121131 

Reprinted from Pharmaceutics, Tofacitinib Loaded Squalenyl Nanoparticles for Targeted Follicular 

Delivery in Inflammatory Skin Diseases; Rebekka Christmann, Duy-Khiet Ho, Jenny Wilzopolski, 

Sangeun Lee, Marcus Koch, Brigitta Loretz, Thomas Vogt, Wolfgang Bäumer, Ulrich F. Schaefer, 

and Claus-Michael Lehr; Pharmaceutics (2020) 12, 1131.  

“Copyright © (2020) by the authors. Licensee MDPI, Basel, Switzerland. This article is an open 

access article distributed under the terms and conditions of the Creative Commons Attribution (CC 

BY) license (http://creativecommons.org/licenses/by/4.0/)” 127.  

http://creativecommons.org/licenses/by/4.0/
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3. DISCUSSION 

The investigations presented in this thesis offer several new insights into a safer and 

targeted follicular drug delivery in the treatment of AA: 

The in vivo study on NP uptake into human scalp HFs is an important first step to gain 

insights into the possibility of depositing NPs in AA-affected human scalp HFs. These 

findings are of enormous importance since the postulated gear pump mechanism for NP 

uptake into HFs involves the hair shaft’s outer cuticle cells 91,102. However, AA-affected 

human scalp skin HFs present an intact HF without a hair shaft. Therefore, the key 

question, of whether targeted delivery via NDDS into AA-affected HFs is feasible had to be 

addressed. Fortunately, the deposition of NPs inside AA-affected scalp HFs could be 

demonstrated, in addition to the NP uptake into healthy hairy human scalp HFs and hairy 

scalp HFs of body donors 122. No significant differences were found between the NP 

uptake into healthy hairy scalp HFs and hairy HFs of body donors. However, 9 out of 15 

application areas had to be excluded in the study group of the body donors due to failed 

mass balance 130 and problems during the differential stripping performance 122. Therefore, 

the protocol would have to be further enhanced to use the body donor scalp as a potential 

model for further investigations. Here, a deeper focus should be on the skin status (aged 

skin, very dry skin, presence of dandruff, changes over time (post-mortem interval)). 

Furthermore, no significant differences in the NP uptake into a single HF between different 

hair types and the presence or absence of a hair shaft were discovered 122. This leads to 

the conclusion that the amount of follicular-deposited NPs on an application area depends 

on HF density, but is independent of HF types and hair shaft presence 122. 

The next aim of the thesis was the development of a NDDS for targeted follicular delivery 

in the treatment of AA. The JAK inhibitor TFB was selected as a potent drug. Loading 

processes of TFB to classical NDDS, e.g., based on PLGA or PCL, failed. Difficulties 

arose from the pH dependent water solubility 123, the weak chemical reactivity for chemical 

conjugation 74, and the instability in aqueous basic solutions 124,125 of TFB. SqD NPs were 

selected as a suitable choice of a NDDS for the targeted follicular delivery of TFB, with the 

NDDS similar to the natural environment by consisting of squalene, which is one of the 

major components in human sebum 78. Moreover, the possibility to achieve high drug 

loading capacity influenced the choice 68,126. Broader investigations into the versatile 

NDDS platforms of SqDs gave important insights into the biocompatibility, stability in 

physiological pH environments, and drug loading processes 126. For dexamethasone, a 

representative for glucocorticoids, an impressive drug loading capacity was achieved in all 

SqDs of ~ 32 to 35 % (w/w) 126. Since glucocorticoids play an important role in topical 
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treatment of skin diseases, these results are very encouraging and further investigations of 

SqD NPs loaded with glucocorticoids for targeted follicular topical delivery should be 

conducted in the future. This leads to the ability to develop a protocol for the 

manufacturing of TFB SqD NPs with a satisfying drug loading capacity of 20 % and an 

enhanced drug solubility 127.  

Follicular drug delivery investigations on the ex vivo pig ear model demonstrated a 

maximized follicular delivery by TFB SqD NPs in comparison to aqueous drug solutions 

127. Moreover, the higher impact of follicular compared to interfollicular skin on permeation 

and penetration was stressed, which is in agreement with previous findings 88. Further 

investigation of the biological effect of TFB was done in an in vivo dermatitis mouse model 

129. A previous study demonstrated in this model a significant effect of TFB acetone:DMSO 

solution by the reduction of inflammatory response in comparison to a drug-free control 

acetone:DMSO solution 128. This model was chosen, instead of an AA mouse model, to 

study the biological in vivo response of TFB delivered by SqD NPs for several reasons: 

excellent experience with the mouse model existed, a positive control was available with 

the TFB acetone:DMSO solution, and the application of TFB SqD NPs could be 

investigated for other skin diseases that might benefit from a targeted TFB delivery 127–129. 

So, building on these previous results opened the possibility to gain first insights, if the 

targeted follicular drug delivery can evoke a biological response. Data from the in vivo 

dermatitis mouse model revealed a biological effect of TFB delivered by SqD NDDS 127. 

Even though, in the ex vivo pig ear model, the TFB acetone:DMSO solution demonstrated 

similar follicular penetration effects as the TFB SqD NP formulation, the interfollicular skin 

permeation and penetration was enhanced. In the in vivo dermatitis mouse model TFB 

acetone:DMSO solution demonstrated a significant reduction in ear swelling compared to 

drug-free acetone:DMSO solution 127. By taking the results of in vivo and ex vivo 

investigations together, the enhanced effect in vivo by TFB acetone:DMSO solution could 

result from combined follicular and interfollicular skin penetration 127. In addition, the 

missing mass balance hinted at an uncontrolled and fast penetration into the skin 127. 

However, an acetone:DMSO formulation cannot be considered a suitable drug delivery 

system. Even though DMSO is often used in preclinical studies, mostly due to its good 

penetration enhancing and drug solubilizing effects, it can alter and influence biological 

processes 131,132. This makes TFB-loaded SqD NPs without organic solvents the safer 

option and moreover, enables controlled, targeted, and maximized drug delivery into the 

HFs. 
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4. CONCLUSION & OUTLOOK 

In conclusion, this thesis demonstrates that NDDS are able to penetrate inside hairless 

and hairy scalp HFs. Therefore, proof of concept for follicular delivery by NDDS in the 

treatment of AA and other skin diseases to facilitate a targeted and thereby safer drug 

delivery was provided 122. The setup of a drug depot inside the HFs seems especially 

beneficial in long-term treatment. The subsequent development and investigation of the 

TFB SqD NPs supports the findings by demonstrating excellent follicular drug delivery and 

a biological effect 127. These investigations confirmed that follicular targeting via drug-

loaded NDDS is a highly desired drug delivery strategy for safe and effective treatment of 

skin diseases like AA and others such as acne. For AA, further investigations regarding 

NP penetration into the AA-affected HFs should focus on the penetration depths. Previous 

studies highlighted that a long-term continuous treatment seems to be necessary for a 

successful therapy of AA 53,54. Therefore, the drug-loaded NDDS could serve as a safe 

low-dose, long-term treatment of a potent drug in AA by residing inside the HF as a drug 

depot and releasing the drug in a controlled manner. This can reduce the application times 

and enhance patient compliance. Moreover, due to the adjusted low drug amount, only 

targeted drug effects would take place and prevent high systemic and intradermal drug 

levels by the minimization of interfollicular drug permeation 64,82,121,133. However, an 

important proof of concept is still missing as no demonstration exists of the beneficial 

effects in vivo and the enhanced biological effects for targeted drug delivery into HFs by 

NDDS. With the biological response evoked in the dermatitis mouse model the first step is 

done 127. Further studies should focus on a sufficient drug dose to result in desired 

biological responses. The use of humanized mouse models, like the AA humanized mouse 

model, is desperately needed as the biological effect could be studied in human HFs 134,135. 

If further investigations can confirm these promising findings, the next steps should focus 

on the performance of clinical trials to facilitate the translation into medical  clinics. 
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