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1. Introduction 

 

People suffering from inflammatory skin diseases are increasing within the last decades 

among the population of the developed world.1,2 Often underestimated, inflammatory skin 

diseases, like atopic dermatitis and psoriasis, lead not only to physiological but also to 

psychological burden.3,4 Modern medicine developed potent drugs and therapies for the 

treatment of those diseases.5,6 However, an efficient drug transport towards the site of action, 

going hand in hand with lowering the risk of adverse effects, still is challenging.  

Topical treatment of inflammatory skin diseases can benefit from nanoscopic drug delivery 

systems in many ways. The penetration of weak penetrating drugs can be enhanced, drug 

release over time can benefit from drug reservoirs within the skin, and triggered drug release 

can be used to confine the drug exposed region to the site of action.7,8 A variety of nanoscopic 

drug carriers have been developed for this purpose. Examples given are core multishell 

nanocarriers, micelles, microemulsions, nanogels, or nanocrystals.9  

However, topical treatments by using nanocarriers can also have adverse effects. 

Cytotoxicity and genotoxicity may occur; especially for nanocarriers penetrating into viable 

parts of the skin.10 Thus, toxicity tests but also the penetration characteristics of nanocarriers 

must be investigated.  

The Collaborative Research Center 1112 – Nanocarriers “Architecture, Transport, and 

Topical Application of Drugs for Therapeutic Use“ was formed to improve the scientific 

foundations for topical treatment of inflammatory skin diseases by the use of nanoscopic 

drug delivery systems. Thereby, different fields of research, namely chemistry, dermatology, 

pharmaceutical technology, pharmacology, physical chemistry, physics, and veterinary 

medicine were combined. This work, as a contribution from physical chemistry, is focused 

on label free spectromicroscopy on the penetration of drugs and nanocarriers in skin. The 

aim of this work is to deepen the understanding of nanocarriers and drug penetration 

characteristics in skin. 

Nanocarrier penetration into human skin and the subsequent release of their cargo was 

already reported by fluorescence microscopy.11,12 However, the influence of labels onto the 

nanocarrier penetration is not fully known yet. While the size of the fluorescent label 

compared to the nanocarrier size implies only small differences in skin penetration compared 

to unlabeled nanocarriers, it can be substantially different for labeled low molecular weight 

drugs. Thus, the use of label-free methods in spectromicroscopy could reveal new insights 
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into the penetration of drugs and nanocarriers in skin, X-ray microscopy and stimulated 

Raman microscopy fulfill those needs.13,14 In addition to its chemical selectivity, X-ray 

microscopy benefits from its high spatial resolution.15 Spatial resolutions down to 10 nm and 

even below were reported.16,17 Also, X-ray microscopy has the advantage that the amount of 

drugs within the area of investigation can be calculated according to Beer’s law. However, 

X-ray microscopy relies on a tunable X-ray source, such as a synchrotron radiation facility. 

Therefore, experimental time is limited. In contrast, stimulated Raman microscopy has the 

advantage of being available at any time once a stimulated Raman microscope has been set 

up. While lacking in spatial resolution, compared to X-ray microscopy, a stimulated Raman 

microscope is capable of scanning larger sample regions within a reasonable amount of time.  

As part of this work a unique stimulated Raman microscope has been developed, which 

combines stimulated Raman microscopy with life science techniques. The reported setup 

utilizes stimulated Raman microscopy together with fluorescence microscopy, bright field 

microscopy, phase contrast microscopy and hyper-spectral imaging to increase the insights 

into the sample of interest.  

Results of both label-free techniques are used and combined to analyze the penetration 

characteristics and the penetration mechanism of drugs and nanoscopic drug delivery 

systems.  
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2. Theoretical Background 

 

The work covered in this thesis was conducted in collaboration with different fields of 

scientific research. Therefore, the theoretical background covers topics related to pharmacy, 

medicine, veterinary medicine, chemistry, physics, and physical chemistry. This Chapter 

will focus briefly on most important topics related to this work, namely skin, inflammatory 

skin diseases, drugs, nanocarriers, and label-free spectromicroscopy methods. 

2.1 Human Skin 

Skin is crucial for the survival of human beings. It prevents from uptake of pathogens, it 

regulates the body temperature, protects from unregulated water loss, and it shields the body 

from UV radiation.18,19 The human skin is the largest sensory organ and it fulfills an 

important role within the human metabolism, the production of vitamin D.20 However, there 

are various inflammatory skin diseases which can affect the functionality of the human skin 

e.g. atopic dermatitis or psoriasis. While modern medicine has found potent drugs for the 

topical treatment of inflammatory skin diseases, an efficient drug transport to the site of 

action still is challenging. Here, the protective function of the skin, hindering the drug 

penetration, is clearly a disadvantage. Therefore, high amounts of drugs for topical treatment 

or even systemic treatments are used causing significant adverse effects.21 The intake of 

substances by the skin was never vital for human beings, in fact shielding from pathogens 

is. Therefore, the skin is equipped with multiple defense mechanisms against pathogens but 

also active defenses like immune cells.22,23 

The human skin consists of multiple skin layers. One can distinguish between three main 

skin layers: the epidermis, the dermis, and the subcutis. The epidermis again can be separated 

into the stratum corneum, the stratum granulosum, the stratum spinosum, and the stratum 

basale, see Figure 2.1.1. In Figure 2.1.1 a skin cross section from optical microscopy of 

human skin is shown. Different skin layers and keratinocytes are indicated. In this Chapter, 

the function of the skin as a barrier will be discussed. 
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Fig. 2.1.1: Optical micrograph of human skin cross section. The dermis and the epidermis 

with its sub-layers, the stratum corneum, the stratum granulosum, the stratum spinosum, 

and the stratum basale are indicated. Examples for keratinocyte nuclei are highlighted by 

black arrows. 

 

Within the following Section the term “viable epidermis” will be used for the viable part of 

the epidermis excluding the stratum corneum. Only when it is necessary the specific sub-

layers will be pointed out.  

Keratinocytes are the major constituent of the epidermis and can be found all over the 

epidermis in different conditions.22 Keratinocytes, with their origin in epidermal stem cells 

at the basal layer, undergo a differentiation process during their proliferation to the stratum 

corneum, forming the individual layers of the epidermis. Metabolically active keratinocytes 

can be found within the stratum spinosum. During their differentiation process they 

synthesize different keratins, glutamine, and lysine-rich proteins which are stored within the 

inner surface of the cell’s plasma membrane. During this process also lipids are subsequently 

released to the intercellular space of the stratum granulosum and the stratum corneum. When 

reaching the stratum granulosum keratinocytes stop producing keratin. Instead, they 

synthesize protein like filaggrin and enzymes which are involved in packing and cross 

linking of the keratin filaments. During this process also the metabolic activity of the 

keratinocytes drops down. Undergoing their last differentiation step keratinocytes will lose 
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their nuclei becoming corneocytes forming the stratum corneum together with the 

extracellular lipid matrix.24 By continuous keratinocyte production and differentiation the 

epidermis is replacing itself in a 48 day cycle.25 This is necessary since the epidermis forms 

the topmost layer of the skin, which is continuously removed by abrasion.  

The stratum corneum, the topmost sub-layer of the epidermis, is usually explained by using 

a bricks and mortar model where the corneocytes are described by bricks and the lipid layer 

is visualized as mortar, see Figure 2.1.2.26,27  

The stratum corneum is the main barrier of our skin and prevents the body from unwanted 

uptake of pathogens and water loss.28,29 This is due to multiple layers of hydrophilic and 

lipophilic sections. In the bricks and mortar model the lipid matrix represents the lipophilic 

part of the stratum corneum with hydrophobic characteristics. Corneocytes, however, tend 

to be accessible by water. The average thickness of the human stratum corneum was 

calculated to 8.7 µm to 12.9 µm with an average cell layer number of 15.6 to 22.8 layers.22 

A single layer of the stratum corneum consists of 1.6 ∙ 106 corneocytes/cm².30 

 

Fig. 2.1.2: Bricks and mortar model of the stratum corneum. Corneocytes (bricks) and the 

lipid matrix (mortar) are indicated.  

 

The thickness of the viable epidermis strongly depends on the body site. The common 

thickness of the viable epidermis ranges often from 40 µm to 50 µm. However, on the wrists 

and back of the hands it increases to roughly 80 µm and further increases to around 400 µm 

for the front of the fingers.22 
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Compared to the viable epidermis the stratum corneum is relatively thin. Still the stratum 

corneum represents the skin’s main barrier. This is of great disadvantage for the treatment 

of inflammatory skin diseases. Also, differences in water content can be observed for 

different skin layers and sub-layers. In general, the water content in skin is increasing with 

increasing depth slowing the penetration of hydrophobic drugs.31 While smaller molecules 

can pass the stratum corneum, even if slowed down, the penetration efficiency decreases 

with increasing molecular weight. The upper limit for the molecular weight regarding 

effective skin penetration is well described by the 500 Dalton rule.32 The 500 Dalton rule 

states that compounds with a molecular weight above 500 Da will not penetrate efficiently 

the physicochemical barrier of the skin. As a result, potent drugs such as tacrolimus, with a 

molecular weight of 822.046 Da, will not reach the site of action if topically applied to 

human skin. Alternative drug penetration routes, to overcome the stratum corneum, have 

been under detailed investigation; e.g. drug penetration through hair follicles.33 Hair follicles 

reach into the dermis, pierce through the epidermis, and therefore, can be used as an 

alternative route to bypass the skin main barrier. However, also the hair follicles are act as a 

barrier. Still, penetration of high-molecular substances faces similar issues when comparing 

to topical treatment. However, hair follicles can act as a drug reservoir aiming on a slow but 

constant penetration over a longer period. 

In addition to the stratum corneum also tight junctions, located in the stratum granulosum, 

are discussed to have barrier characteristics for topically applied drugs.34,35 A barrier-like 

behavior at the epidermal-dermal border within the region of the basal layer is observed and 

will be discussed in this work.36 The main components of the basal layer are the proteins of 

type IV collagen and laminin.37 

Unlike the epidermis, the dermis is part of the transport system of the lymph and blood 

vessels. The lymph and blood vessels can be found all over the dermis and extent up to the 

basal membrane.38 Also, nerves terminate within the dermis without reaching the epidermis. 

Therefore, drugs or nanocarriers reaching the dermis are systemically available by reaching 

the circulatory system of the organism. The dermis is made of collagen fibers and elastin 

embedded in mucopolysaccharide networks.22 Hairs, except for terminal hairs, have their 

origin within the dermis as the sweat glands. 

The subcutis is localized below the epidermis and is made of fat cells and collagen fibers. 

Here, differences between female and male skin can be observed.39 The collagen fibers in 

female skin form a vertical structure, while in male skin additional diagonal cross-striation 

formations of collagen fibers can be observed.40 The subcutis is also part of the lymph and 
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blood vessel systems, as the epidermis. The roots of terminal hairs, scalp, and pubic hairs 

are located within the subcutis. 

Another important cell type found within skin’s epidermis are Langerhans cells. Langerhans 

cells are part of the skin’s defense against environmental pathogens and act as, among other 

defensive functions, antigen-presenting cells.23 The skin immune defense is a very complex 

system. It reaches from keratinocytes as a sensor for danger (immune response by ligation 

of Toll-like receptors by pathogen-associated molecular patterns), Langerhans cells 

(antigen-presenting function), inflammatory dendric epidermal cells (respond to antibody-

allergen complexes), dermal dendric cells (antigen presenting, cytokine and chemokine 

secretion), inflammatory dendric cells (TNF and nitric oxide production), macrophages 

(antimicrobial, production of pro- and anti-inflammatory mediators), to plasmacytoid 

dendric cells (IFNα production, involved in psoriasis and recognition of self-DNA-LL37 

complexes).41 

With its multilayered structure, skin is efficient in defending the human body against 

pathogens and mechanical impact, while also making the topical drug application 

challenging. Understanding each skin layer will help improving the topical treatment of 

inflammatory skin diseases by adapting drug formulations to the specific skin properties. 

Murine Skin and Induced Inflammatory Skin Diseases 

Animal testing has been subject of intense discussions.42,43 Reducing the amount of animal 

testing is desired, especially if the 3R Principle (Replacement-Reduction-Refinement) is 

considered.44–46 However, in some cases animal testing is necessary. While human skin, for 

research purpose, is available in limited amounts, inflamed human skin is even more difficult 

to receive for research from patients. Since drug penetration properties can be significantly 

different for inflamed and healthy human skin, tests also must be conducted on inflamed 

skin. Therefore, inflamed animal skin, with characteristics similar to that of human skin, is 

required for such research. Similarities between human and animal skin are found for 

rodents. In this work, two types of mice were used for animal testing, hairless SKH1 and 

BALB/c mice.47 The histology for murine skin and human skin is similar, but not the same.48 

For example, the stratum corneum and the viable epidermis of healthy murine skin are 

significantly thinner than in human skin. However, a detailed discussion on differences 

between human and murine skin would exceed the scope of this Introduction. Therefore, if 

necessary, characteristic differences between human and murine skin will be pointed out 

further below, whenever this is needed. In general, the subdivision of murine skin into the 
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epidermis, dermis, and subcutis with all the sub layers, e.g. the stratum corneum, is similar 

to human skin.  

Inflammatory skin diseases in mice were induced by different techniques either leading to a 

psoriasis like or an atopic dermatitis like skin disease. For psoriasis-like inflammatory skin 

disease BALB/c mice were used. Here, a TOLL-like receptor agonist which act as a immune 

response modifier, imiquimod (1-isobutyl-1H-imidazo[4,5-c]quinolin-4-amine, 𝐶14𝐻16𝑁4) 

was used. Imiquimod binds to immune cells and induces an inflammation by activation of 

the immune cells.49 Imiquimod cream was applied for 5 to 7 days on one flank of the mouse. 

This has the advantage to receive from one mouse both, intact and inflamed skin samples. 

BALB/c mice are not hairless. Therefore, two days prior to the imiquimod treatment, the 

mice were treated with Veet cream to remove the hairs. 

Hairless SKH1 mice were used for experiments on atopic dermatitis-like inflammatory skin 

diseases. Note that SKH1 mice do have a working immune system which is necessary to 

induce an inflammation. The atopic dermatitis was induced by exposing the murine skin in 

vivo to allergens. Here, oxazolone was used as an allergen50, which was applied topically 

onto the murine skin in vivo.50 When applied for the first time, no inflammation will occur. 

However, antibodies countering oxazolone will be produced by the murine immune system. 

After a waiting period of 7 days oxazolone was applied onto the murine skin continuously, 

in a two-day cycle, until a constant intensity of inflammation was reached. 

After psoriasis- or atopic dermatitis-like inflammation was induced, the mice were 

sacrificed, and the inflamed parts of the skin were extracted. Compared to human skin, the 

available skin areas are quite limited in size. While for excised human skin usually skin 

sections of 4 cm² were used for treatment of an area of 1 cm², the size of murine skin samples 

is usually below 0.5 cm². Topical treatment of the small skin areas was conducted carefully 

by avoiding any drug flow around the edges of the skin sections. In Figure 2.1.3 skin 

extracted murine skin sections are shown.  
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Fig. 2.1.3: Typical murine skin sections for topical treatment. 

 

The size of the murine skin sections in Figure 2.1.3 clearly indicates the challenge when 

treating them with drug formulations. 

2.2 Inflammatory Skin Diseases and Topical Treatment 

Inflammatory skin diseases, often associated with allergies and asthma, are increasing within 

the last decades among the population of the developed world.1,2 Two common inflammatory 

skin diseases, significantly decreasing the patient’s quality of life, will be discussed within 

the further text, namely atopic dermatitis and psoriasis.51–54 

Atopic Dermatitis 

Atopic dermatitis is a chronic inflammatory skin disease where a cutaneous hyperreactivity 

can be triggered by environmental influences leading to its typical visual characteristics of 

red, cracked, and swollen skin.55 The diseased part of the skin also results in an itchy skin, 

decreasing the patient’s health-related quality of life significantly.51 Atopic dermatitis leads 

to a dysfunction of the skin barrier affecting the transepidermal water loss and the intake of 

unwanted substances.28,56,57 Therefore, the loss in barrier function is discussed to cause also 

asthma and allergies by the increased uptake of allergens.57,58 The reason for the decreased 

barrier function, despite mechanical damage by itching, can be found in an altered lipid 

composition within the stratum corneum.59  

The number of people affected by atopic dermatitis is increasing in the developed world.60 

However, the prevalence of atopic dermatitis is significant lower for agricultural areas.55 

While genetic predisposition seems to play a significant role in developing atopic dermatitis, 

it cannot explain the significant increase in atopic dermatitis diseased people within the 
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developed world.2,61 Therefore, despite genetic predisposition, evidence increases that 

environmental influences have a significant impact on the development of atopic dermatitis. 

Food, aeroallergen, and decreased bacterial stimulation caused by increased hygienic 

standards and the use of antibiotics are discussed to be a reason.55 An example for the genetic 

predisposition of developing atopic dermatitis is the loss of function by mutation of the 

filaggrin gene, which is responsible for the terminal differentiation of keratinocytes.62 It 

should be mentioned that the reasons for developing atopic dermatitis are still under 

discussion.63 Several studies have shown that the activation of multiple complex 

immunologic and inflammatory pathways can lead to this inflammatory skin disease.55,64 

Typically atopic dermatitis presents during the childhood with a lifetime prevalence of 10% 

- 20% and can last into the adulthood by 1% - 3%.55 In Figure 2.2.1 atopic dermatitis diseased 

skin of a 2-year-old child (female) is shown. Red colored lesions can be observed near the 

elbow.  

 

Fig. 2.2.1: Atopic dermatitis diseased skin of a 2-year-old child (female).  

 

One can distinguish between two types of atopic dermatitis, the allergic form (extrinsic) 

which affects 70% - 80% of all cases and the non-allergic form (intrinsic) affecting 20% - 

30% of the diseased people.65,66 The former type is caused by environmental allergens and 

is accompanied by an increased serum Immunoglobulin E level and an antibody playing an 

essential role in allergic diseases. For the latter form of atopic dermatitis, patients show no 

signs to allergen sensitization, which goes hand in hand with a low serum Immunoglobulin 

E level. Distinguishing between the two types of atopic dermatitis can be important 

regarding the treatment, e.g. for extrinsic atopic dermatitis it is important to avoid allergens. 

The treatment of atopic dermatitis depends on the degree of inflammation. For dry skin only, 

skin care using hydration cream and emollients are usually suggested for treatment. For mild 
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to moderate atopic dermatitis, in addition, corticosteroids and calcineurin inhibitors in 

amounts according to the degree of the atopic dermatitis are topically applied. In case of 

severe atopic dermatitis systemic or UV therapy has to be considered. In all cases triggering 

factors of atopic dermatitis, such as allergens, should be identified and avoided.5 

Psoriasis 

Psoriasis is an inflammatory skin disease with a high prevalence worldwide (2-3%).67,68 

Psoriasis is mediated by T cells, dendritic cells, cytokines, and chemokines.69 Similar to 

atopic dermatitis, psoriasis significantly decrease the quality of life of affected people.53,54 

A strong genetic predisposition can be observed for psoriasis as well as differences in the 

prevalence regarding climatic differences and environmental antigen exposure.70,71 In 

contrast to atopic dermatitis an increase in allergies and asthma is not observed for psoriasis 

suffering patients. However, an increase of other diseases can be observed, e.g. arthritis, 

diabetes, colitis, and hypertension.72  

Psoriasis is characterized by a thickened epidermis caused by hyperkeratosis, the increased 

differentiation and proliferation of keratinocytes.69 Also, an increased growth of dermal 

blood vessels is observed leading to characteristic red lesions, shown in Figure 2.2.2. 

Corneocytes within psoriasis diseased skin are often not terminally differentiated and contain 

a cell nucleus.73 In addition, the extracellular lipid matrix is not properly grown. 

Consequently, the stratum corneum fails to shield the human body efficiently from 

pathogens. 

 

Fig. 2.2.2 Psoriasis diseased skin of a 37-year-old male. The characteristic red lesions are 

covered by white plaque. 

In Figure 2.2.2 a typical example of psoriasis diseased skin is shown. The red lesions are 

covered by silvery-white scaly skin, called plaque. 
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Treatment of psoriasis depends on the degree of inflammation and on the disease’s impact 

on the patient’s life. The most common treatment of psoriasis is conducted by topically 

applying corticosteroid creams.74 Also topical immunomodulators, such as tacrolimus as 

well as other biological agents like alefacept, efalizumab, and etanercept can be used for 

psoriasis treatment.6 Tacrolimus can be used in creams, however, due to its mass of 822.05 

Da penetration towards the site of action is challenging. The biological agents alefacept 

(51801.25 g/mol), efalizumab (51234.9 g/mol), and etanercept (51235.07 g/mol) have a 

atomic mass of roughly 50 kDa and therefore, topical treatment is not possible. In fact, those 

agents are subcutaneously injected.75  Lately, biological therapies aiming at the tumor 

necrosis factor or T cells have become available.73 Also, treatment by UVB radiation for 

severe psoriasis is conducted.76 

2.3 Drugs and Nanoscopic Drug Delivery Systems 

This Thesis reports on different drugs and nanoscopic drug delivery systems, investigated 

regarding their penetration behavior into intact human and intact and diseased murine skin. 

Thereby, different characteristics and penetration mechanism were observed. This Chapter 

introduces the investigated drugs and nanoscopic drug delivery systems. All nanoscopic drug 

delivery systems were provided by collaborators within the CRC 1112 except for the 

micellar nanocarriers. Micellar nanocarriers were provided by Apidel SA (Geneva, 

Switzerland). 

Dexamethasone and Tacrolimus 

A well-known and widely used corticosteroid with anti-inflammatory characteristics is 

dexamethasone. The use of dexamethasone covers a wide range of treatments including the 

treatment of inflamed skin, pulmonary inflammation and eye inflammation.77–79 

The sum formula of dexamethasone is 𝐶22𝐻29𝐹𝑂5 . The structure of dexamethasone is 

visualized in Figure 2.3.1. Dexamethasone has a molecular weight of 392.47 Da and is 

practically insoluble in water with a logP value of 1.83.80 However, it is soluble in ethanol, 

methanol, acetone, dioxane, and chloroform.81 Dexamethasone was purchased from Sigma 

Aldrich with a purity of > 98%. 
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Fig. 2.3.1: Structure of dexamethasone. 

 

Apart from dexamethasone, also the topical application of tacrolimus on skin was 

investigated. Tacrolimus is a macrolide lactone and is used as an immunosuppressant drug. 

Tacrolimus can be used to treat atopic dermatitis, but it is also used for organ 

transplantation.82–84 The sum formula of tacrolimus is 𝐶44𝐻69𝑁𝑂12 . Its structure is 

visualized in Figure 2.3.2. Tacrolimus has a molecular weight of 822.046 Da and is insoluble 

in water with a logP value of 3.3.85 However, tacrolimus is soluble in methanol, ethanol, 

acetone, ethyl acetate, chloroform, and diethyl ether.86 Tacrolimus was purchased from LC 

Labs with a purity of > 99%. 

 

Fig. 2.3.2: Structure of tacrolimus.  

 

The structures of the drugs were visualized by ChemDraw Professional.87  
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Nanoscopic Drug Delivery Systems – Core Multishell Nanocarriers, Micellar 

Nanocarriers, and Thermoresponsive Nanogel 

Apart from standard drug formulation, such as cremes, improved formulations utilizing 

nanoscopic drug delivery systems were investigated. Also, to compare the penetration 

characteristics of the neat drug, drug dissolved in ethanol was used to achieve detectable 

concentrations of drugs. In this work the use of core multishell nanocarriers, micellar 

nanocarriers, and thermoresponsive nanogel is reported. For thermoresponsive nanogels, 

apart from the neat penetration characteristics, also triggering of the drug release and its 

impact on the drug penetration is investigated. For subsequent work also nanocarriers 

utilizing other triggering mechanism might be of interest such as nanocarriers sensitive to 

PH, redox gradient, enzyme concentration, ultrasound, magnetic field, light, and electric 

pulses.88 

Core multishell nanocarriers, for skin penetration experiments, were provided by 

collaboration partners from Freie Universität Berlin (AG Haag).89 The nanocarriers were 

made of three building blocks, the core, the inner shell, and the outer shell. A schematic 

description of the core multishell nanocarriers is shown in Figure 2.3.3. Thereby each 

building block has different characteristics. The core multishell nanocarriers are made of a 

polar core, a nonpolar inner shell, and a hydrophilic outer shell. Thus, nanocarriers can 

transport hydrophilic as well as hydrophobic agents. Transport of the encapsulated drugs is 

conducted by penetration of the nanocarriers into the skin.  

 

 

Fig. 2.3.3: Schematics of core multishell nanocarriers. All three building blocks, the core, the 

inner shell, and the outer shell are indicated. The structure of the inner and outer shells is 

included in the bottom part. 
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The core of the core multishell nanocarriers is made of hyperbranched polyglycerol (hPG) 

with 10 kDa in molecular weight. The inner and outer shell of the core multishell 

nanocarriers are made by linking Methoxy poly(ethyleneglycol) with a molecular weight of 

350 g/mol (mPEG350) to the polyglycerol core. The mPEG350 was purchased from Acros 

Organics (Geel, Belgium). All other chemicals were purchased from Sigma Aldrich 

(Taufkirchen, Germany). The nanocarriers had a size of around 10 nm and a molecular mass 

ranging from 60 kDa to 80 kDa. The synthesis of the core-multishell nanocarriers has been 

reported in detail before.12,90,91 Loading of the core-multishell nanocarriers was conducted 

by dissolving 11.3 mg core-multishell nanocarriers with 2.0 mg dexamethasone in 200 µL 

ethanol within a screw cap vial. Subsequently, the ethanol was removed by a rotary 

evaporator and drying overnight within a drying oven at 60 °C.89 Thus, a drug load of 

approximately 5% was achieved.89,92 

Micellar nanocarriers were provided by Apidel SA (Geneva, Switzerland) for topical 

delivery of tacrolimus, called ApidSOLTM. ApidSOLTM is based on methoxy poly-ethylene 

glycol (mPEG) and Poly(caprylic acid) co-polymers. The drug concentration within the 

ApidSOLTM formulation is around 0.7%. An enhanced topical delivery of tacrolimus 

compared to Protopic, the standard formulation of tacrolimus in petroleum jelly, has been 

reported before.93 

Furthermore, the use of thermoresponsive nanogels as a drug delivery system was 

investigated. Thermoresponsive nanogels can be characterized as a supramolecular network 

of cross linked polymeric units which can change their network structure when triggered 

inducing heat.94 Thermoresponsive nanogels were provided by collaborators from Freie 

Universität Berlin (AG Calderon). Nanogels are highly capable in the uptake of water; 

reaching up to 90% of their weight. The penetration mechanism, however, is different than 

compared to core multishell nanocarriers for example. Thermoresponsive nanogels are 

assumed to hydrate the stratum corneum of the skin, making it more permeable to topically 

applied formulations, as reported previously.95,96 Here, poly(N-isopropylacrylamide), 

pNIPAM, and di(ethylene glycol) methyl ether methacrylate - co - oligo ethylene glycol 

methacrylate (DEGMA-co-OEGMA475), OEG, nanogels were used for skin penetration 

experiments. The synthesis of the used thermoresponsive nanogels by the AG Calderon has 

been reported in literature.97 The size of the thermoresponsive nanogels ranged from (95 ±2) 𝑛𝑚 (pNIPAM) to (112 ± 2) 𝑛𝑚 (OEG). Triggering of the thermoresponsive nanogels is 

induced by IR radiation (Philips Infrared RI 1521, 30 s, 116.8 mW, 3.9 mJ/cm²).97 Thereby, 

the nanogel shrinks and the encapsulated drug is released. For triggering of the 
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thermoresponsive nanogel it is important that the IR radiation induced temperature of the 

thermoresponse nanogel exceed the cloud point ( 𝑇𝐶𝑃 ). The cloud temperature for the 

pNIPAM nanogels used for this work was determined to be 34 °C. 

2.4 Label Free Spectromicroscopy 

The aim of this work is to determine penetration characteristics of drugs and nanocarriers in 

skin. Thus, when analyzing fixed skin sections ex vivo two types of information are needed: 

The spatial information on the structure under analysis and the amount of the species of 

interest, e.g. the drug, within the volume under investigation. Spectromicroscopy combines 

both pieces of information. 

Two different methods for label-free spectromicroscopy were utilized within this work, X-

ray microscopy and Stimulated Raman microscopy. Both setups and experimental methods 

are described in this Chapter. 

Scanning Transmission X-Ray Microscopy 

Scanning Transmission X-Ray microscopy was conducted at the UVSOR III facility (Ultra 

Violet Synchrotron Orbital Radiation) of the Institute of Molecular Science in Okazaki, 

Japan, at the BESSY II facility (Berliner Elektronenspeicherring-Gesellschaft für 

Synchrotronstrahlung) of the Helmholtz Zentrum in Berlin, Germany, and at the SLS (Swiss 

Light Source) of the Paul Scherrer Institute in Villigen, Switzerland.  

Thereby, X-rays of a selected photon energy were focused by a Fresnel zone plate onto the 

sample under investigation; subsequently the transmitted photons were measured by using a 

photon detector (diode or photomultiplier). In this work the use of photon energies between 

520 eV to 570 eV is reported. By moving the sample in x-y direction an area of interest was 

scanned. The chemical contrast between skin and species of interest is achieved by making 

use of a modifying the Beer-Lambert law. 

The Beer-Lambert law is shown in equation E2.4.1. 𝑙𝑛 ( 𝐼𝐼0) = 𝜎 ∙ 𝑁 ∙ 𝑑     (E2.4.1) 

According to the Beer-Lambert law 𝐼 is the transmitted light through the sample, 𝐼0 is the 

initial intensity of the incident radiation, 𝜎 is the absorption cross section of the species 

under investigation, 𝑁 is the density of particles within the investigated volume, and 𝑑 is the 

thickness of the sample. 
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The Beer-Lambert law describes the attenuation of incident radiation by matter. Thereby, 

the attenuation strength depends on the thickness of the sample, the particle concentration, 

and the absorption cross sections of the contained species. However, the Beer-Lambert law 

requires that the absorption only occurs due to the species of interest. Strong background 

absorption will lead to false values. Therefore, the Beer-Lambert law cannot be used to 

describe the attenuation of the incident radiation by a specific molecule of interest within a 

sample containing other absorbing species. To separate the absorption of different species 

some changes are necessary.  

The Beer-Lambert equation E2.4.1 is modified to: 𝑙𝑛 (𝐼𝐸2𝐼𝐸1) = 𝜎 ∙ 𝑁 ∙ 𝑑    (E2.4.2) 

; where 𝐼𝐸2 is the transmission at a photon energy for which the absorption cross section of 

the species of interest differs from the absorption of the background, while 𝐼𝐸1 describes a 

photon energy at which the absorption cross sections between the species of interest and the 

background are similar to each other. 

From Equation E2.4.2 follows that the transmission of the sample must be determined for 

two photon energies in the described manner to determine the amount of the species of 

interest within the sample material. The photon energies were carefully selected by making 

use of X-ray absorption spectra. 

Inner Shell Electron Excitation 

In this work X-ray spectroscopic and X-ray spectro-microscopic techniques are used for 

label-free detection of drugs and nanocarrier in skin. The chemical contrast between the 

species of interest and the surrounding, mostly skin, is obtained from the unique absorption 

characteristics of soft X-rays by the sample.  

X-ray absorption-based results reported in this work rely on the inner shell electron 

excitation of oxygen and carbon by soft X-rays. Thereby, the absorption cross section 𝜎 has 

a characteristic energy-dependent value. It defines the amount of electrons excited into a 

bound or continuum state for an atom or molecule per unit area, divided by the amount of 

incident photons.98 X-Ray absorption cross sections for Z = 1 to 94 atoms for photon energies 𝐸 = 100 𝑒𝑉 𝑡𝑜 2000 𝑒𝑉 were reported by Henke.99 The absorption cross section has the 

dimension of an area and is typically given in barn or cm². Thus, the absorption cross section 

can be treated as the effective area on which a photon is absorbed. The absorption cross 
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section 𝜎 can be calculated according to Fermi’s Golden Rule for the transition probability 𝑃𝑖𝑓 of an electron within the initial state |𝑖 > to the final state |𝑓 > and the photon flux 𝐹𝑝ℎ: 𝜎 = 𝑃𝑖𝑓𝐹𝑝ℎ     (E2.4.3) 

; where 𝑃𝑖𝑓  is the transition probability of an electron within the initial state and 𝐹𝑝ℎ is the 

photon flux. The transition probability 𝑃𝑖𝑓 is given by: 𝑃𝑖𝑓 = 2𝜋ℏ |< 𝑓|𝑉|𝑖 > |²𝜌(𝐸𝑓)      (E2.4.4) 

; here |< 𝑓|𝑉|𝑖 > is the matrix element of the perturbation operator 𝑉 , ℏ is the reduced 

Planck constant, and 𝜌(𝐸𝑓) is the energy density of the final state.98  

The photon flux 𝐹𝑝ℎ is given by: 𝐹𝑝ℎ = 𝐸02𝑐8𝜋ℏ𝜔     (E2.4.5) 

; with 𝐸0 the electric field, 𝑐 the speed of light, ℏ the reduced Planck constant, and 𝜔 the 

frequency.  

When discussing electron transition to bound states and intensities of resonances, often the 

optical oscillator strength 𝑓 is used, which is related to the cross section as follows:98 𝜎(𝐸) = 𝐶 𝑑𝑓𝑑𝐸     (E2.4.6) 

; where 𝐶 = 2𝜋2ℏ/𝑚𝑐. 

For this work electron transitions of 1s electrons into bound states are of importance. 

Resonant transitions can be determined from the molecular orbital concept.98 Within this 

work, X-ray absorption spectro-microsocpy is conducted on low-Z elements only, such as 

oxygen or carbon. The initial state is of 𝜎 symmetry, the final state is of 𝜎 or 𝜋 symmetry, 

depending on the involved p-orbital component. Thus, the contrast within the observed X-

ray spectromicroscopy images relies on differences in 1𝑠 → 𝜋∗  and 1𝑠 → 𝜎∗  transitions. 

The transition energy and the available molecular orbitals depend on the electronic structure 

of the molecule under investigation. Possible transitions into unoccupied states can be 

visualized by Molecular Orbital Theory. Molecular orbitals can be described by linear 

combination of atomic orbitals and can be described by addition and subtraction of atomic 

orbitals, called linear combination of atomic orbitals.100,101 The addition and subtraction of 

atomic orbital wave functions, of two atoms (a) and (b), result in bonding molecular orbitals. 𝜓𝑀𝑂 = 𝜓𝑎±𝜓𝑏     (E2.4.7) 
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; where 𝜓𝑀𝑂 is the wave function of the molecular orbital, while 𝜓𝑎 and 𝜓𝑏 are the wave 

function of the atomic orbitals, respectively. 

Available molecular orbitals also depend on the bond type between the involved atoms. 

Atoms bind via 𝜎  bonds result in 𝜎  bonding and anti-bonding molecular orbitals. An 

example for molecular 𝑂2 is shown in Figure 2.4.1.  

  

Fig. 2.4.1: Molecular orbitals for 𝑂2  are shown. The bonding and anti-bonding 𝜎  and 𝜋 

molecular orbitals and the atomic orbitals are indicated.  

 

In Figure 2.4.1 the 2𝑃𝑦 and the 2𝑃𝑧 atomic orbitals of both oxygen atoms contribute to the 𝜋 

bonding and anti-bonding molecular orbitals. The 1s, the 2s, and the 2𝑃𝑥 atomic orbitals 

contribute to the 𝜎 bonding and anti-bonding molecular orbitals. Taking 𝑂2 as an example, 1𝑠 → 𝜋∗ and 1𝑠 → 𝜎∗ transitions are possible, which will result in X-ray absorption features 

for both transition within the oxygen 1s absorption spectrum. The transition energy thereby 

depends on the probed bond, the atoms involved, and on the chemical surrounding, which 

will influence the energy of molecular orbitals. This can be well interpreted by the molecular 

orbital theory.102 The impact on the transition energies of the molecular orbitals can be 

observed by X-ray absorption spectroscopy.103 Thus, it is possible to distinguish different 
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chemical species according to the energy position of the 1𝑠 → 𝜋∗ and 1𝑠 → 𝜎∗ transitions. 

Example given, for this work, the selective excitation of dexamethasone in skin was 

conducted at one of its two carbonyl groups. The resonant structure, between 529 eV and 

533 eV, within the oxygen 1s spectra can be reasoned by the two carbonyl groups at C3 and 

C20 site.104,105 In this work the energetic lower resonance, centered at 531 eV, was used for 

selective excitation of dexamethasone, which could be related to the C3 site, the quinoic 

carbonyl. The higher portion of the resonance observed within the dexamethasone oxygen 

1s spectra, between 529 eV and 532 eV, is related to the C20 site. Thus, a chemical shift 

between both carbonyl groups could be observed, similar to when comparing the resonant 

structures at the oxygen 1s spectra of p-benzoquinone and acetone.104,106 In Figure 2.4.2 the 

oxygen 1s spectra of dexamethasone and skin is shown. One can clearly distinguish between 

skin and dexamethasone at its 1𝑠 → 𝜋∗  resonances. Next to the oxygen 1s spectra the 

skeletal structure of dexamethasone with its two carbonyl sites indicated is shown. Within 

the oxygen 1s spectra energies used for selective excitation of dexamethasone in skin are 

indicated. 

 

Fig. 2.4.2: (a) Oxygen 1𝑠  absorption spectra of human skin and (b) dexamethasone. 

Excitation energies, used for X-ray spectromicroscopy, at the pre-edge (528.0 eV) and at the 𝑂 1𝑠 → 𝜋∗ transition of dexamethasone (530.6 eV), are indicated by dashed lines. In (c) the 

skeletal structure of dexamethasone is shown. Oxygen atoms contributing to the 𝑂 1𝑠 → 𝜋∗ 

transition are indicated at the C3 and C20 site. 
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Experimental Setups for Scanning Transmission X-Ray Microscopy 

The scanning transmission X-ray microscope at the UVSOR III facility is located at the 

BL4U undulator beamline. A combination of an in-vacuum undulator together with a 

variable-included-angle Monk-Gillieson mounting monochromator was used for dispersing 

synchrotron radiation.107 The monochromator was equipped with a varied-line-spacing plane 

grating. The effective energy range reaches from 75 eV to 1000 eV. The transmitted photons 

were detected by using a photomultiplier tube and a phosphor screen (Hamamatsu R647P 

with a P43 scintillator). The energy resolution 𝐸/∆𝐸 is 3000 at an exit slit size of 50 µm. 

The measurements were conducted inside a vacuum recipient that was back-filled by 50 hPa 

helium. The recipient was separated from the ultrahigh vacuum of the beamline by a silicon 

nitride window. 

The scanning transmission X-ray microscope setup “Magnetic X-ray Microscope with UHV 

Spectroscopy” (MAXYMUS) at the BESSY II facility is located at the UE46-PGM-2 

undulator beamline. At MAXYMUS an apple type undulator together with a collimated 

plane grating (0.7° reflection angle) high flux monochromator, equipped either with a 600 

l/mm or a high resolution 1200 l/mm grating was used to disperse the photon energy. The 

covered energy range of this instrument reached from 150 eV to 1900 eV. The transmitted 

photons were detected using a photomultiplier tube and a phosphor screen (Hamamatsu 

C9744 with a P43 scintillator). The energy resolution 𝐸/∆𝐸 is 4000 at an exit slit size of 20 

µm. The experimental chamber was used under high vacuum conditions 10−4 𝑚𝑏𝑎𝑟 in the 

single bunch mode. 

At the Swiss Light Source the scanning transmission X-ray microscope at the PolLux 

bending magnet beamline was used.108 Two spherical gratings with 300 l/mm and 600 l/mm 

were used to access a photon energy range from 270 eV to 1600 eV. The transmitted photons 

were detected by using a photomultiplier tube and a phosphor screen (Hamamatsu 647P 

together with a P43 scintillator). The energy resolution 𝐸/∆𝐸 is 5000 at 400 eV photon 

energy when using an exit slit width of 10 µm. The measurements were conducted under 

high vacuum (10−3 𝑚𝑏𝑎𝑟).  

All three scanning transmission X-ray microscopes that were used in this work were built 

by Bruker Advanced Supercon GmbH (Bruker ASC). The design of the X-Ray microscopes 

was developed by North Carolina State University, the Advanced Light Source, and 

McMaster University.109 A schematic description of the setups is shown in Figure 2.4.3. The 
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beam path and crucial components for X-ray microscopy are highlighted. Firstly, the 

radiation at a selected photon energy hits the zone plate. The zone plate is crucial, since it 

focuses the photons onto the sample by diffraction and determines the spatial resolution of 

the X-ray microscope. The central beam stop suppresses zero order light, reducing the signal-

to-background ratio. An order sorting aperture is placed between the zone plate and the 

sample at roughly 0.75 times the focal distance. If aligned properly, the order sorting aperture 

only allows the positive first diffraction order to pass. Thus, radiation from unwanted 

diffraction orders is avoided leading again to a decreased background-to-noise ratio. 

Subsequently, after hitting the sample, the transmitted radiation is detected by the 

photodetector. 

 

Fig. 2.4.3: Schematic drawing of the scanning X-ray microscopy setup including the zone 

plate, the order sorting aperture, the detector, and the sample. The focal length is indicated 

by f.  

 

An implemented differential interferometer control allows for precise determination of the 

sample position with respect to the zone plate. Together with a closed-loop piezoelectric 

stage x,y imaging with a precision of 2 nm root mean square is possible. Due to the closed-

loop piezoelectric stage also drifts and vibrations are reduced by real-time communication 

between the interferometers and the piezoelectric stage. The piezoelectric stage was used for 
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fine and reproducible x,y imaging. However, for overview scans and sample positioning 

stepping motors were used. The stepping motors also come into play for approaching quickly 

specific regions of interest. 

All three X-ray microscopy setups used a combination of a P43 (𝐺𝑑2𝑂2𝑆: 𝑇𝑏) phosphor 

screens (scintillator) and photo-multiplier tubes to detect the transmitted X-rays. The 

scintillator converts the soft X-rays to visible light by photo luminescence which is 

subsequently detected by the photo-multiplier tube. P43 was chosen for the scintillator 

material due to its high efficiency when using photon energies in the regime of 150 eV to 

2000 eV and because of its stability during prolonged X-ray exposure.110 However, when 

using a P43 phosphor the dwell time for a single measuring point must be at least 1 ms or 

longer due to the long scintillator decay time of the P43 phosphor, which is around 1 ms.111 

This was of no concern for this experimental work. The dwell times used ranged typically 

from 1 ms to 2 ms.  

Experimental Requirements 

All reported measurements were conducted either at the oxygen 1s or carbon 1s absorption 

of around 533 eV and 286 eV, respectively. However, also photon energies for the 

investigation of the 1s-edges of other light elements, such as nitrogen, and fluorine were 

accessible at all three beamlines.112 

The excitation energies were carefully selected also considering the available energy 

resolution. The energy resolution within the region of interest ranged typically between 0.1 

eV and 0.2 eV. The spatial resolution was adapted to the structures under investigation. In 

this work X-ray microscopy measurements using a pixel size from 1 µm down to 50 nm are 

reported. Structures under investigation usually had a size of 100 nm to some µm. No 

significant drawbacks or advantages were observed when measuring under high vacuum or 

He backfilled (50 mbar) conditions, respectively. However, overheating of the X-ray 

microscope stepper motors must be considered when using the setup under high vacuum 

condition.  

The photon flux had to be carefully adjusted to the sample to avoid any sample damage. An 

important fact, which has to be considered is that organic materials, such as cells or tissue 

suffer in general from ionizing radiation.113,114 Therefore, the operating mode of the electron 

storage ring was of high importance for the MAXYMUS and PolLux setup. For both setups, 

the amount of photons per area and time, namely the brilliance (
𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑠∙𝑚𝑟𝑎𝑑2∙𝑚𝑚2∙0.1% 𝑏𝑎𝑛𝑑𝑤𝑖𝑡ℎ), 

was too high causing severe sample damage, especially in multi bunch mode. Single bunch 
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mode was mandatory. The operation modes, multi bunch and single bunch, describe the 

electron bucket population within the ring during operation. A higher electron population 

will yield into a higher number of emitted photons and therefore, into a higher brilliance. At 

the UVISOR III facility this issue was of no concern since the brilliance matched the 

experimental needs also in multi bunch mode and top-up operation of the storage ring.  

For X-ray spectro-microscopic measurements the degradation of biologicals samples was an 

issue. Therefore, samples were dehydrated and fixed into EPON resin.  

The time consumed by image and energy scans was similar for all three setups. A typical X-

ray microscopy image with a spatial dimension of 25 µm times 100 µm at a resolution of 

100 nm with 1 ms dwell time took around 15 min for one photon energy. An oxygen 1s 

absorption spectrum, from 520 eV to 570 eV, typically took around 20 min.  

Transmission Spectra 

For X-ray spectromicroscopy experiments described in this work excitation energies which 

can be used to distinguish between the species of interest (drug, nanocarrier) and the 

background, such as skin, are needed, see Equation E2.4.2. Therefore, taking transmission 

spectra of the samples within the energy range of interest, was always the first step of the 

experiments. 

The transmission spectra of the neat drug, nanocarriers, or drug loaded nanocarriers were 

taken after applying the sample of interest on a silicon nitride membrane. 

For skin, transmission spectra were always taken from regions that have a similar structure 

compared to the regions of the subsequent spectromicroscopy measurements. 

Furthermore, in order to obtain an absorption spectrum of the species of interest, absorption 

from contaminations within the photon beam path must be considered. For the reported 

measurements of oxygen containing also contaminations on top of the mirrors, the grating, 

and on the surface of the Si3N4 windows were of relevance. Therefore, additional 

transmission spectra of the background photon flux were measured. The transmission 𝐼 of 

the sample under investigation is corrected by the transmission 𝐼0 of the transmitted rays 

without the sample, yielding the absorbance 𝐴 of the investigated sample, according to: 𝐴 = −𝑙𝑛 ( 𝐼𝐼0)     (E2.4.8) 

From data on the chemical composition of the sample and its atomic absorption cross section 

the absorbance of the species under investigation can be quantified.99 
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To avoid sample damage the spot size of the X-ray beam, for absorption spectra, was always 

defocused to 1 µm or more. 

Scanning X-Ray Micrographs 

The amount of penetrated drug and nanocarriers in the skin samples is determined by site 

selective X-ray microscopy. Scanning X-ray micrographs link the chemical information to 

the morphology of the skin under investigation. All scanning X-ray micrographs were 

measured in the transmission mode. Thereby, X-rays are focused onto the sample and the 

transmitted photon flux is measured by the detector. The intensity of the transmitted 

radiation depends on the absorption characteristics of the sample under investigation. 

Moreover, the absorption depends on each atom within the molecule influenced by its 

chemical surrounding. Site selective excitation of the species of interest was conducted by 

adapting the excitation energy according to observed resonances within the absorption 

spectra. For example, to detect dexamethasone in skin we made use of the 𝑂 1𝑠 → 𝜋∗ 

transition of the oxygen bound at the carbonyl site (C3).13 

Scanning X-ray micrographs are measured by mapping the sample when moving the x, y 

stage according to the investigated region. Two different scanning modes, “point by point” 

and “line at once”, were available. Using the “point by point” mode the x, y stage is moving 

from a specific point to the next measurement point. Thereby, measuring the transmitted 

photons for a pre-defined dwell time after arrival at the selected point. When using the “line 

at once” mode the image is taken line by line without stopping of the x, y stage at each 

measurement point. The dwell time for each measurement point is adjusted by the scanning 

velocity of the x, y stage. Usually, the “line at once” mode was used since it is less time 

consuming than the “point by point” mode. Furthermore, the acceleration phase (positive 

and negative) for each measuring point is avoided.  

The detection limit of the drug under investigation depends on its photon energy dependent 

absorption cross section. The chemical contrast is achieved by differences within the 

absorption cross section, between drug and skin, when exciting the sample at different 

photon energies, as described in Equation E2.4.2. As an example, for a measuring point with 

a spatial extent of 1 µ𝑚2 ∙ 300𝑛𝑚 the detection limit for dexamethasone is within the sub 

fg regime. This is estimated from the absolute drug concentration using X-ray microscopy 

in the O 1s-regime. From this, it follows that a topically applied concentration of 

dexamethasone of 0.2 µ 𝑔𝑐𝑚² ∙ µ𝑚 can be detected in the skin. This corresponds roughly to 

one million dexamethasone molecules within a volume of 0.3 µm³ skin tissue, which again 
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corresponds to approximately < 0.16% of the volume under investigation. For this 

estimation, a molar mass of 392.47 g/mol and a molar volume of (296 ± 5)𝑐𝑚³ were 

assumed for dexamethasone. The latter value was predicted using the ACD/Labs Percepta 

Platform – PhysChem Module.115 This detection limit is valid for all three scanning X-ray 

microscopic setups, which is due to their similar design and characteristics. 

Stimulated Raman Microscopy 

Raman microscopy was introduced as a powerful approach, combining optical microscopy 

with Raman spectroscopy. The setup of a Raman microscope usually includes an optical 

microscope combined with a laser, a monochromator, and a photon detector. Raman 

microscopes are used to acquire Raman spectra of specific structures, pre-selected by using 

an optical microscope.116 Thus, the chemical characteristics of structures under investigation 

can be analyzed selectively. Furthermore, it is possible to conduct Raman 

spectromicroscopy, also called Raman imaging. Thereby, the Raman scattered light of 

specific Raman bands is recorded while scanning the sample.117 By conducting Raman 

microscopy label-free detection of specific chemical compounds within a sample is possible. 

However, several issues arise conducting Raman imaging.118 Approximately, only one of a 

million photons is Raman scattered. This results in long image acquisition times and long 

irradiation times of single spots within the sample. The irradiation time can be reduced by 

increasing the laser intensity. However, increasing the laser intensity can have significant 

disadvantages for the samples, as well. Sample heating will result in sample damage, which 

is especially true for biological samples.119 Also, Raman microscopy may suffer from 

significant fluorescence background.  

Lately novel Raman microscopy methods were developed to overcome those drawbacks. 

Coherent anti-Stokes Raman Scattering (CARS) was reported as a method for label-free 

chemical contrast microscopy.120,121 However, CARS suffer from non-resonant backgrounds 

and a nonlinear concentration dependence.122 Stimulated Raman microscopy can be used as 

an alternative technique.123 First reports on Stimulated Raman emission were made by 

Woodbury and Ng in 1962.124  

Stimulated Raman microscopy is based on resonant excitation of vibrational states in 

molecules. The sample is excited by two laser beams with different frequencies that are 

spatially overlapped at the location of the sample. One beam is called the pump beam with 

the intensity 𝐼𝑝 the other one is called the Stokes beam with the intensity 𝐼𝑠. Thereby, the 
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difference in frequencies matches a specific Raman band under investigation. The difference 

in frequency ∆𝜔 is called the Raman shift. ∆𝜔 = 𝜔𝑃 − 𝜔𝑆    (E2.4.9) 

Here, 𝜔𝑃 is the frequency of the pump beam and 𝜔𝑆 is the frequency of the Stokes beam. 

When both laser beams hit the sample an intensity transfer is observed, caused by resonant 

excitation of the probed molecule, which results in Raman scattered light. The pump beam 

experiences a loss, and the Stokes beam experiences a gain in intensity. If the Raman shift 

does not match a particular Raman band, Stimulated Raman Scattering will not occur. Still, 

also in Stimulated Raman microscopy non-resonant background must be considered.  

The Raman gain and the Raman loss can be described by: ∆𝐼𝑆 ∝ 𝑁 ∙ 𝜎𝑅𝑎𝑚𝑎𝑛 ∙ 𝐼𝑃 ∙ 𝐼𝑆    (E2.4.10) ∆𝐼𝑃 ∝ −𝑁 ∙ 𝜎𝑅𝑎𝑚𝑎𝑛 ∙ 𝐼𝑃 ∙ 𝐼𝑆    (E2.4.11) 

, where 𝑁 is the number of molecules within the probed volume and 𝜎𝑅𝑎𝑚𝑎𝑛 is the Raman 

scattering cross section of the molecule. 123 

The linear concentration dependency is of advantage when analyzing the measured data. 

Since Stimulated Raman Scattering is a resonant process the number of scattered photons is 

significantly increased. Therefore, Stimulated Raman microscopy can be used for Raman 

imaging with moderate laser powers and within acceptable data acquisition times. In 2010 

also video rate Raman imaging is reported.125 

The Setup 

Commercially available components were used to develop a unique Stimulated Raman 

microscope. The development and characterization of this setup was part of this doctoral 

thesis. The Stimulated Raman microscope was built using a tunable, pulsed, picosecond laser 

and an inverted optical microscope. The setup is shown in Figure 2.4.4.  
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Fig. 2.4.4: The SRS microscope: (1) pulsed picosecond laser, (2) laser control panel, (3) 

inverted optical microscope, (4) microscope control and control panel, (5) cover shielding of 

the open optical path of the laser beam, (6) lock-in amplifier, (7) voltage source, (8) digital 

oscilloscope, (9) data acquisition module, (10) hygrometer, and (11) transimpedance 

amplifier.  

 

A picoEmeraldTM laser (1) was purchased from the Angewandte Physik & Elektronic GmbH 

(APE Berlin, Germany) for the use within the Stimulated Raman setup. The picoEmeraldTM 

is designed to suit Stimulated Raman and coherent anti-stokes Raman scattering. Using an 

optical parametric oscillator (OPO) the picoEmeraldTM can generate picosecond pulses with 

wavelengths between 780 nm to 970 nm (OPO signal) and 1150 nm to 2030 nm (OPO idler). 

The generated OPO idler and OPO signal pulses as well as parts of the fundamental laser 

beam, a neodymium-doped yttrium orthovanadate laser (Nd:YVO4) at 1064 nm, are 

individually available or at the same time. In Figure 2.4.5 the schematic view of the 

picoEmeraldTM laser main components and the optical path of the laser beam are illustrated.  

The fundamental of the laser pulses is emitted at 1064 nm and at 532 nm for the second 

harmonic using a monopotassium phosphate crystal for frequency doubling. A dichroic 

mirror is splitting the two beams. The 1064 nm beam is guided towards the laser exit after 

being modulated to a repetition rate of 20 MHz by an electro-optical modulator. The 532 nm 

beam is guided towards the optical parametric oscillator. Here, wavelength tuning is 

conducted and the OPO signal as well as the OPO idler beam are guided to the same beam 
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exit as the fundamental beam of 1064 nm. The repetition rates of the signal and idler pulses 

are kept at 80 MHz. All three beams exit the picoEmeraldTM at a single output port and 

therefore are overlapping in space at a defined time structure. The temporal overlapping 

between different pulses, which is mandatory for Stimulated Raman measurements, can be 

tuned via the installed software. Accessible Raman bands reach from 1400 𝑐𝑚−1  to 9000 𝑐𝑚−1 (∆𝜈 signal – idler) and from 700 𝑐𝑚−1 to 3400 𝑐𝑚−1 (∆𝜈 signal – pump). The 

1064 nm beam at 20 MHz will be called “Stokes beam” and the wavelength modulated beam 

at 80 MHz will be called the “pump beam”. 

 

Fig. 2.4.5: Schematic view of the picoEmeraldTM main components and the optical path of 

the laser pulses are shown. The Nd:YVO4 laser, the optical parametric oscillator (OPO), the 

electro-optical modulator (EOM), the dichroic mirror (DM), and the mirrors (M1 and M2) for 

bending the beam path are indicated. 

 

The maximum output powers of the picoEmeraldTM laser are > 600 mW for the signal pulse, 

> 500 mW for the idler pulse, and > 750 mW for the fundamental beam. Output powers of 

around 180 mW were used. However, even at reduced output powers the skin samples 

sustained severe damage. Therefore, several neutral-density filters were set up to lower the 

output power by an order of magnitude. The initial output power was necessary for internal 

control cycles, keeping the laser stable. The laser power was measured by using a DET100A 

photo-detector, manufactured by Thorlabs, for the pump and the Stokes beam. A DET10A 

detector was used to measure the modulation of the pump beam. The used detectors differ 

in their rise time. The DET100A detector has a rise time of 43 ns, the DET10A detector has 

a rise time of 1 ns. The 1 ns rise time of the DET10A detector was necessary to detect the 
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modulation of the 80 MHz pump beam by the 20 MHz Stokes beam. The 80 MHz pulses 

correspond to a pulse every 12.5 ns. The modulation of the pump beam is monitored by a 

digital oscilloscope. A wavesurfer 3024 oscilloscope from LeCroy, with a bandwidth of 200 

MHz, was used for this purpose. 

The beam path outside of the picoEmeraldTM is schematically shown in Figure 2.4.6. After 

emission of a pulse by the laser, the laser pulse is guided into a beam expander (BE). The 

collimated light is expanded to a larger spot size avoiding damage to the optics. Mirrors (M1 

and M2) are used to guide the beam towards the microscopy setup. After passing a neutral 

density filter (F1) the beam is divided by the beam splitter (BS1). Here, 40% of the beam is 

guided towards the power measurement setup while 60% are guided towards the microscope 

using a periscope (P). The beam is passing an adjustable slit (B) before being guided into 

the microscope. The periscope is needed to overcome the height difference between the exit 

port of the laser and the entrance slit of the microscope. The slit can be used to adjust the 

photon flux.  

The part of the beam guided towards the power measurement setup passes a neutral density 

filter (F2) and hits a beam splitter (BS2). One part of the beam is guided towards the detector 

(D1) to monitor the modulation of the pulses by using the digital oscilloscope (OSC). The 

lens (L1) is needed to focus the beam onto the detector diode, with a surface area of 0.8 mm². 

The second part of the beam is guided to another beam splitter. One part of the beam is 

guided from there towards the detector (D2) which is used to measure the power of the pump 

beam. The beam passes the filter (F4) which blocks light at a wavelength of 1064 nm. The 

power of the Stokes beam is measured by the detector (D3). Here, the beam passes the filter 

(F3), where the pump beam is blocked. The current measured at both detectors (D2) and 

(D3) is gathered by the data acquisition module (DAQ, National Instruments), where the 

current is converted into a voltage. The amplitude of the voltage can be read by a personal 

computer (PC).  

The beam guided towards the microscope is detected by the detector (D4) after passing the 

sample. The current is converted into a voltage by using a transimpedance amplifier (TA), 

which is also significantly reducing the background noise. The resulting voltage is guided 

towards the lock-in amplifier (Zurich Instruments), where the stimulated Raman loss signal 

is measured. The acquisition of the measurement signal at the lock-in amplifier is done by 

using a personal computer (PC).  

38



 

 

 

 

Fig. 2.4.6: Schematic overview of the Stimulated Raman microscopy setup. For detailed 

information on the components, see text. Acronyms are used as follows: beam expander 

(BE), mirror (M), filter (F), beam splitter (BS), lens (L), detector (D), oscilloscope (OSC), 

periscope (P), adjustable slit (B), data acquisition module (DAQ), lock-in amplifier (LIA), 

transimpedance amplifier (TA), and personal computer (PC). 

 

Details on the microscope and the optical path of the laser beams within the microscope are 

shown in Figure 2.4.7. In Figure 2.4.7 (a) the IX83 inverted optical microscope (Olympus) 

and its controls for the x, y-stage, and the objectives are shown. The z-axis control for 

focusing the sample by moving the objectives is shown in Figure 2.4.7 (a1). The control 

stick shown in Figure 2.4.7 (a2) is connected to the Märzhäuser x, y-stage, which is used to 

move the sample that is mounted on this stage. The x, y-stage can also be moved by using 

CellSens or the Stimulated Raman microscopy program SRSLab. However, it is more 

intuitive to use the control stick. The control panel shown in Figure 2.4.7 (a3) is used for the 

microscope control including switching of the objectives and the adjustment of the 

illumination.  

Figure 2.4.7 (b) shows the screens used to monitor information on the samples gathered by 

the optical microscope, including microscope controls (see Figure 2.4.7 (b1)), and for 

Stimulated Raman measurements (see Figure 2.4.7 (b2)). CellSens software was used for 

optical microscopy, which was acquired together with the IX83 inverted microscope from 

Olympus. For Stimulated Raman mapping a non-commercial software was used. Developing 

a Stimulated Raman mapping program was part of this doctoral thesis.  
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In Figure 2.4.7 (c) the optical paths of the laser beams within the IX83 microscope are 

shown. Laser beams entering the microscope are guided towards a beam splitter and are 

directed towards the objective, used to focus the laser beams onto the sample. For Stimulated 

Raman mapping the 20x and 50x objectives can be used. The 10x objective cannot be used 

because of its diaphragm used for phase-contrast imaging, which would suffer from radiation 

damage. After being focused on the sample, the transmitted light is gathered by the 

condenser. The pump beam and its Stimulated Raman loss signal, as a part of the transmitted 

light, are forwarded towards the detector (D4). The detector D4 is used to measure 

Stimulated Raman loss as well as measurements in transmission mode. The photodiode 

current of the detector (D4) is converted into a voltage by the transimpedance amplifier (TA). 

The resulting voltage is forwarded to the lock-in amplifier. The Stimulated Raman loss and 

the transmission signal can be acquired by the lock-in amplifier (LIA) using a computer 

(PC). The camera (CAM2) which is mounted close to detector (D4) is used for manual 

adjustment of the condenser. The halogen lamp (H), the camera (CAM1), and the eyepiece 

(EP) are used for optical microscopy. 

 

Fig. 2.4.7: IX83 inverse microscope (Olympus) used for Stimulated Raman studies. In (a) the 

inverted microscope IX 83 and its controls are shown. (a1) this control device is used for 

focusing the radiation onto the sample, (a2) a control stick for the Märzhäuser x, y-stage, 

(a3) control panel of the microscope. In (b) both screens for monitoring the sample 

information during data acquisition are shown. (b1) is used to monitor information of the 
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CellSens program and (b2) is used for the SRS program. In (c) the pathway of the laser beams 

within the IX 83 microscope are shown. 

 

This setup is developed with special focus on combining Life Science microscopy with SRS 

studies. The benefits on combining several microscopy techniques using a single setup are 

explained in detail in Chapter 3.6. 

Other methods, than SRS, available at this experimental setup are namely: bright field 

microscopy, phase contrast, fluorescence microscopy and hyper-spectral imaging at 

different wavelength.126–129 All methods are commonly known, and a detailed description of 

all methods would exceed the purpose of this dissertation. 

2.5 Sample Preparation 

For X-ray microscopy and Stimulated Raman microscopy, different methods for sample 

preparation were used. All experiments were conducted in accordance with the Helsinki 

guidelines.130 Human skin samples were used after the signed consent of the donors was 

received. All samples were prepared by collaboration partners at the Department of 

Dermatology, Venerology and Allergology of the Charité Universitätsmedizin Berlin 

Sample Preparation for Scanning X-Ray Spectromicroscopy 

After receiving the skin, either from plastic surgery in case of human skin or sacrificing a 

mouse for murine skin, the subcutaneous fat was removed. Afterwards, the skin was cleaned 

with sterile saline solution. The cleaned skin then was cut into pieces with a size allowing 

the treatment of 1 cm² of skin surface by the drug formulation. Skin pieces usually had a 

surface area of 2 𝑐𝑚 ∙ 2 𝑐𝑚. However, for mouse skin the skin size varied because of the 

small amount of skin available. Eventually, in dependence on the experimental needs skin 

pieces were treated by tape-stripping prior to drug application. This was conducted for 

experiments involving the investigation of the influence of an altered skin barrier. By using 

tape-stripping the topmost layer of the skin, the stratum corneum, was damaged by removing 

parts of it.131 After cleaning, the skin was fixed onto Styrofoam plates with aluminum foil 

by using needles. The skin samples were then placed into an incubator to warm the skin to a 

temperature, comparable to skin temperature when not excised. Typically 32° C was used as 

the target skin temperature.22 In earlier experiments also a Franz cell apparatus was used for 

skin treatment. While Franz cell preparation is different to the incubation chamber, results 

from both skin preparation methods were comparable to each other and yielded similar 
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results. After the skin reached the target temperature, which took approximately 10 min to 

30 min, the skin was treated with the formulation to be tested for a set amount of time. The 

treated area had a size of 1 cm²; less for murine skin. Human skin samples during treatment 

are shown in Figure 2.5.1. After the drug treatment the remaining drug formulation was 

carefully removed by using a pipette or a cotton swab. In case a pipette was used, the 

remaining drug formulation was filled into a PCR tube and was finally stored. Also, one tape 

strip was applied to remove smaller remains of the drug formulation.  

 

Fig. 2.5.1: Human skin sample fixed on styrofoam and aluminum foil during topical 

treatment. The target area for the topical treatment is indicated by the 4 black dots. This 

image was provided by the Department of Dermatology, Venerology and Allergology of the 

Charité Universitätsmedizin Berlin (Dr. Fiorenza Rancan). 

 

After removing the remaining drug, samples were cut into  pieces by 

using a razor blade. The 1 𝑚𝑚³ skin pieces were fixed in 2.5% glutaraldehyde in 0.1 M Na-

cacodylate buffer for 3 h. Subsequently a fixation of the skin samples in 1%𝑂𝑆𝑂4 , 0.8%𝐾4[𝐹𝑒(𝐶𝑁)6] in 0.1 M cacodylate buffer was conducted for 1.5 h. The skin samples 

were dehydrated by rinsing with ethanol, starting at 50% ethanol concentration. By slowly 

increasing the ethanol concentration, samples were finally rinsed using pure ethanol. 

Subsequently, the samples were embedded in EPON (Electron Microscopy Science, Kit 812) 

resin. The embedded skin samples were cut to approximately 300 nm  thin skin slices using 

an ultra-microtome RM2065 (Leica). Within the final step of sample preparation, the skin 
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slices were placed on silicon nitride membranes (Silson, U.K.) with a spatial extent of 500 µ𝑚 ∙ 500 µ𝑚 and a thickness of 100 nm (thickness of the silicon nitride membrane). In 

Figure 2.5.2 a 300 nm thick slice of a skin sample, mounted on a silicon nitride membrane, 

is shown by using a false color scale of the optical micrograph. 

 

Fig. 2.5.2: Skin slice with a thickness of roughly 300 nm mounted onto a silicon nitride 

membrane. The optical micrograph is shown in a false color scale. The stratum corneum 

(SC), the viable epidermis (VE), and the dermis (DE) are indicated. 

 

Sample Preparation for Stimulated Raman Spectromicroscopy 

Sample preparation for Stimulated Raman Spectromicroscopy was less challenging 

compared to sample preparation for scanning X-Ray spectromicroscopy. Differences can be 

found in the preparation procedure after treatment of the sample. 

Similar to sample preparation for scanning X-Ray spectromicroscopy a skin piece of 2 𝑐𝑚 ∙2 𝑐𝑚 was used for treatment. The skin was fixed on a Styrofoam block and put into an 

incubator. The drug formulation was applied on a 1 cm² surface. In this work measurements 

using fluorescent dye (fluorescein, 2 µg/cm²), for skin treatment, are reported. After a given 

incubation time, keeping the humidity and the temperature constant, the non-penetrated 
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formulation was removed by using cotton swabs. Subsequently, the treated area was cut into 

a 0.5 𝑐𝑚 ∙ 0.5 𝑐𝑚 piece. After cutting, the skin tissue was frozen using liquid nitrogen and 

stored at -20 °C. For the Stimulated Raman experiments the tissue was cut into 6 µm thick 

skin sections using a microtome. Prior to cryo-slicing the tissue was embedded in tissue 

freezing medium (Tissue-Tek®). After cutting, the sample is ready for the Stimulated 

Raman measurements. 
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ABSTRACT: Selective probing of dexamethasone in excised
human skin using soft X-ray spectromicroscopy provides
quantitative concentration profiles as well as two-dimensional
drug distribution maps. Element- and site-selective excitation of
dexamethasone at the oxygen K-edge with the lateral step width
adjusted to 1 μm provides detailed information on the location
of the drug in the different skin layers. The key of this work is to
probe dexamethasone selectively at the carbonyl site (C3) by
the O 1s→ π* transition, providing also a most efficient way to
quantify the drug concentration as a function of penetration
depth in correlation with structural properties of the skin
containing carboxyl and amide oxygen sites occurring at higher
transition energy than dexamethasone. Following drug exposure
for 4 h, the glucocorticoide is located in about equal amounts in
the stratum corneum, the outermost horny layer of skin, and in the viable epidermis, whereas in the dermis no dexamethasone is
detected. In the stratum corneum, most of the lipophilic drug is found in regions between corneocytes, where epidermal lipids
are dominating.

S kin absorption of drugs in various topical formulations is
studied by a variety of different experimental approaches

permitting to measure either in vivo or ex vivo the penetration
or permeation profiles of substances overcoming the stratum
corneum barrier.1,2 In volunteers (in vivo studies), the stratum
corneum can be removed stepwise by tape stripping of skin.3

The amount of drug in the stratum corneum is reported to
reflect penetration of viable skin and systemic availability.4 For
quantification, optical approaches5 including infrared and
Raman microscopy are used.6−8 For ex vivo studies, the skin
mounted to Franz diffusion cells is exposed to the drug for
defined time periods. Then, the skin is removed and the
penetrated drug is quantified either in full-thickness skin or
within horizontal slices (e.g., 100 μm). Alternatively, the upper
epidermis is heat separated form the dermis layer for analysis.2

The permeated amount is retrieved from the drug concen-
tration in the receptor fluid, respectively.9,10 High-pressure
liquid chromatography (HPLC)2,11 is another preferred
method for analyzing the drug distribution in skin.2 In this
context cryo sectioning techniques lead to a superior vertical
resolution of skin sections reaching down to 20 μm, as has been

demonstrated recently.12 However, most of these approaches
do not reach a spatial resolution on the subcellular level.
Furthermore, skin absorption studies are performed, in

which, instead of a drug, dyes are used as a suitable model
substances for visualizing the uptake and transport processes by
fluorescence microscopy.13−15 Confocal laser scanning micros-
copy and two-photon microscopy have the inherent advantage
of high sensitivity reaching single-molecule detection.16 Yet,
this sensitive approach can be used for probing the uptake of
drugs into skin only rarely, since most drugs are not fluorescent.
Therefore, probing drugs within the skin requires label-free
approaches, in which the intrinsic properties of the drug are
used along with spectroscopy or spectromicroscopy. For
example, Raman-based techniques are used for spatially
resolved drug uptake studies,17 and stimulated Raman
microscopy is applied for depth profiling of substances in the
upper skin layers.18 More recently, drug uptake processes are
studied by time-of-flight secondary ion mass spectrometry and
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scanning electron microscopy allowing for a multicomponent
detection of skin lipids and drugs in high spatial resolution that
can reach the submicron regime.19 This is superior to matrix-
assisted laser desorption/ionization mass spectrometry imaging
(MALDI-MSI) studies, in which the spatial resolution is 30
μm.20

X-ray microscopy is a powerful label-free technique which
has been used in the past for probing with high selectivity a
variety of samples reaching from polymers,21 to environmental
samples, studies on single cells,22 as well as the uptake of
nanoparticles into human skin.23 X-ray spectromicroscopy
relies on the resonant excitation of the species under study in
the soft and hard X-ray regime. This provides besides element
selectivity also chemical selectivity, since the chemical shift of
absorption bands yields site-selective information and the
spatial distribution of the species under study.24 Furthermore,
thick samples, which may even include entire cells, can be
investigated. This cannot be done by electron microscopy
approaches. X-ray spectromicroscopy has the additional
advantage that spatially resolved absorption maps can be
quantified by using mass absorption coefficients in core
ionization continua,25 i.e., in spectral regions well above the
near-edge structure. This approach has been used for several
types of samples, such as, e.g., polymer membranes and
films26−28 as well as composite materials29 and microcapsules.30

In this work we report on the penetration of dexamethasone
into human skin ex vivo using scanning X-ray microscopy. The
motivation for this study is to derive most detailed insights on
the depth profile of the drug concentration and its spatial
distribution in the upper skin layers. X-ray microscopy provides
chemical selectivity by tunable soft X-rays, so that the
absorption of skin is efficiently suppressed. Quantification of
the results is also reported along with the skin layers in which
dexamethasone is observed after topical application. These
results are discussed along with previous data on glucocorticoid
penetration31 and regarding the role of the stratum corneum as
both the penetration barrier and a reservoir for lipophilic,
topically applied drugs.32

■ METHODS

Skin Samples, Uptake of Dexamethasone, and
Sample Preparation. Freshly excised human abdominal
skin from healthy donors undergoing plastic surgery was used
for the experiments. The study was conducted with consent of
the subjects, after approval by the Ethics Committee of the
Charite́Universitaẗsmedizin Berlin and in accordance with
the Declaration of Helsinki guidelines (approval EA/1/135/06
updated 05.2012). Skin was used a few hours after surgery.
Subcutaneous fat was removed from the skin. Only regions of
healthy skin were used, which contained neither scars nor
coloring, etc. The viable skin was cut a few hours after excision
into pieces of approximately 2 cm2, and 20 μL of a solution
containing 0.5 g dexamethasone dissolved in 100 mL of a 10:90
ethanol/water mixture was applied on a surface of 1 cm2 in a
humid chamber at 37 °C for 4 h. This corresponds to an initial
dose of 100 μg/cm2 (finite dose approach). After 4 h exposure
at 37 °C, the superficial fluid was subsequently removed and
one tape strip was applied to the dry skin to remove drug
adhering to the skin surface. Subsequently, the skin was cut into
1 × 1 mm pieces and transferred into brown glass flasks, where
it was fixed at room temperature for 3 h using 2.5%
glutaraldehyde in 0.1 M Na-cacodylate buffer. A postfixation
by 1% OsO4, 0.8% K4[(Fe(CN)6] in 0.1 M cacodylate buffer

was done for 1.5 h. Dehydration was accomplished by rinsing
the samples with increasing fractions of ethanol starting at 50%
ethanol and reaching finally pure ethanol. The samples were
successively embedded in epoxy resin EPON (Electron
Microscopy Sciences, Kit 812). Finally, the embedded samples
were selected for regions of interest and sliced into 350 nm
sections using a microtome RM2065 (Leica). Finally, the skin
samples were placed on silicon nitride membranes with a size of
500 μm × 500 μm and a thickness of 100 nm (Silson, U.K.).
Optical microscopy studies on the samples were performed
(MM-400/L, Nikon), which served for selecting areas of
interest for X-ray microscopy studies.
The thickness of the skin sections was determined by atomic

force microscopy (NeaSNOM, Neaspec). The instrument used
has been described before.33,34 It was used in the intermittent
contact mode (tapping frequency between 146 and 267 kHz,
typical tapping amplitude 60 nm, scan sizes 25 μm times 100
μm, resolution 0.625 μm/pixel, 0.5 μm/pixel, respectively). The
substrate was set as the point of origin, and the step at the edge
of the EPON film taken as the determined thickness at various
positions for the samples under study. The results indicate that
the samples under study had a thickness of 310 ± 10 nm. This
information is used in the following to quantify the drug
distribution. However, there were local regions that were more
than 50 nm thicker, especially in the upper stratum corneum as
a result of slightly irregular or ragged cuts or fraying of
corneocytes.

X-ray Absorption and X-ray Microscopy. The experi-
ments on X-ray absorption and X-ray microscopy were carried
out at the UVSOR III synchrotron radiation facility (Institute
for Molecular Science, Okazaki, Japan) at the BL4U beamline.
The beamline consists of an in-vacuum undulator and a variable
included angle Monk-Gillieson mounting monochromator,
which is equipped with a varied-line-spacing plane grating.35,36

The end station is a scanning X-ray microscope (Bruker ASC),
in which the tunable soft X-rays are focused by a zone plate
onto the sample. The X-rays transmitting through the sample
and a blank window are measured by a photomultiplier
(Hamamatsu R647P, equipped with a P 43 scintillator). X-ray
absorption of the samples is derived from these measurements.
During the experiments the slits of the X-ray monochromator
were set to 50 μm, corresponding to an energy resolution (E/
ΔE) of typically 3000. The spatial step size during scans was set
to 1 μm. Skin samples were investigated up to a depth of 500
μm from the skin surface, but it turned out that dexametha-
sone-specific X-ray absorption was only detected in the upper
100 μm, i.e., near the skin surface. The energy scale of the
monochromator was carefully calibrated by using gaseous CO2

for calibrating the O 1s regime.37

Model Calculations. The assignment of the near-edge
spectrum of dexamethasone is performed by quantum chemical
calculations using the following approach: ab initio quantum
chemical calculations on the O 1s transitions into the lowest
unoccupied orbitals probed by near-edge spectra were carried
out by using the GSCF3 code.38,39 The geometry was
optimized by the second-order Møller−Plesset perturbation
theory using the 6-31G(d,p) basis set. The ground and O 1s
excited states were obtained from the Hartree−Fock method,
namely, ΔSCF (self-consistent field), which gives reasonable
term values for core-to-valence transitions. The core hole was
localized on a specified oxygen atom. Primitive Gaussian-type
basis functions (73/7) and (6) were contracted as (3111121/
3112) for O atoms, (721/52) for C atoms, and (42) for H
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atoms.40 Primitive 3s3p2d diffuse functions on each core
excited oxygen atom were added.41

■ RESULTS AND DISCUSSION

Figure 1 shows the O 1s excitation regime, corresponding to
the oxygen K-edge, of fixed human skin (blue trace, Figure 1a)

and dexamethasone (red trace, Figure 1b). The near-edge
spectrum of both species is essential for gaining chemical
selectivity in order to probe the drug distribution in fixed
human skin. This has not been reported before to the best of
our knowledge.
Dexamethasone ((11β,16α)-9-fluoro-11,17,21-trihydroxy-16-

methylpregna-1,4-diene-3,20-dione, C22H29FO5) has two differ-
ently bound oxygen sites contributing to the near-edge
structure in the O 1s regime: (i) two carbonyl groups bound
at C3 and C20 and (ii) three hydroxyl groups bound at C11,
C17, and C21, respectively. In analogy to earlier work (cf. refs
42−44), the lowest energy resonance centered at 531 eV is
assigned to the O 1s → π* transition, which is due to the
carbonyl groups. It is evident that this resonance is fairly broad,
and its intensity relative to the O 1s continuum is weak. This
points to the fact that both carbonyl groups in dexamethasone
are located in different chemical environments. This gives
evidence for a chemical shift, as can be deduced from earlier
work obtained from electron energy loss spectroscopy on
similar molecular systems.45 As a result, the lower energy
portion of the band centered at 531 eV is evidently due to the
quinoic carbonyl (C3), similar to p-benzoquinone, where the
corresponding resonance is observed at 529.85 eV.45 The
higher portion of this resonance is expected to be similar to
acetone, where the O 1s → π* transition occurs at 531.3 eV,42

resembling the present results on dexamethasone at C20. These
considerations are consistent with results from model
calculations, as shown in Table 1. There, theoretical transition
energies to the lowest O 1s excited states, i.e., carbonyl and
hydroxyl oxygen sites, in dexamethasone are compared to the
experimental values. Clearly, the lowest energy feature at 530.6
eV in the experimental spectrum is due to the C3 site, as shown

in Figure 1b. The other higher energy feature at 531.2 eV is due
to the C20 site. A shoulder is observed at 534.5 eV, which is
according to the model calculations due to O 1s → σ*(OH)
transitions, similar to earlier experimental work. These have
slightly different transition energies, as they are bound to C11,
C17, and C21, respectively, and cannot be resolved in the
experimental spectrum (cf. Figure 1b and Table 1).
The dominant higher energy, intense feature near 538 eV is

due to the O 1s→ σ* transition, which is typical for the oxygen
bound in carbonyl groups. In addition, alcohols are known to
show a lower energy feature which is due to excitations into
low-lying Rydberg states. Such resonances have been observed
in methanol at 534.1 eV.43 However, it is known that such
features can easily vanish in complex environments, such as
clusters.46 Therefore, it is not surprising that no such sharp
Rydberg-type resonance is observed in dexamethasone (cf.
Figure 1b).
The near-edge spectrum of fixed skin is shown in Figure 1a

(blue trace). The composition of fixed skin samples is complex,
so that we do not speculate here about detailed spectral
assignments. The X-ray absorption spectrum of fixed skin was
investigated at different locations and depths. We did not find
significant changes in O 1s near-edge spectra. Briefly, the near-
edge spectrum shows an intense resonance at 532 eV, which is
tentatively assigned to carboxyl and amide oxygen sites, which
appears to be reasonable due to the occurrence of ceramides in
the stratum corneum.47 The continuum intensity is weak, and
the broad feature near 540 eV is due to an O 1s → σ*
transition, similar to previous spectroscopic work on epoxy
resins.48

The most important finding from the spectroscopic results is
that dexamethasone can be clearly distinguished from the skin
by characteristic differences in absorption properties near the O
K-edge. This is of importance for the following results where
this spectral selectivity is used to probe the penetration of
topically applied dexamethasone into human skin by X-ray
microscopy. Two photon energies were chosen for determining
the differential absorption that is due to the drug: (i) 528.0 eV,
corresponding to the pre-edge regime that gives rise to weak
absorption, and (ii) 530.6 eV. This photon energy corresponds
to the lower energy portion of the O 1s → π* transition of the
drug. This is due to an excitation of dexamethasone at the
quinoic carbonyl site (bound to C3), as outlined above. We
have chosen the lower energy part of this resonance, in order
for the skin to be as transparent as possible, so that the
chemical contrast due to dexamethasone is as high as possible.
Note that dexamethasone also contains at C9 a fluorine site.
Therefore, we also attempted to perform experiments in the F

Figure 1. X-ray absorption cross section of (a) fixed in Epon resin
embedded human skin and (b) dexamethasone at the O K-edge.
Vertical dashed lines visualize the photon energies used for the
experiments at 528.0 and 530.6 eV, respectively.

Table 1. Comparison of the Experimental and Calculated O
1s Excitation Energies into the Lowest Unoccupied Orbitals
of Dexamethasone in eV

carbonyl oxygen O 1s →
π*

hydroxyl oxygen O 1s →
σ*O−H

experimental 530.6a 534.5

531.2b

theoretical 530.05a 534.46c

530.57b 534.82d

535.25e

aOxygen site bound to C3. bOxygen site bound to C20. cOxygen site
bound to C11. dOxygen site bound to C17. eOxygen site bound to
C21.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.5b00800
Anal. Chem. 2015, 87, 6173−6179

6175

48

http://dx.doi.org/10.1021/acs.analchem.5b00800


1s regime (680−710 eV). However, the photon flux of the X-
ray monochromator was too low to obtain usable results.
Figure 2a shows a representative skin section that was

investigated by optical microscopy providing detailed informa-

tion on the morphology of the skin sample under study. The
layered structure of the anuclear stratum corneum (SC)
extends to a depth of approximately 10−20 μm followed by
the viable epidermis (VE) with the stratum granulosum and
deeper strata. Viable keratinocytes with cell nuclei are found in
a depth region between ca. 20 and 80 μm. The underlying
dermis (D) can easily be distinguished from the epidermis due
to distinct differences in morphology.
X-ray microscopy studies were performed using the same

area of the skin section shown in Figure 2a at 528.0 eV (see
Figure 2b) and 530.6 eV (see Figure 2c), respectively. The
internal skin structure is clearly visible from Figure 2b and c
and serves to match the positions of the optical and X-ray
micrographs within the accuracy of the chosen pixel size, i.e., ±
1 μm. Note that the micrographs have been taken at constant
photon flux, since the UVSOR III storage ring was operated in
the top-up mode at typically 300 mA current, which facilitates
quantifying the spatially resolved absorption of dexamethasone
in fixed human skin. No indication of radiation damage was
observed, as evidenced from repeated scans of the same sample.
Figure 2d shows the result of data reduction, where the

differential absorption was determined from both photon
energies according to Beer−Lambert law. Specifically, the color
scale corresponds to ln(I(528.0 eV)/I(530.6 eV). After 4 h of
topical exposure, the local drug concentration is highest in the
upper skin layers of the stratum corneum (SC), as indicated by
the false color presentation. Strong extinction is indicated by
blue color in the SC, whereas green color dominates in the
viable epidermis (VE). This is due to lower local drug
concentration as compared to the stratum corneum. Yellow and
red color indicates lower concentrations and thus minor
dexamethasone access to the dermis (D) (cf. Figure 2d). This
qualitative result is in accordance with earlier drug uptake
studies.32,49 We also note that the concentration profile is

qualitatively similar to the skin penetration of the glucocorti-
coids betamethasone valerate and prednicarbate,31 as well as
more recent work on the uptake of the macrolide tacrolimus
into human skin,12 despite the fact that tacrolimus is
significantly more voluminous than dexamethasone. In fact,
the molecular mass of tacrolimus (C44H69NO12) is at the
cutting edge of skin penetration (804.02 g mol−1). For the first
time we show that there is only minor dexamethasone access
for the distinct nuclei of keratinocytes detectable in the viable
epidermis (labeled as K in Figure 2a), where no distinct
changes in X-ray absorption are observed.
Besides two-dimensional aspects of drug uptake, i.e., the

extent of penetration, further insights into drug concentration
profiles were gained. These are obtained from summing the
changes in differential absorption, so that a depth profile of
dexamethasone concentration is derived (see Figure 3a, red

curve). In addition, an untreated reference skin sample was
investigated in order to rule out any cross sensitivity that can be
due to other species which might be contained in low
concentration in fixed, embedded skin and are also absorbing
at 530.6 eV. Indeed, a small, but distinct depth profile is
observed for an untreated skin sample, corresponding to the
blue curve in Figure 3a. This is due to other substances which
show changes in differential absorption at the chosen photon
energies, i.e., 530.6 and 528.0 eV, respectively. Clearly this is
not due to the resin which is used for fixing the skin. It is rather
assumed that traces of other species besides dexamethasone,
such as carbonyl compounds contained in skin or even natural
steroids, explain this cross sensitivity, which is found with
highest concentration in the stratum corneum. Therefore, this
component must be subtracted, so that exclusively the
contribution of the topically applied drug is considered and
quantified in the following. As a result, the difference between
the red and the blue curve is due to dexamethasone, since all
other parameters have been kept identical in the skin exposure
and fixation protocols. Quantification of the results requires
according to Beer−Lambert law (eq 1) that the change in
absorption cross section σ between both photon energies
(528.0 and 530.6 eV, respectively) and the sample thickness d is
known.

Figure 2. Uptake of dexamethasone into human skin (SC, stratum
corneum; VE, viable epidermis; K, nuclei of keratinocytes; D, dermis):
(a) optical micrograph of a vertical skin section of 30 μm × 100 μm;
(b) absorption of the same skin section shown in (a) at 528.0 eV (pre-
edge regime); (c) absorption of the same skin section shown in (a) at
530.6 eV (O 1s → π* resonance); (d) optical density of taken up
dexamethasone as a function of depth. The scale bar corresponds to 20
μm.

Figure 3. (a) Depth profile of differential absorption of dexametha-
sone penetrating human skin (red curve, exposure time: 4 h, data
taken from Figure 2d). The blue curve corresponds to a concentration
profile of untreated skin; (b) depth profile of dexamethasone
concentration (see text for further details).

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.5b00800
Anal. Chem. 2015, 87, 6173−6179

6176

49

http://dx.doi.org/10.1021/acs.analchem.5b00800


σ= · ·I I d N Vln( / ) ( / )0 (1)

The results can be easily quantified using the known atomic
mass absorption coefficient of the sample under study.25 Both
experimental quantities I and I0, corresponding to the
attenuation of X-rays due to skin and dexamethasone, are
referenced either to the EPON resin in which the skin is
embedded or to the dermis, respectively. Both regions are
assumed to contain no dexamethasone, yielding comparable
results. N/V corresponds to the drug concentration, which can
also be expressed by the mass of drug found in a given sample
volume. In the present work we used 1 μm step width for the
spatially resolved scans probing the drug uptake. It has to be
noted that the spatial resolution of the X-ray microscope is
about a factor 30 higher than the selected step width, indicating
that the full potential of this method is not exploited in this
study.
The following approach is used to determine the absorption

cross section near the O 1s absorption of dexamethasone,
corresponding to the vertical scale of Figure 1b: The sum of the
atomic mass absorption coefficients of the drug in the O 1s
continuum (E = 560 eV) is used to determine the absolute
cross section of the O 1s → π* transition at 530.6 eV, which is
not known to date. The difference in mass absorption
coefficient between 560 and 525 eV is derived from ref 25,
using the Optical Grapher Program. This yields a O 1s
continuum cross section σ at 560 eV of 1.8 ± 0.2 Mb, where 1
Mb corresponds to 10−22 m2. The maximum of the O 1s→ π*

resonance at 531 eV corresponds with this calibration to a cross
section σ of 5.7 ± 0.2 Mb. At 530.6 eV, where the experiments
were performed, the cross section is slightly lower, i.e., 5.1 ±

0.2 Mb. Note that the same procedure cannot be applied to the
near-edge spectrum of fixed skin (cf. Figure 1a), since the
stoichiometry of this sample is not exactly known.
Furthermore, the thickness of the sample d is determined by

atomic force microscopy yielding 310 ± 10 nm, as measured by
random checks over the entire skin sample (500 μm × 500
μm). In the small area of the investigated sample (100 μm × 30
μm), the error limit is expected to be smaller. In addition, the
thickness of the reference skin sample that was not exposed to
dexamethasone had a thickness d = 350 ± 10 nm. With this
information one derives quantitatively the vertical drug
distribution after 4 h exposure. Note that the dose was 100
± 5 μg/cm2. In the stratum corneum one finds a drug
concentration of 50 ± 25 μg/cm2, corresponding in the peak
concentration to 5.5 ± 1.5 μg/cm2 per μm depth, as shown in
Figure 3b. This sizable error limit is determined by considering
the following sources of error: (i) uncertainty in absorption
cross section (±0.2 Mb); (ii) uncertainty in sample thickness
(±10 nm); (iii) normalization of the statistical noise using
either the resin in which the skin is embedded, i.e., the region
above the skin surface, or the dermis, in which no drug is
detected. Note that both approaches yield similar results, but
for the analysis of the data the resin appears to be more
straightforward, since we cannot exclude that there is drug
contained in the dermis. Evidently, the highest contribution to
this error limit arises from heterogeneities of the skin sample.
Indeed, the present experiments indicate that different parts of
the skin sample contain different amounts of drug due to the
variability in local structural properties, as can be seen from the
data shown in Figure 2. This implies that after 4 h the highest
amplitude of drug concentration is found in the stratum
corneum (SC). The drug concentration shows in the viable

epidermis a significantly lower local concentration; i.e., the drug
is more diluted in the viable epidermis than in the stratum
corneum. Nevertheless, if one sums the drug load in the viable
epidermis (VE), a similar value of 50 ± 25 μg/cm2 is derived.
This is due to the fact that the volume of the VE compartment
is larger than that of the SC. However, the local drug
concentration is quite low, not exceeding 2.0 μg/cm2 per μm
depth. The vertical drug distribution appears to be quite noisy
in the viable epidermis. This is clearly due to low and
nonuniform local drug concentration. Therefore, the noise level
is at least in part due to the distribution of cell nuclei in the skin
section under study, which is not leveled out due to the limited
size of the skin section that is used for horizontal summation of
the drug concentration in order to derive Figure 3.
There is no drug observed in the lower skin layer, i.e., the

dermis (D). Clearly, there is a significant drop in drug
concentration near the basal membrane, i.e., the boundary
between the epidermis and the dermis, indicating that virtually
no dexamethasone is found in the dermis. This result is
supported by the fact that, according to the present data, 100 ±
35 μg/cm2 of the drug penetrated into skin. This appears to be
consistent with the amount of dexamethasone (100 ± 5 μg/
cm2) that was applied to the skin surface.
It is also noted that this value is quite realistic considering

that a small amount of nonadsorbed solution volume was wiped
off from the skin surface and the single tape strip removing the
outermost layer of the stratum corneum prior to skin fixation. It
is estimated that this fraction of nonpenetrated drug can be up
to 10 ± 5 μg/cm2, indicating that the mass balance of the
administered drug can be retrieved and that the penetration of
dexamethasone into the dermis is evidently small after 4 h
exposure time. These numbers appear to be reasonable and
consistent and underscore that one can derive a quantitative
understanding on drug uptake and distribution by X-ray
microscopy. It should also be kept in mind that especially in the
viable epidermis the local drug concentration is slightly above
the noise level, which hampers on the one hand the reduction
of error limit, but on the other hand very low concentrations of
dexamethasone are clearly probed.
Furthermore, the question arises why there is no dexametha-

sone probed in the dermis. Most likely, more drug will gain
access to the dermis with prolonged exposure.10,14 Moreover,
the resistivity in the dermis is significantly lower than in the
viable epidermis, and dexamethasone rapidly gains access to the
acceptor medium, probed by in vitro testing, and dermal blood
vessels that are probed in vivo, respectively. The experimental
results (Figure 3b) show a gradient in drug concentration near
a depth of 60 μm. This implies that in the dermis the
permeability of the drug is higher than in the viable epidermis,
which explains together with the large volume of the dermis
that no drug can be probed in deeper skin layers. This result is
also in agreement with earlier work, in which percutaneous
penetration of steroids was systematically investigated and
systemic effects of topically applied dexamethasone have been
found.50 However, considering the mass balance outlined
above, the amount of drug penetrating into the dermis must be
negligibly small after 4 h of topical treatment.
Finally, Figure 4 shows in close-up a comparison of the

region in the SC near the skin surface, where the optical
micrograph (Figure 4a) is compared to the drug distribution in
the same sample, as shown in Figure 4c.
Figure 4b shows the superposition of both images. There are

clearly regions in which drug uptake is observed, as indicated by
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red color in Figure 4b and c. It is aimed to determine specific
regions in which drug uptake occurs. It is expected that the
lipophilic drug dexamethasone should predominantly be found
in the areas between the corneocytes, in which lipids, such as
ceramides, free fatty acids, cholesterol, and cholesterol esters,
occur.47 Using the classical bricks and mortar model for the
stratum corneum,51 one expects that the drug should be
predominantly found in the mortar, i.e., in the lipophilic region
between the corneocytes. The structures observed in Figure 4a
require an assignment regarding the location of corneocytes.
These correspond evidently to the gray regions in which no
drug is observed (cf. white arrows in Figure 4a), according to
X-ray absorption. Further evidence for this assignment comes
from additional atomic force microscopy studies. There, the
thickness of the sample varies tremendously, so that the gray
areas correspond to sections that are by about 50 nm thicker
than the surrounding areas. These are clearly parts of the
stratum corneum that are not well cut by the ultramicrotome
knife. One would assume that thicker sections of the skin
increase the absorption length, which would make these parts
of the sample more sensitive to X-ray absorption of
dexamethasone, if the drug would be taken up by these parts
of the sample. However, this is evidently not observed and
underscores the result that in these sections no drug uptake is
observed, which is evidently due to corneocytes.

■ CONCLUSIONS

X-ray microscopy has been used to probe selectively the uptake
of dexamethasone into human skin with a lateral resolution of 1
μm. Chemical selectivity is provided by resonant excitation of
the carbonyl O 1s→ π* transition of dexamethasone at the C3
site. Its excitation energy is different from that of skin
containing carboxyl and amide oxygen sites, so that exclusively
this drug is probed. This provides details on the uptake routes
and the drug distribution in the stratum corneum and the viable
epidermis. After 4 h of exposure almost the total amount of
drug is found in the stratum corneum and in the viable
epidermis, whereas no dexamethasone is found in the dermis.
The highest local drug concentration is observed in the stratum
corneum, where the lipophilic phase around the corneocytes
acts as a reservoir for dexamethasone. Lower local drug
concentration is observed in the viable epidermis, where the
drug is more evenly distributed, but evidently no drug is taken
up into the cell nuclei of the keratinocytes.
X-ray microscopy bears the potential to probe drugs and

drug carriers in biological samples without the use of any label.
Note that only a single skin sample is discussed in this work,

but it is evident from the present findings that these are of
general use to probe quantitatively drug penetration in human
skin. The full potential of this method is not fully exploited in
this work, since the spatial resolution can be routinely as high as
20−30 nm. This appears feasible for subsequent work, so that
further details on transport processes, which go beyond the
scope of this work, can be investigated by label-free
spectromicroscopy using tunable soft X-rays.

■ AUTHOR INFORMATION

Corresponding Author

*E-mail: ruehl@zedat.fu-berlin.de.

Author Contributions

The manuscript was written through contributions of all
authors.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

Financial support by German Research Foundation (DFG)
within SFB 1112 is gratefully acknowledged. Support of this
work by the Institute for Molecular Science and Freie
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Figure 4. Detailed view on the spatially resolved uptake of
dexamethasone into human skin in the stratum corneum: (a) optical
micrograph; (b) superposition of X-ray absorption and optical
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Mehnert, W.; Schaf̈er-Korting, M. Skin Pharmacol. Physiol. 2011, 24,
199−209.
(32) Teichmann, A.; Jacobi, U.; Weigmann, H.-J.; Sterry, W.;
Lademann, J. Skin Pharmacol. Physiol. 2005, 18, 75−80.
(33) Hermann, P.; Hoehl, A.; Patoka, P.; Huth, F.; Rühl, E.; Ulm, G.
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Label-free detection of core-multishell (CMS) nanocarriers and the anti-inflammatory drug dexamethasone is re-

ported. Selective excitation by tunable soft X-rays in the O 1s-regime is used for probing either the CMS

nanocarrier or the drug. Furthermore, the drug loading efficiency into CMS nanocarriers is determined by X-

ray spectroscopy. The drug-loadednanocarrierswere topically applied to human skin explants providing insights

into the penetration and drug release processes. It is shown that the core-multishell nanocarriers remain in the

stratum corneumwhen applied for 100 min to 1000 min. Dexamethasone, if applied topically to human ex vivo

skin explants using different formulations, shows a vehicle-dependent penetration behavior. Highest local drug

concentrations are found in the stratum corneum aswell as in the viable epidermis. If the drug is loaded to core-

multishell nanocarriers, the concentration of the free drug is low in the stratum corneum and is enhanced in the

viable epidermis as compared to other drug formulations. The present results provide insights into the penetra-

tion of drug nanocarriers as well as the mechanisms of controlled drug release from CMS nanocarriers in human

skin. They are also compared to related work using dye-labeled nanocarriers and dyes that were used as model

drugs.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Polymeric drugdelivery systemshave been successfully used to pen-

etrate and releasemolecular or nanosized objects, such as drugs, in skin.

The drugs can penetrate in this way to the desired location by transder-

mal and follicular routes, respectively [1–5]. The dimensions of poly-

meric drug delivery systems are typically between 1 and 100 nm, so

that they can penetrate biological matter, but also the use of larger par-

ticles has been reported before [6]. Polymer drug delivery systems are

advantageously applied, especially if the drugs are difficult to formulate,

e.g. hydrophobic drugs to be transported into aqueousmedia [7,8]. Also,

hydrophilic agents can be transported by drug delivery systems [9]. Var-

ious nanoscopic drug carrier architectures have been applied reaching

from dendritic structures [3,10,11], nanogels [12,13] to multilayer

nanocapsules [14]. Especially, nanogels are known for triggered drug

release [12,13].

For mechanistic studies on polymeric drug delivery systems often

model drugs are used, such as dyes [15]. These are sensitively probed

by fluorescence microscopy, permitting to derive precise information

on the penetration properties in cells or tissue [16,17]. Typically dyes,

such asNile Red or Rhodamine B,whichhave a similarmolecularweight

as drugs, have been used for dermal drug delivery studies [15,17,18].

There, it is of interest to understand the penetration properties of

drugs in intact and barrier-damaged skin [16]. An alternative to fluores-

cence labels are spin labels, which have been used for studying drug de-

livery along with electron paramagnetic resonance (EPR) spectroscopy

[19–21]. Furthermore, the biocompatibility of such systems has been in-

vestigated [22].

Inflammatory skin diseases have been topically treated by using

nanoscopic drug delivery systems [23,24]. Lesions in inflammatory

skin diseases, such as psoriasis or atopic dermatitis, lower the skin bar-

rier and enhance penetration of topically applied drugs. Model studies

in this field also include mechanical removal of the skin barrier by

tape-stripping [16,25].

It has been shown before that polymeric drug delivery systems,

which are dye-labeled, remain essentially in the intact stratum
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corneum, the top horny layer of skin, whereas the model drugs pene-

trate into deeper skin layers, i.e. the viable epidermis and the dermis

[16]. These studies provided clear insights into the key role that poly-

meric drug delivery systems play in topical drug delivery processes.

However, these investigations relied essentially on fluorescence prob-

ing, where it is not clear, if the same results can be derived from label-

free approaches involving neat drug nanocarriers and drugs. To date,

there is limited information from label-free approaches for probing

nanoscopic drug delivery systems as well as the drug following topical

drug delivery besides Raman approaches [26,27]. In the past, skin sam-

ples have been investigated by spontaneous and stimulated Raman

scattering (SRS) as well as coherent anti-Stokes Raman scattering

(CARS) [28–31]. The advanced Raman techniques show enhanced sen-

sitivity compared to spontaneous Raman scattering. However, the spa-

tial resolution is diffraction limited, which is significantly lower than

in X-ray microscopy, which is used in this study. An alternative Raman

technique for ultimate spatial resolution provides tip-enhanced

Raman spectroscopy [32], which combines the advantages of Raman

microscopy with atomic force microscopy. This approach has not been

used for skin research to the best of our knowledge.

The motivation for the present work is to extend the scope of label-

free spectromicroscopy to be applied to probe drug-loaded polymer

nanocarriers and their penetration in human skin. We have developed

recently a quantitative and spatially resolved detection scheme that is

based on X-ray microscopy [33], which allowed us to probe dexameth-

asone in fixed human skinwithout the need of any label. Recently,more

systematic work was performed, indicating that drug penetration in

human skin over time can be followed as a function of exposure time

by X-ray microscopy [34]. The importance of the skin barriers for drug

penetration was highlighted, as well. In this work we extend the

scope for probing label-free polymeric drug nanocarriers, as well as

drugs. We use core-multishell (CMS) nanocarriers, a well established

drug nanocarrier system, which was extensively studied in skin

along with fluorescent dyes or spin probes [15–17,19,35]. It is aimed

in this work to derive quantitative information on drug loading of

nanocarriers, drug penetration profiles, and if there are different pene-

tration routes of nanocarriers and the transported drug dexamethasone,

as compared to other drug formulations.

2. Materials and methods

2.1. Skin samples

Human skin samples were prepared similar to previous work [33].

Briefly, excised human abdominal skin fromhealthy donors undergoing

plastic surgery was used. The study was approved by the Ethics

Committee of the Charité – Universitätsmedizin Berlin and conducted

in accordance with the Declaration of Helsinki guidelines (approval

EA/1/135/06 updated 07.2015). Surplus material from plastic surgery

was obtained from patients who signed the consent. The skin samples

were incubated in a humidified chamber for 10 min at 32 °C

before the exposure to the following formulations, which included

(i) dexamethasone incorporated in hydroxyethyl cellulose (HEC) gel

with a drug concentration of 0.5% (drug applied to skin: 177 μg/cm2)

and (ii) dexamethasone-loaded core-multishell (CMS) nanocarriers in

HEC gel (CMS concentration in HEC gel: 0.025%, drug applied to skin:

177 μg/cm2). These skin sampleswere exposed to the drug formulations

for 100min and 1000min, respectively. Control sampleswere treated in

the same way with neat HEC gel. For a comparison we used 0.5% dexa-

methasone dissolved in ethanol (applied drug: 100 μg/cm2, as taken

from ref. [33], exposure time: 240 min). Subsequently, the skin surface

was cleaned from non-penetrated drug formulation and the tissue

was cut into 1 × 1 mm2 pieces which were fixed using 2.5% glutaralde-

hyde [33] and post-fixed by 1% OsO4, 0.8% K4[Fe(CN)6] both in 0.1 M

cacodylate buffer. This was followed by dehydration with an increasing

fraction of ethanol. The samples were subsequently embedded in epoxy

resin EPON (Electron Microscopy Sciences, Kit 812). Regions of interest

were cut into vertical sections of 350 nm thickness bymeans of amicro-

tome RM2065 (Leica). The sample thickness is of crucial importance,

since the detection scheme relies on X-ray absorption. The X-ray ab-

sorption cross section of the samples under study requires to optimize

the thickness (typically 350 nm) of the samples and was controlled by

atomic force microscopy (AFM) similar to previous work [33].

2.2. Preparation of CMS nanocarriers

Analytical grade solvents and chemicals were purchased from Sigma

Aldrich (Steinheim, Germany) and used as received.Methoxy poly(eth-

ylene glycol) with a molecular weight of 350 g/mol (mPEG350) was

purchased from Acros Organics (Geel, Belgium). The dendritic CMS

nanocarriers were synthesized as described in the literature [7]. It is

known that the size of isolated core-multishell (CMS) nanocarriers is

around 10 nm, at higher concentrations the formation of bigger aggre-

gates was observed. The molecular weight ranges typically between

60,000 and 80,000 g/mol [35,36]. Drug loading of the CMS nanocarriers

was accomplished as follows: In a screw-cap vial 11.3 mg CMS

nanocarriers and 2.0 mg dexamethasone were dissolved in 200 μL eth-

anol. The ethanol was removed by a rotary evaporator and by addition-

ally drying over night at 60 °C in a drying oven. 2.26mL ofMilli-Q water

(Millipore) was added on top of the guest thin film. The resulting sam-

ple had a CMS particle concentration of 5 mg/mL. The sample was

stirred at 1200 rpm for 24 h. Subsequently, the sample was filtered

through 0.45 μm regenerated cellulose syringe filters to remove any

unsolubilized guest.

2.3. Scanning transmission X-ray microscopy (STXM)

X-ray spectroscopy is used to selectively probe both dexamethasone

and core-multishell nanocarriers. The procedure for probing selectively

and quantitatively dexamethasone has been described before [33].

Briefly, the experiments were performed at the UVSOR III synchrotron

radiation facility (Institute for Molecular Science, Okazaki, Japan)

using the BL4U beam line where a scanning transmission X-ray micro-

scope is operated (Bruker). The experiments were performed in the re-

gime of the oxygen 1s-excitation (520 eV–570 eV). Selective probing of

the drug and drug nanocarriers was accomplished by tuning the excita-

tionwavelength to theO 1s→π*-resonances of the species under study.

These are slightly shifted in energy, so that dexamethasone and core-

multishell nanocarriers can be distinguished from each other, even if

they are containedwith low concentration infixed human skin samples.

Identification of CMS nanocarriers in fixed skin required slightly differ-

ent photon energies (531.4 eV and 535.9 eV), as is outlined in the

following.

3. Results and discussion

Fig. 1(a) shows schematically the molecular structure of dendritic

core-multishell nanocarriers (cf. [7,35]). Fig. 1(b) shows the structure

of dexamethasone. Selective probing of these core-multishell

nanocarriers is accomplished by measuring the inner-shell absorption

spectrum near the O 1s-edge of the neat drug nanocarriers, as shown

in Fig. 2(a).

It is compared to the X-ray absorption of dexamethasone depicted in

Fig. 2(b). The O 1s-absorption of core-multishell nanocarriers is ratio-

nalized by different oxygen sites. These are in the dendritic core ether

and hydroxyl groups. In the hydrophilic shell there are also ether

groups. These saturated functional groups contribute mostly to the O

1s → σ*-transitions, which are found in the O 1s-continuum around

538 eV [37]. Finally, in the nonpolar shell one finds unsaturated oxygen

sites belonging to amide and carboxyl groups. The latter species give

rise to the distinct resonance in the pre-edge regime, i.e. at 532.1 eV,

which is assigned to the O 1s → π*-resonance. It is higher in energy
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than the corresponding band in dexamethasone peaking at 530.8 eV

(see Fig. 2(b)), which is due a chemical shift reflecting the local sur-

roundings of the carbonyl groups. We have earlier shown that this

band contains in dexamethasone two different transitions, which are

not resolved [33].

The intensity of the O 1s→ π*-resonance relative to the O 1s→ σ*-

resonance in CMS nanocarriers, occurring at 538 eV is lower than in

dexamethasone, reflecting a lower fraction of unsaturated sites contain-

ing π-bonds than in the drug. These spectroscopic properties are of cru-

cial importance for selective, label-free probing of dexamethasone and

CMS nanocarriers, as it is outlined in the following. Before we discuss

this issue, we first show that drug loading into CMS nanocarriers can

be quantitatively determined by X-ray absorption. Fig. 2(c) shows the

experimental X-ray absorption spectrum of drug-loaded nanocarriers

at the O 1s-absorption edge. This is due to the substantial chemical

shift of both components depicted in Fig. 2(a), (b). The open symbols

in Fig. 2(c) correspond to the experimental results and the full curve is

derived from a spectral de-convolution of the corresponding O

1s→ π*-resonances by using Gaussian line shapes. The individual com-

ponents, corresponding to the O 1s→ π*-resonance of dexamethasone

and CMS-nanocarriers are shown in Fig. 2(d).

Quantitative evaluation of the drug loading of dexamethasone by

CMS nanocarriers is derived from these results as follows: A Gaussian

profile is used to simulate the shoulder around 530.8 eV, and an expo-

nentially modified Gaussian for the peak centered at 532.1 eV. This

choice is due to the apparent asymmetry of this peak. The areas under

the fit functions are required for determining the loading of dexameth-

asone in the nanocarrier sample. We find a ratio of 0.10 ± 40% for the

areas under the peak functions. The substantial relative error limit

comes mainly from the small Gaussian peak, which accounts for 37%

of the overall uncertainty. This is essentially due to the considerable

noise of the baseline of Fig. 2(c). The intensity ratio of both resonances

is the key quantity for determining the drug loading of CMS

nanocarriers. For this we need to consider the stoichiometry of the hy-

drocarbon chain of the CMS nanocarriers, which contain the spectro-

scopically probed C=O bonds. This is determined by elemental

analysis, as compiled in Table 1.

The structure and elemental composition of CMS particles has been

reported earlier [7,35,36]. Essentially, the CMS particles contain twice

as many oxygen atoms bound in C=O bonds, belonging to amide and

carboxyl groups, compared to nitrogen atoms. Taking the values from

elemental analysis, shown in Table 1, one derives that the particles con-

tain ~1.7 atom-% bound in C=O-bonds; the remaining ~8.5 atom-% ox-

ygen is due to saturated oxygen atoms, i.e. mostly hydroxyl and ether

groups.

Dexamethasone contains two C=O-sites per molecule. Taking its

molecular mass of M = 392,47 g/mol one derives that there are 3.5

atom-% C=O-sites in this drug. This implies that a given mass of dexa-

methasone contains twice as much C=O-bonds as the same mass

amount of CMS nanocarriers.

In the following it is assumed that the photoabsorption cross section

of oxygen sites bound to C=O-bonds in different compounds, does not

change significantly. This is in accordance to earlier results on the oscil-

lator strength derived for various carbonyl compounds [38]. Then, the

experimental signal of the O 1s → π*-resonance of dexamethasone

should be twice as intense as that of CMS nanocarriers, since it contains

twice as many C=O-sites. As a result, the intensity ratio between both

resonances is twice as high as the mass ratio. Taking the experimental

ratio of the Gaussians derived from spectral de-convolution (cf. Fig.

2(d)), which yields a ratio of 0.1 for the O 1s→ π*-resonance of dexa-

methasone to CMS nanocarriers, one derives a drug load of 5%. This

value is consistent with results derived from solubilization experiments

probed by optical spectroscopy [39]. The approach for determining drug

loading by inner-shell spectroscopy presented in this work is novel

and allows us to analyze the samples under study using X-ray

spectromicroscopy.

Once the drug nanocarriers are spectroscopically characterized re-

garding their drug load, they are investigated in human skin ex vivo

by X-raymicroscopy. Fig. 3 shows the O 1s-regimes of CMS nanocarriers

and fixed human skin. Both O 1s → π*-resonances are not shifted in

Fig. 1. Schematic diagram of (a) core-multishell (CMS) nanocarriers (as adapted from ref. [35]) and (b) structure of dexamethasone.

Fig. 2. Oxygen 1s-absorption spectra of (a) core-multishell nanocarriers (CMS);

(b) dexamethasone (DX); (c) dexamethasone-loaded CMS nanocarriers (DX/CMS);

(d) spectral de-convolution of (c). The vertical dashed line on the left hand side

indicates the O 1s→ π*-transition of dexamethasone.

Table 1

Elemental analysis of CMS nanocarriers.

Atom Mass-% Atom-%

N 2.054 0.9

C 60.860 30.3

H 9.805 58.6

O 27.281 10.2
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energy, so that this resonance cannot be used for deriving a chemical

contrast. This is unlike recent work on quantitative probing of dexa-

methasone in human skin [33]. However, the spectral shapes of both

species are different from each other, where the O 1s→ π*-resonance

of fixed human skin ismore intense relative to theO 1s→σ*-resonance,

if compared to CMS nanocarriers (see Fig. 3). Therefore, we have chosen

two photon energies, at which fixed human skin shows a similar X-ray

absorption cross section, whereas that of CMS nanocarriers almost dou-

bles due to a lower amount of C=O-bonds, providing away for selective

probing of CMS nanocarriers in fixed human skin. Specifically, we used

the following photon energies: 531.4 eV and 535.9 eV. According to the

Beer-Lambert law, the experimentally observed gain in differential ab-

sorption at both energies can be related to the occurrence of CMS

nanocarriers in human skin. Note that for the analysis a background sig-

nal from the skin has been taken into account. This yields the result that

CMS nanocarriers are only found in the stratum corneum, but neither in

the viable epidermis nor in the dermis (cf. Fig. 4). This is in accordance

with earlier studies using dye-labeled CMSnanocarriers, whichwere in-

vestigated by fluorescence microscopy [16].

Results from X-ray microscopy are shown in Fig. 4. Fig. 4(a) shows

the image of the reference sample (neat HEC gel, 100 min penetration

time), where the differential absorption is on the average 0.20 ± 0.02

in the lipid structures and in the corneocytes 0.15 ± 0.01. When the

sample is exposed for 100 min to CMS nanocarriers, one derives

Fig. 4(b). There, the average differential absorption remains for

corneocytes at 0.15 ± 0.01, but increases for the lipid structures to

0.22 ± 0.02. At single locations the differential absorption exceeds

0.28, which is visualized by single yellow dots. These are regions, in

which CMS nanocarriers occur. They are located within the stratum

corneum lipid lamellae between the corneocytes [40], giving rise to nar-

row ribbons of CMSnanocarriers, whereas in the regions in between, i.e.

the corneocytes, no evidence for CMS nanocarriers is found, especially

after 100 min exposure. Cross sensitivities of the detection approach

can be ruled out, as visualized in Fig. 4(a). The other striking observation

is the detection of individual pixels of enhanced differential absorption.

These have a size of 50 nm, corresponding to the stepwidth used for re-

cording the images. This is unlike neat dexamethasone penetrating into

the stratum corneum, which is characterized by a homogeneous distri-

butionwithin the lipid lamellae of the stratum corneum [34], indicating

a distinct difference in the appearance of a low molecular weight drug

(dexamethasone (M = 392.5 g/mol)) and CMS drug carriers, if they

are selectively probed by X-ray microscopy. This implies that dexa-

methasone fits into all parallel lipid lamellae, which are known to

have of a width of 13 nm [41]. This situation is different for CMS

nanocarriers due to their sizable diameter of ~10 nm [35,36]. The pres-

ent results indicate, especially for t = 100 min, that the CMS

nanocarriers do not penetrate in parallel through a single 13 nm lipid

lamella, which is likely due to the low nanocarrier concentration. We

have also analyzed the intensity distribution of these single yellow col-

ored pixels and observed a remarkably similar amplitude of differential

absorption at different locations of the stratum corneum. This sheds

light on the question on the CMS particle densitywithin the lipid lamel-

lae. Assuming that within one pixel of 50 nm2 one finds four 13 nm lipid

lamellae in which at most one CMS nanocarrier is accommodated, then

there can be up to 20 drug carriers of a size of ~10 nm within a slice of

10 nm, corresponding to the approximated size of a nanocarrier [42].

The thickness of the investigated skin slices is 350 nm, so that at most

700 CMS nanocarriers can be foundwithin a single pixel, corresponding

to 100% loading. The observed changes in differential absorption due to

drug nanocarriers yield a loading of 12 ± 6% at t = 100 min. The error

limit considers that the lipid channels show some variations of differen-

tial absorption in different lipid channels. The present results clearly in-

dicate that no aggregates of CMS nanocarriers can penetrate into the

stratum corneum, which is explained by spatial restrictions of the lipo-

philic lamellae and the fact that at a given location nomore than two or

at most three pixels show enhanced absorption due to CMS

nanocarriers. This situation changes as follows after 1000 min exposure

time (see Fig. 4(c)).

Firstly, there is accumulation of CMS drug nanocarriers in the lower

part of the stratum corneum at t= 1000min (see Fig. 4(c)) and there is

for both exposure times no evidence for penetration of CMS
Fig. 3. O 1s-absorption spectra of (a) fixed human skin and (b) CMS nanocarriers (see text

for further details).

Fig. 4. High resolution X-ray micrographs of the stratum corneum of human skin samples

derived from differential absorption recorded at 531.4 eV and 535.9 eV, respectively.

Differential absorption is represented by a gray scale, where a gain in absorption

corresponds to black color, which turns above a threshold value of 0.28 into yellow:

Application of dexamethasone-loaded CMS nanocarriers for (a) reference sample

containing only HEC gel; (b) 100 min; (c) 1000 min. The viable epidermis is located at

the bottom of each micrograph. Schematic diagrams are shown in (b) and

(c) symbolizing the location of the CMS nanocarriers within the 13 nm lipid lamellae.
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nanocarriers into the viable epidermis. This points to the fact that there

is a barrier for CMS nanocarriers which they cannot overcome. Howev-

er, this barrier can be passed by the drug, as is outlined further below.

The average differential absorption is increased in the lipophilic regions

at 1000min to 0.29±0.02, i.e. by 45±5% relative to the reference sam-

ple. Here, several drug carriers appear at the same position of the stra-

tum corneum, indicating that at increased concentration, CMS

nanocarriers can penetrate in parallel through this region. The occur-

rence of the drug carriers, which is significantly slower than the neat

drug, points to a slow CMS penetration process. Secondly, CMS

nanocarriers appearedmore spread into the regions where corneocytes

are located at t = 1000 min, especially in the lower part of the stratum

corneum (cf. Fig. 4(c)). We assume that it is unlikely that an ~10 nm

nanocarrier will penetrate into a region, which cannot be accessed by

the drug nanocarrier and the neat drug (cf. ref. [33,34]). It rather ap-

pears to be plausible that this observation is due to a decay of the CMS

nanocarriers in the lower part of the stratum corneum, most likely via

cleavage induced by enzymes, such as lipases and esterases [43–45].

Therefore, nonpolarmoieties of lowermolecularweightwill be released

and probed by X-ray absorption. These species are more likely to pene-

trate into the corneocytes than entire CMS nanocarriers. At the same

time one expects that this decay process is accompanied by a release

of the loaded drug. We also assume that the drug is stably associated

with the CMS nanocarriers during the penetration of the stratum

corneum and it is released once the nanocarriers are degraded. This as-

sumption is further proved by drug penetration profiles shown in Fig. 5.

Fig. 5(a)–(c) shows a comparison of drug penetration profiles ob-

tained from different formulations of dexamethasone that is topically

applied to the skin. Note that the uncertainty in local drug concentration

is estimated to be of the order of 10%, substantial variations in this quan-

tity occur due to the heterogeneity of the skin samples. Fig.

5(a) corresponds to four hours exposure to an ethanolic

dexamethasone solution (ethanol:water: 90:10; drug concentration:

0.5%) (cf. ref. [33]). A distinct maximum in local dexamethasone con-

centration of 4 μg/(cm2·μm) is observed in the stratum corneum. A dis-

tinct drop in local concentration is observed in the region between the

stratum corneum and the viable epidermis. Such minimum in local

drug concentration has also been observed for other formulations and

exposure times [34]. This indicates the occurrence of another barrier

at the transition between both epidermal layers and has been assigned

as the region of the tight junction barrier in the stratum granulosum,

which efficiently hinders the inside-out transport of voluminous solutes

[46], and may influence the drug penetration into lower skin layers, as

well. Compared to the stratum corneum, the local drug concentration

within the viable epidermis is significantly lower reaching about

1.5 μg/(cm2·μm) and no dexamethasone is detected in the dermis.

There is a characteristic drop in drug concentration in the region of

the basal cells, which has been recognized before [34]. The stratum

basale and/or the basal membrane separating epidermis and dermis

represent another barrier before the drug gains access to the

vascularized dermis, which may result in systemic availability [34].

Fig. 5(b) shows for a comparison the drug penetration after 16 h of top-

ical application of HEC gel containing dexamethasone. Similarly, the

local drug concentration peaks in the stratum corneum, but with small-

er amplitude (3 μg/(cm2·μm)), whereas the concentration in the viable

epidermis is enhanced reaching values up to 2 μg/(cm2·μm). There are

also the characteristic drops in local drug concentration between the

stratum corneum and the viable epidermis as well as near the basal

membrane. These occur at slightly different depths, due to the variabil-

ity in thickness of the different skin layers in the skin samples under

study. This implies that dexamethasone has penetrated into deeper re-

gions, if the exposure time is increased from 4 h to 16 h. Fig. 5(c) shows

the concentration profile of dexamethasone released from CMS

nanocarriers at 16 h. This profile is unique, since it does not show amax-

imum in the stratum corneum, rather than in the viable epidermis. In

the stratum corneum one observes only a moderate free dexametha-

sone concentration of about 1 μg/(cm2·μm), whereas in the viable epi-

dermis the local drug concentration reaches up to 3 μg/(cm2·μm). This

result is consistent with earlier findings observed for the detection of

CMSnanocarriers [16] and provides specific information on the drug re-

lease mechanism from CMS nanocarriers. Evidently, the drug-loaded

CMS nanocarriers translocate into the stratum corneum without mas-

sive drug loss. Otherwise one would observe high drug concentrations

in this top skin layer, similar to topical application of the dissolved

drug and the HEC gel. In accordancewith the appearance of the degrad-

ed nanocarriers in the corneocytes after 1000 min, the nanocarriers ap-

pear to release the drug rather in the lower region of the stratum

corneum and do not gain access to viable skin layers. Free dexametha-

sone, however, surmounts the tight junction barrier of the stratum

granulosumand penetrates into the viable epidermis. There, it can accu-

mulate due to slow penetration via the barrier provided by the basal cell

layer and the basal membrane. Therefore, we also see in Fig. 5(c) a steep

drop in dexamethasone concentration, as observed for the dissolved

and HEC-formulated drug (see Fig. 5(a), (b)). Consistently, we also do

not observe increased dexamethasone concentration in the dermis

(DE). The results are summarized in Fig. 5(d) and (e), where the

partitioning of dexamethasone in the stratum corneum and viable epi-

dermis is deduced from the results depicted in Fig. 5(a)–(c). There,

the integrated relative amount of the drug in each of these skin layers

is shown on a relative scale. In the case of the ethanol solution (4 h ex-

posure time) one observes that 71 ± 23% of the topically applied drug

are found within the skin (indicated by red bars), of which a fraction

of 33 ± 15% is found in the stratum corneum and 38 ± 17% are spread

over the viable epidermis. Note that these error limits are essentially

due to the heterogeneity of the skin samples. This leads to substantial

error limits, as indicated in Fig. 5(d)–(e). As a result, one does not find

significant differences, if the entire skin layers are compared to each

other. However, if parts of the stratum corneum are compared to each

Fig. 5. Penetration profiles of dexamethasone in human skin ex vivo: (a) 4 h exposure to

dexamethasone dissolved in ethanol (cf. ref. [33]); (b) 16 h exposure to dexamethasone

in HEC gel; (c) free dexamethasone released from CMS nanocarriers after 16 h exposure

time; (d) relative abundance of dexamethasone in the stratum corneum (SC);

(e) relative abundance of dexamethasone in the viable epidermis (VE). No

dexamethasone is found in the dermis (DE). The colors in (d) and (e) correspond to the

different drug formulations shown in (a)–(c).
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other, it is significant, that this layer is not used as a drug reservoir, if

drug-loaded CMS-nanocarriers are applied, as compared to the other

drug formulations. For the HEC gel formulated drug that was applied

for 16 h (indicated by blue bars) one derives that only 14± 9% of dexa-

methasone are found in the stratum corneum and 48± 12% are located

in the viable epidermis, yielding as a sum 62 ± 15% uptake into both

skin layers, which is similar to the ethanolic solution applied for 4 h. Ev-

idently dexamethasone is efficiently penetrating the viable epidermis

with increasing exposure time. The situation is different for the use of

CMS nanocarriers (green bars), where only 8 ± 10% of the drug are

found in the stratum corneum and the overwhelming fraction of

63 ± 18% is observed in the viable epidermis. Note that the sum of

both fractions is similar to the other formulations. The role of CMS

nanocarriers, transporting the highly skin penetrating drug dexametha-

sone, becomes evident for these results. The stratum corneum cannot

act as a drug reservoir, so that the drug is more efficiently penetrating

into the viable epidermis.

Finally, we address the question whether label-free detection pro-

vides further insights into drug penetration compared to studies relying

on dye-labeled CMSnanocarriers and dyes used asmodel drugs [7,9,16].

The result that CMS nanocarriers remain in the stratum corneum is fully

consistent with the present work. However, the penetration of dyes,

used as model drugs, appears to be observable in deeper skin layers

than dexamethasone, where in the dermis a sizable amount of model

drug was found. This is ascribed to different penetration properties of

dyes compared to dexamethasone. Evidence for this conclusion comes

from a comparison of intact and tape-stripped skin (cf. ref. [16]),

where significantly enhanced dye-penetration into the dermis is ob-

served for tape-stripped skin. This is unlike recent results on the pene-

tration of dexamethasone in similarly prepared skin samples probed

by X-ray microscopy, where no drug was found in the dermis [33,34].

This discrepancy cannot be explained by differences in sensitivity be-

tween both experimental approaches, rather than by different penetra-

tion properties of the respective dyes and drugs in skin. This highlights

the need for label-free detections schemes providing high spatial reso-

lution in the nanometer regime. Consistently, X-ray microscopy also

provides rich details due to its superior spatial resolution compared to

standard fluorescence microscopy approaches.

4. Conclusions

Label-free soft X-ray spectromicroscopy has the advantage that it

does not require to label neither the drug delivery systems nor the

drug for investigating skin penetration. This issue is less severe for

drug delivery systems as heavy moieties of N50,000 g/mol, which are

expected not to change their penetration properties in human skin

upon labeling. Especially fluorescence- or EPR-labels, however, can

change significantly themass and chemical properties of lowmolecular

weight drugs, whichmay affect their penetration properties. Specifical-

ly, we have shown by X-ray microscopy and the use of its high resolu-

tion capability, reaching nanoscopic dimensions, that the CMS

nanocarriers remain in the stratum corneum upon topical application,

even after 1000 min exposure. There is, however, evidence for a

decay of the CMS nanocarriers in the lower stratum corneum. Dexa-

methasone shows different penetration properties, if released from

CMS nanocarriers or conventional vehicles. We found evidence for

drug release from CMS nanocarriers in the stratum corneum, which is

clearly distinguished from topical delivery of dexamethasone using

either the dissolved or HEC-gel formulated drug. In addition, X-ray

spectromicroscopy is not only able to probe drug and nanocarrier pen-

etration routes quantitatively, but also the drug loading of thepolymeric

nanocarriers. We observed for the present sample that the CMS

nanocarriers were loaded with 5% dexamethasone. High spatial resolu-

tion provided by X-ray microscopy was used to derive further informa-

tion on the penetration processes of CMS nanocarriers through the

stratum corneum, providing evidence that no aggregates of CMS

nanocarriers are penetrating into this skin layer. Finally, we note that

X-ray microscopy is complimentary to Raman microscopy techniques.

Both are label-free approaches, whereas the spatial resolution and the

sensitivity of X-ray microscopy is shown to be superior.
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a b s t r a c t

The penetration of dexamethasone into human skin ex vivo is reported. X-ray microscopy is used for

label-free probing of the drug and quantification of the local drug concentration with a spatial resolution

reaching 70 ± 5 nm. This is accomplished by selective probing the dexamethasone by X-ray absorption.

Varying the penetration time between 10 min and 1000 min provides detailed information on the pene-

tration process. In addition, the stratum corneum has been damaged by tape-stripping in order to deter-

mine the importance of this barrier regarding temporally resolved drug penetration profiles.

Dexamethasone concentrations distinctly vary, especially close to the border of the stratum corneum

and the viable epidermis, where a local minimum in drug concentration is observed. Furthermore, near

the basal membrane the drug concentration strongly drops. High spatial resolution studies along with a

de-convolution procedure reveal the spatial distribution of dexamethasone in the interspaces between

the corneocytes consisting of stratum corneum lipids. These results on local drug concentrations are

interpreted in terms of barriers affecting the drug penetration in human skin.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Formed by anuclear corneocytes of low water content and

embedded into a multilayer lipid matrix made up from phospho-

lipids, ceramides, and cholesterol as the main components [1],

the stratum corneum acts as the main barrier for topically applied

drugs so that most efficiently only lipophilic and low molecular

weight compounds below 500 g mol�1 can penetrate into viable

skin layers [2]. Moreover, the stratum corneum forms a drug-

specific reservoir [3]. Although this barrier is disrupted by inflam-

matory skin diseases, such as psoriasis [4] or atopic dermatitis [5],

as well as by mechanical damage induced e.g. by tape-stripping [6],

delivery of sufficient drugs amounts to the site of skin diseases is a

major challenge. For enhanced drug penetration, enhancers of var-

ious types are extensively used [7]. These include ethanol, in par-

ticular improving the penetration of hydrophilic compounds [8].

There are several experimental approaches for probing the

dermal drug concentration following topical drug delivery. For non-

clinical studies OECD guideline 428 suggests the testing in human

skin ex vivo mounted to Franz diffusion cells [9]. The procedure

has been standardized and prevalidated [10] and the results are

predictable for humans [11,12]. OECD guideline 428 allows other

approaches, as well, e.g. testing on animal skin or reconstructed

human skin and replacing Franz cells by transwells, provided the

results are comparable to each other. Drug analytics makes use of

e.g. high pressure liquid chromatography (HPLC) for the quantifica-

tion of the penetration, i.e. drug amounts within the skin, and

permeation, i.e. amounts which have diffused across the skin and

are recovered in the receptor fluid [13–15]. The sensitivity of HPLC

provides a limited spatial resolution of >20 lm, as seen e.g. for

glucocorticoids [14,16–18], which are quantified after extraction

from horizontal skin sections. The concentration gradient of drugs

penetrating the stratum corneum and viable skin layers has been

analyzed and modeled [19–21]. Transport in the stratum corneum

as well as in the viable skin layers is diffusion driven, which yields

an exponential drop of the drug concentration when sampling the

stratum corneum by tape-stripping for analysis [22]. Also devia-

tions in terms of biphasic depth profiles have been reported [23].

The spatial resolution of all these procedures is not sufficient to

http://dx.doi.org/10.1016/j.ejpb.2016.12.005
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determine variations in local drug concentration within the

stratum corneum and thus do not allow for gaining detailed

insights into the processes that overcome this barrier.

The lipidmatrix between the corneocyteswithin the stratum cor-

neum depicts a lamellar phase with a periodicity of �13 nm [1],

which is of crucial importance for the skin barrier function. In addi-

tion, a short periodicity phase of �6 nm has been identified [24],

which is more frequent in lesional skin of atopic dermatitis. Penetra-

tionofcompoundscontainingheavyelements, suchasHgCl2, through

human skin has been probed by transmission electron microscopy

along with energy-dispersive X-ray spectroscopy (EDX) [25] and

revealed time-dependent changes in penetration. Initially, HgCl2
was observed in the lipidmatrix between the corneocytes and at later

times some uptake into apical corneocytes was observed. However,

EDX cannot be easily used for drugs containing light elements, such

as dexamethasone, which is subject of this work.

Drug delivery processes are sensitively probed by fluorescence

microscopy [26]. This requires a fluorescing drug, which is rare, or

afluorescing label bound to thedrugof interest [27]. Often, thedrugs

are simply replacedby afluorescingdye, so that the penetration pro-

cesses into skin can be easily observed [28]. Recently, super-

resolution fluorescence microscopy studies have been reported for

elucidating the transdermal penetration of intact liposomes [29].

Label-free approaches for probing spatially resolved drugs make

use of unique spectroscopic properties of the compounds to be

detected, which includes mass spectrometry [30], Raman-based

techniques including stimulated Raman microscopy [31,32], and

coherent anti-Stokes Raman scattering [33]. More recently, X-ray

microscopy has been used for probing the penetration of topically

applied drugs into human skin [34]. We have highlighted in Ref.

[34] advantages of X-ray microscopy in comparison to other estab-

lished analytical techniques.

Dexamethasone is a glucocorticoid that is used for topical treat-

ment of atopic dermatitis in particular. Dexamethasone can bemea-

sured in human skin ex vivo by X-ray microscopy [34]. Selective

probing is accomplished by core level excitation of the O 1s? p⁄-

resonance at the C3-site. X-ray microscopy allowed us to suppress

the background signal of glutaraldehyde fixed skin and to determine

absolute drug concentrations as a function of depth after 4 h of dex-

amethasone application. This proof-of-concept study [34] indicated

that also local variations of drug concentration occur in the stratum

corneum,whichprovided evidence that the glucocorticoid is located

in the intercellular lipidmatrix anddoesnot efficientlypenetrate the

corneocytes. More recently, we have also investigated by X-ray

microscopy the role of topically applied core-multishell nanocarri-

ers transporting dexamethasone into human skin [35].

This work goes beyond our recent study [34], here we report on

systematic variations of the drug penetration time and the effect of

mechanical removal of the outer stratum corneum by tape-

stripping. In addition, we report on high resolution images,

indicating that dexamethasone is indeed exclusively found in the

lipophilic interspaces. Here, we aim also to determine the system-

atic of drug penetration, which becomes possible using a substan-

tially higher spatial resolution than has been communicated before

by label-free spectromicroscopy on drugs penetrating skin. Using

tunable soft X-rays along with X-ray microscopy provides new

insights regarding drug localization and penetration processes.

2. Materials and methods

2.1. Exposure of human skin ex vivo to dexamethasone and sample

preparation

Human skin samples were prepared using excised human

abdominal skin from one healthy female donor undergoing plastic

surgery. The study was approved by the Ethics Committee of the

Charité – Universitätsmedizin Berlin (approval EA/1/135/06

updated 07.2015). It was in accordance with the Declaration of

Helsinki guidelines and the samples were obtained after the signed

consent of the patients. The excised skin was examined for injuries

or morphological changes. Only those samples with intact skin sur-

face were used. The subcutaneous fat was removed and the skin

was cut into 2 cm � 2 cm pieces. The skin samples were topically

exposed to formulations containing dexamethasone using areas

of 1 cm � 1 cm either as they were (intact barrier) or after they

were tape-stripped 30 times (partial barrier disruption) [36].

1.5% dexamethasone were dissolved in 70% ethanol. This solution

was incorporated in hydroxethyl cellulose (HEC; Euro OTC Pharma;

Cologne, Germany) gel for testing. Control samples were treated

with drug-free HEC gel. Following preincubation of the skin in a

humidified chamber for 10 min at 32 �C, 40 lL of dexamethasone

gel (total dexamethasone load 600 lg/cm2; infinite drug dosing)

was applied and left in place for 10 min, 100 min, and 1000 min,

respectively. Then, the residual gel was removed by means of a

dry cotton swab followed by one tape-strip and the skin was cut

into 1 mm � 1 mm pieces using a razor blade. These were fixed

for 3 h at room temperature using 2.5% glutaraldehyde in 0.1 M

Na-cacodylate buffer. Samples were subsequently post-fixed by

1% OsO4, 0.8% K4[(Fe(CN)6] in 0.1 M cacodylate buffer, and dehy-

drated by washing steps in water with an increasing fraction of

ethanol (50–100%). Loss of dexamethasone due to washing with

ethanol is avoided by fixation with OsO4. We also conducted addi-

tional measurements on samples without fixation preceding the

washing step. As a result, no drug was probed in these samples

by X-ray microscopy (not shown). The samples were then embed-

ded in epoxy resin EPON (Electron Microscopy Sciences, Kit 812,

Hatfield, MA, U.S.A.) and regions of interest were cut into 350 nm

sections by means of a microtome RM2065 (Leica, Wetzlar, Ger-

many). Finally, the samples were placed on silicon nitride windows

(thickness 100 nm, Silson, Northampton, UK). The samples were

prepared in duplicates (n = 2) for each drug penetration time to

be investigated by X-ray microscopy.

2.2. Measurement of thickness of the skin slices

The thickness of the vertical skin sections was determined by

atomic force microscopy (NeaSNOM, Neaspec, Martinsried, Ger-

many, cf. [37,38]). The instrument was used in the intermittent

contact mode (tapping frequency between 146 and 267 kHz, typi-

cal tapping amplitude 60 nm, scan sizes 25 lm � 100 lm, resolu-

tion 0.625 lm/pixel, 0.5 lm/pixel, respectively). The substrate

was set as the point of origin, and the step at the edge of the EPON

film taken as the sample thickness, which was determined at var-

ious positions, yielding 350 ± 20 nm. This information is used in

the following to quantify the drug concentration and distribution.

However, there were local regions that were more than 50 nm

thicker than other parts of the samples, especially in the upper

stratum corneum. This is a result of slightly irregular or ragged cuts

or fraying of corneocytes.

2.3. Scanning transmission X-ray microscopy (STXM) measurements

The STXM experiments were performed at the MAXYMUS

instrument (Bruker ASC, Bergisch Gladbach, Germany) at the elec-

tron storage ring BESSY II (Helmholtz Zentrum Berlin, Germany)

[39,40]. It is located at the UE46-PGM-2 beamline. The beamline

features an APPLE type undulator and a collimated plane grating

monochromator with an effective energy range from 150 eV of

up to 1900 eV using one high flux 600 L/mm blazed (0.7� angle)

and a high resolution 1200 L/mm grating. Soft X-rays are focused

onto the sample by using a Fresnel zone plate of 240 lm diameter
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and 25 nm outer zone width, with maximum spatial resolution

given by the X-ray spot size (31 nm FHWM). The transmitted

X-rays were converted to optical photons using a P43 phosphor

and detected by a photomultiplier (Hamamatsu C9744). The

energy resolution (E/DE) was typically of the order of 4000 at an

exit-slit size of 20 lm. The samples were scanned in the line mode,

in which they were moved row by row at constant velocity through

the X-ray beam. This corresponds to a smallest step size ranging

between 50 nm and 100 nm. This allowed us to cover for each data

point collected an area of 750 nm2, which is of importance for

inhomogeneously distributed species, such as drugs in human skin.

Penetration of dexamethasone into human skin was probed by

Scanning Transmission X-ray Microscopy (STXM), similar to recent

work [34]. Briefly, the carbonyl (C3) site was excited at the O 1s?

p⁄-transition. The sensitivity of this approach was further

improved compared to our recent work [34] by lowering the exci-

tation energy from 530.6 eV to 530.1 eV. This reduced the previ-

ously noticed cross-sensitivity of dexamethasone relative to

untreated skin samples [34].

A detailed description of the data analysis is given in our previ-

ous work [34]. Briefly, skin regions of 25 lm � 100 lm were inves-

tigated near the skin surface at two photon energies, i.e. on the O

1s? p⁄-resonance (530.1 eV) and in the pre-edge regime

(528.0 eV). This allowed us to derive the differential absorption

and to quantify the number density of the drug as a function of

penetration time using the Beer-Lambert law. The sample thick-

ness is determined by atomic force microscopy to be 350 ± 20 nm

and the absorption cross section at 530.1 eV has also been deter-

mined before [34].

3. Results and discussion

Fig. 1 shows two typical X-ray micrographs taken at 530.1 eV (O

1s? p⁄-transition of dexamethasone) of two sections of skin sam-

ples that were exposed to dexamethasone for 10 min. Fig. 1(a)

shows intact skin, whereas the sample shown in Fig. 1(b) is from

tape-stripped skin. The color scheme used for Fig. 1 represents high

transmission in red color and high absorption in blue color. Both

micrographs show the top part of the skin samples near the sur-

face, indicating that X-ray microscopy recorded at a single photon

energy provides detailed information on the morphology of skin,

where the spatial resolution is significantly higher than in optical

microscopy. The top layer is identified by the stratified structure

of the stratum corneum (SC). Clearly, the stratum corneum of the

tape-stripped samples (cf. Fig. 1(b)) is thinner by about 50% than

that of the intact skin (see Fig. 1(a)). Fig. 1 also shows that the

thickness of the viable epidermis is different in both samples.

One observes for both samples changes in absorption within the

viable epidermis (VE), with lower absorption in the cell nuclei indi-

cating a lower concentration of dexamethasone in these cellular

compartments. These are identified by their round shape. Below

the viable epidermis, in the dermis (DE), the dexamethasone

amount sharply declines. Already these raw images shown in

Fig. 1 indicate that there is evidence for absorption of dexametha-

sone. However, for a quantitative evaluation of the local drug con-

centration one has to apply the data reduction procedure outlined

before [34].

Fig. 2 shows a series of drug penetration profiles recorded for

different exposure times of human skin explants to dexametha-

sone. The data evaluation was performed as in recent work, where

only four hours of dexamethasone exposure were investigated

[34]. Each sample was investigated at two different locations for

considering variations of local inhomogeneities and thickness of

the skin layers.

Briefly, from the optical density and the known absorption cross

section of dexamethasone at 530.1 eV, as well as the sample thick-

ness obtained from atomic force microscopy the depth dependent

local concentration of dexamethasone is determined, which is used

Fig. 1. X-ray micrographs of human skin ex vivo recorded at 530.1 eV: (a) topical

exposure time to dexamethasone: 10 min of intact human skin; (b) topical

exposure time to dexamethasone: 10 min of tape-stripped human skin. The

samples were vertically aligned to the skin surface. The skin layers are labeled as

follows: SC: stratum corneum; VE: viable epidermis, DE: dermis. The false color

image indicates blue color for high absorption and red color for low absorption of

dexamethasone. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Fig. 2. Depth profiles of dexamethasone in human skin with intact SC following an

exposure for: (a) t = 10 min; (b) t = 100 min; (c) t = 1000 min. The samples were

vertically aligned to the skin surface, where the zero point of the depth scale is

located. The location of different skin layers is indicated by SC (stratum corneum),

VE (viable epidermis), and DE (dermis).
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to derive the horizontal axes of Figs. 2 and 3. The local drug con-

centration is referenced to an area of 1 cm2 at a certain depth in

lm, yielding the unit lg/(cm2 lm), as it was reported in [34]. In

addition, we also derive the total amount of drug found in a given

skin region, i.e. stratum corneum, viable epidermis, and dermis,

within an area of 1 cm2. The attribution to specific skin layers is

based on optical microscopy images as well as STXM results (see

Fig. 1). These quantities appear to be useful for quantifying the

drug penetration processes. The fraction of penetrating drug is

determined from the drug concentration to which the skin sample

was initially exposed (600 lg/cm2). Note that the depth scale of the

three skin samples has been re-aligned relative to the skin surface,

which is required, since each sample shows a slightly different

thickness of each skin layer. High drug concentration above the

skin surface can be related to remaining drug formulation. These

remaining amounts of drug are considered for estimating the total

amount of dexamethasone. In addition, we marked in Figs. 2 and 3

the location of the stratum corneum (SC), the viable epidermis

(VE), and the dermis (DE).

We chose three drug penetration times (t = 10 min, t = 100 min,

and t = 1000 min). The results indicate that in the beginning

(t = 10 min) the entire amount of drug that is penetrating into

the skin is found in the stratum corneum (see Fig. 2(a)). The ampli-

tude of the local drug concentration reaches after t = 10 min up to

15 lg/(cm2 lm). There are some variations in local drug concentra-

tion, which are either caused by the non-uniform drug penetration

into the lipophilic layers of the stratum corneum or defects.

Note that no background from untreated skin was subtracted in

order to account for possible cross-sensitivity, which was observed

before (cf. Ref. [34]). Hence, the drug concentration within the SC

can be considered as an upper limit, which is estimated to affect

mostly the stratum corneum by �10% (cf. Ref. [34]). The present

results indicate that there is no exponential drop in drug concen-

tration, as was deduced for related drug formulations from tape-

stripping studies [19]. Note that the spatial resolution obtained

from X-ray microscopy provides more details than can be observed

by standard approaches. This explains that there are deviations

between the present and previous work. Especially, variations of

local drug concentration within the stratum corneum cannot be

probed by low spatial resolution work. Another reason for this

finding is that some of the drug formulation may stick to the skin

surface and is not removed by a single tape-strip at the end of the

drug exposure time. As a result, in all cases shown in Fig. 2 the

highest drug concentration occurs at the skin surface or slightly

above. These drug penetration profiles show, unlike tape-

stripping studies [19], that there are variations in local drug

concentration within the stratum corneum. Recent low resolution

X-rays microscopy work already indicated that the drug is not pen-

etrating into the corneocytes, but rather remains in the lipophilic

extracellular matrix in between [34], which is in agreement with

the well-known bricks and mortar model [41,42]. Certainly, the

local drug concentration is not properly displayed under these con-

ditions, since from earlier electron microscopy and diffraction

studies, these lipophilic structures are known to consist of narrow

lamellar structures of �13 nm periodicity separating the corneo-

cytes [1,43]. These structures are essential for the barrier function

of skin and consist mostly of glycolipids, ceramides, and fatty acids.

They are not resolved at the spatial resolution used for recording

Fig. 2. However, the spatial resolution can be further enhanced,

as it is detailed further below. Clearly, no dexamethasone was

found in the viable epidermis after 10 min penetration time. Con-

sidering that approximately 600 lg dexamethasone were topically

applied per cm2 skin, only 135 ± 25 lg were found per cm2 as the

total amount within the entire stratum corneum, corresponding to

(23 ± 5)% of the applied drug. This corresponds to a maximum pen-

etration velocity of 2.0 ± 0.2 lm/min for filling the entire stratum

corneum with dexamethasone.

As the penetration time is extended to 100 min (cf. Fig. 2(b)),

the drug penetration profile is significantly changed, where the

distinct maximum of the drug concentration is still found in the

stratum corneum with a slightly higher amplitude in local concen-

tration (see Fig. 2(b)). The total amount of dexamethasone in the

stratum corneum is similar to t = 10 min, yielding for t = 100 min

100 ± 20 lg/cm2. In addition, there is drug found in the viable

epidermis with a lower local concentration reaching up to ca.

7 lg/(cm2 lm). The drug concentration profile appears to be noisy,

which is essentially ascribed to the heterogeneous composition of

the viable epidermis consisting of �95% keratinocytes. The drug

penetrates also into the cell nuclei, but there is a concentration

gradient between the cytoplasm and the nuclei. Therefore, local

drug concentration depends on the investigated cut, i.e. if cell

nuclei or cytoplasm is probed, explaining a heterogeneous local

drug concentration. We find a total amount of 300 ± 50 lg/cm2 of

dexamethasone in the viable epidermis and a smaller amount of

65 ± 25 lg/cm2 in the dermis, if the top 23 lm are analyzed. The

total amount of dexamethasone that is found after 100 min in

the skin section shown in Fig. 2(b) is 470 ± 60 lg/cm2, correspond-

ing to (80 ± 10)% of the topically applied drug. This mass balance

indicates that within 100 min most of the dexamethasone is still

located in the top skin layers and has not penetrated into the der-

mis in a substantial amount. Penetration corresponds roughly to

more than a tripling of the penetrated drug compared to 10 min

penetration time. This means that the stratum corneum is readily

filled with dexamethasone, but once this process is finished, the

permeation into the viable epidermis leads to a load of

300 ± 50 lg/cm2, which corresponds to roughly a 1:3 partitioning

of the absorbed drug that is found in the stratum corneum and

the viable epidermis. Note that there is a characteristic drop in

local drug concentration approximately at a depth of 10 lm, which

is at the border between the stratum corneum and the viable epi-

dermis, respectively. This was also seen in our previous work [34]

and indicates that no local defect of the skin sample under study is

the reason for this observation, but rather a general property of

human skin. In addition, we observe a drop in drug concentration

to the basal membrane separating the viable epidermis from the

dermis approximately at a depth of 60 lm. This is taken as evi-

dence that this skin layer represents another barrier for drug pen-

etration, as is detailed further below.

Fig. 3. Depth profiles of tape-stripped human skin treated with dexamethasone for

different drug penetration times: (a) t = 10 min; (b) t = 100 min; (c) t = 1000 min.

The samples were vertically aligned to the skin surface, where the zero point of the

depth scale is located. The location of different skin layers is indicated by SC

(stratum corneum), VE (viable epidermis), and DE (dermis).
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Fig. 2(c) shows the distribution of dexamethasone after

1000 min. The following characteristics are observed: The ampli-

tude of local drug concentration in the stratum corneum is

decreased by about 30% relative to the shorter penetration times,

so that a maximum amplitude of 13 lg/(cm2 lm) is observed.

The total amount of dexamethasone in the stratum corneum (SC)

and in the viable epidermis (VE) are similar to those as after

100 min (SC: 120 ± 40 lg/cm2 and VE: 300 ± 40 lg/cm2), indicating

that these concentrations can be assumed to be in an equilibrium

condition. We also observe after 1000 min penetration time a drop

in drug concentration near the basal membrane, similar as it is

observed for 100 min penetration time. The concentration in the

top layer of the dermis remains low, i.e. 90 ± 70 lg/cm2. In total

500 ± 90 lg/cm2 dexamethasone have penetrated the skin, which

corresponds to about (85 ± 15)% of the applied drug. This under-

scores the fact that the most superficial skin layers, due to the

depletion of dexamethasone in the applied gel, have reached a

maximum drug loading capacity and its loss by distribution into

the dermis and systemic uptake is slow. This is in agreement with

a study in volunteers, in which urinary excretion of dexametha-

sone has been documented [3].

Moreover, the mass balance allows us to estimate the accuracy

of the entire study reaching from sample preparation to data anal-

ysis. The missing amount of dexamethasone at higher exposure

times (tP 100 min) is determined to be 15–20% and should be

due to not penetrated drug which is removed by washing and

the single tape-strip together with the remaining gel as well as a

minor fraction that has penetrated into the dermis. As a result,

the present results clearly indicate that the fixation process as well

as using ethanol as a solvent does not have a significant impact on

this missing fraction of the drug.

Dexamethasone penetration was also studied in tape-stripped

skin from the same donor in order to investigate the importance

of damage of the stratum corneum (cf. Fig. 1). The results are com-

piled in Fig. 3, indicating that the penetration of dexamethasone is

significantly increased after 10 min, if the stratum corneum is

removed by about 50%. The total amount of dexamethasone

observed in this tape-stripped skin sample is 320 ± 60 lg/cm2, of

which 110 ± 50 lg/cm2 are located in the stratum corneum and

even 210 ± 40 lg/cm2 in the viable epidermis (cf. Fig. 3(a)). This

corresponds to �(55 ± 10)% of the topically applied drug and

underscores that the barrier of the stratum corneum is reduced.

Clearly, within 10 min the drug has reached a depth of 60 lm,

which means that the penetration velocity has tripled from

2.0 ± 0.2 lm/min to 6.0 ± 0.2 lm/min. Again, at 10 min penetration

time no significant amount of drug is found in the top part of the

dermis (5 ± 3 lg per cm2).

After 100 min the total amount of drug in the stratum corneum

remains similar compared to t = 10 min in the tape-stripped sam-

ple (see Fig. 3(b)), implying that the penetration of dexamethasone

in this layer 90 ± 35 lg/cm2 has reached an equilibrium. The total

amount of drug in the viable epidermis is increased to

270 ± 40 lg/cm2, and the top part of the dermis contains

110 ± 30 lg/cm2, so that in total 470 ± 60 lg/cm2 have penetrated

within 100 min, corresponding to (80 ± 10)% of the topically

applied drug. The absolute value of drug found is similar to the

value of intact skin. However absolute values are dependent on

the local thickness of the skin layers. Despite the absolute value

of drug found in both skin samples one can see that the average

dexamethasone concentration within the viable epidermis of the

tape-stripped sample increases from roughly 5 lg/(cm2 lm) to

approximately 7 lg/(cm2 lm) compared to the intact skin.

Fig. 3(c) shows the situation after 1000 min. The highest

amplitude in local drug concentration is still found in the stratum

corneum and its maximum is similar to shorter exposure times

(16 lg/(cm2 lm)). The total amount of dexamethasone in the

stratum corneum is 80 ± 30 lg/cm2, i.e. slightly lower than at

shorter drug penetration times. Similar findings are observed for

the viable epidermis, where only 150 ± 15 lg/cm2 of dexametha-

sone are found. This provides evidence that there is significant

drug permeation into the dermis, for which we observe to a depth

of 80 lm 100 ± 30 lg/cm2. Note that in the skin section shown in

Fig. 3(c) the drop in drug concentration into the dermis is observed

at significantly lower depth (near 30 lm) than in the other skin

sections, where it occurs about 20 lm deeper. This implies that

the basal membrane is at this specific position closer to the skin

surface than in the other samples, corresponding in the investi-

gated sample to smaller thickness of the viable epidermis. This

might explain the lower amount of drug that is extrapolated to

be found in the entire viable epidermis, if the drug loading capacity

scales with the thickness of this layer. On the other hand, substan-

tial amounts of the drug are found in the dermis. If we sum up all

compartments, we observe 325 ± 50 lg/cm2, which corresponds

only to (55 ± 8)% of the applied drug that is found after 1000 min

penetration time. For instance, for intact skin (85 ± 15)% of the

topically applied drug were found in the different skin layers. This

might hint that there is already substantial drug diffusion into

lower parts of the dermis, which are not probed in this study.

We discuss this point in the following.

We summarize the above discussed findings shown in Figs. 2

and 3 for the viable epidermis in Fig. 4. Fig. 4(a) represents the total

mass of dexamethasone in the viable epidermis of skin with intact

stratum corneum, as obtained from numerical integration from the

experimental results shown in Fig. 2. These results indicate for

intact skin (blue bars) that the drug load reaches saturation already

after 100 min penetration time. The red bars indicate a similar

behavior for tape-stripped skin. However, it appears that there

might be evidence for a loss of drug load already after 100 min.

This might indicate that there is permeation of the drug into the

dermis at penetration times exceeding 100 min. However, a close

inspection of the samples under study indicates that there are vari-

ations in thickness of the skin layers in the analyzed skin areas,

which need to be taken into account. This is specifically true for

the tape-stripped skin sample that was exposed for 1000 min to

dexamethasone (cf. Fig. 3(c)). Such variations between different

skin areas appear to be misleading, so that we normalized the

thickness of the viable epidermis to identical values, as shown in

Fig. 4(b). Then, it becomes evident that the drug concentration

reaches at long exposure times a maximum value independent

from mechanical damage of the stratum corneum by tape-

Fig. 4. (a) Mass of dexamethasone concentration within the viable epidermis as a

function of the drug penetration time. The data corresponding to the blue bars are

taken from Fig. 2 (skin with intact SC), the red bars are derived from Fig. 3 (tape-

stripped skin); (b) Mass of dexamethasone in the viable epidermis corrected for a

constant thickness of this skin layer (see text for details). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)
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stripping. This hints to the fact that the viable epidermis has a cer-

tain drug loading capacity and that the permeation of drug into the

dermis is not dominating in the time periods investigated in this

work.

Note that such normalizations on the layer thickness are pri-

marily suitable for the viable epidermis due to its substantial vari-

ations in thickness. Similar corrections for the stratum corneum

would add substantial error bars to the analysis, which is due to

its small thickness as well as an inhomogeneous lateral drug distri-

bution. Therefore, we have not included such corrections for the

stratum corneum.

The stratum corneum represents a first, and well-known barrier

for drug penetration. Other barriers are identified by changes in

drug concentration in the vertical drug penetration profiles. There

is a distinct minimum that occurs in the region below the stratum

corneum (cf. Figs. 2(b) and (c), and 3(a) and (b) and [34]), i.e. near

the granular cell layer [44], where tight junctions are known to

occur. Defects in the skin samples can be ruled out and one might

ask why there is no such minimum in Fig. 3(c). This is due to a

slightly bent stratum corneum in the investigated skin area, which

washes out this structure. Furthermore, another characteristic

drop in drug concentration is always found in the region of the

basal cells. There, the drug concentration drops within 5–10 lm,

as shown in Figs. 2 and 3. This hints to another skin barrier within

these palisade shaped cell layer, in which the drug concentration

appears to drop near the background level. This concentration gra-

dient cannot be due to a fast diffusive transport mechanism, which

would lead to massive loss of dexamethasone into the dermis,

which is, according to the mass balances outlined above, not

observed. We may consider that the drug is well penetrating into

the epidermal cell layer, which goes along with uptake into the cell

nuclei and interactions with the glucocorticoid receptors [45]. This

leads to hydrogen bonding with the C3 site that is probed in the

experiments. It is known that hydrogen bonding leads to changes

in electronic properties of molecular species [46]. If that is the case,

then the local drug concentration is possibly underestimated, since

the drug bound to the acceptor might absorb at a different photon

energy. Here, we can only consider this general possibility, but a

quantification is required by additional experiments that go

beyond the scope of the present study.

Finally, we discuss high spatial resolution capabilities of X-rays

microscopy. Fig. 5(a) shows with high spatial resolution, i.e. a step

width of 50 nm, a section of the lower stratum corneum of intact

skin, i.e. the region near the stratum granulosum after 10 min of

dexamethasone penetration. There, the occurrence of dexametha-

sone is indicated by blue color. The stratified structure of the stra-

tum corneum is clearly visible, as in Fig. 1, but the step width

allows us to get further insights into the local drug distribution.

Different regions are visible, corresponding to changes in X-ray

absorption of the sample. It is evident that the drug is only con-

tained in those regions of light color, i.e. optically thinner regions

than the other ones. This region corresponds to the lipid phase

with its lamellar structure. It contains mostly carbon and low

amounts of absorbing material in the O 1s-near-edge regime,

which is consistent with earlier work [42,47]. Their width is typi-

cally of the order of 100 nm. In some sections, wider regions occur

with diameters reaching up to 350 nm. These might be due to

desmosomes [42]. Regions corresponding to keratin-rich corneo-

cytes are indicated by red color in Fig. 5(a). Earlier work has shown

that their composition undergoes depth dependent changes, as

proved by vibrational spectroscopy [48]. The present results indi-

cate that there is a strong depth dependent variation of local drug

concentration, which is unlike an exponential drop in drug concen-

tration, as deduced from tape-stripping studies [19]. The present

findings are similar to those obtained from high resolution electron

microscopy along with EDX analysis on the penetration of species

containing heavy elements [25]. However, drugs containing light

elements, such as dexamethasone, cannot be probed by EDX,

which highlights the advantage of label-free spectromicroscopy

in the soft X-ray regime. The present results also give evidence

for the validity of the classical bricks and mortar model [41] and

show that the penetration of dexamethasone evidently only pro-

ceeds via the lipophilic phase.

We also analyzed the drug distribution within a narrow region

of �1 lm length of a single lipophilic channels in greater detail, as

shown in Fig. 5(a) (indicated by an arrow) and Fig. 5(b). In this way

it was attempted to find out how the drug is distributed within the

lipophilic lamellae structures. Fig. 5(b) shows on a relative scale

the local drug concentration for this region, which vertically cuts

the lamellae. The experimentally observed drug distribution profile

is the result of a convolution of the actual drug distribution

within the lipophilic lamellae with a Gaussian profile

(FWHM = 70 ± 5 nm). This broadening is due to the limited spatial

resolution provided by the zone plate and the X-ray optics. In a

subsequent step we de-convoluted the experimentally observed

profile shown in Fig. 5(b) in order to derive the drug distribution

profile in this skin region, which cannot be observed directly. The

Fig. 5. (a) High-resolution X-ray micrograph of the lower part of the stratum

corneum following dexamethasone exposure for 10 min (left: viable epidermis,

right: skin surface, cf. Fig. 1)). The false color image shows the optical density due to

the local concentration of dexamethasone derived from X-ray micrographs

recorded at 530.1 eV and 528.0 eV, respectively. High drug concentration is

indicated by blue color, red color corresponds to low drug concentration (see text

for details). The arrow marks the position which was used for evaluating (b); (b)

detailed view of the relative dexamethasone concentration within a single

lipophilic channel. The experimental data points (step width: 50 nm) are linked

by a dashed line to guide the eye. The full curve corresponds to a Gaussian of

70 ± 5 nm; (c) result of the spectral de-convolution yielding the spatial drug

distribution after having considered the spatial resolution of the X-rays microscope

(see text for details). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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result is depicted in Fig. 5(c). The experimental profile, correspond-

ing to a Gaussian-type broadening, can be transformed into a rect-

angular structure with a width of 91 nm.

We also indicate in Fig. 5(c) the 13 nm periodicity in the lipo-

philic phase [1], but these fine details do not affect the result of

the de-convolution. The value of 91 nm is rationalized by 7 lipid

layers in which the drug is penetrating with the same local concen-

tration. The overall breadth of these structures is comparable to

previous electron microscopy studies [42,49]. We also tried to vary

the number of lipid layers used for the de-convolution of the

experimental drug profile, but this did not yield results resembling

the experimental findings. We conclude from these results, that

the lipophilic drug dexamethasone penetrates the narrow regions

of the extracellular lipid domains of the stratum corneum by all

available lamellae and at similar concentration within each layer

after 10 min penetration time. There are also regions in Fig. 5(a),

in which the drug is wider spread. More systematic work is

required to explore the drug penetration process at high spatial

resolution and chemical selectivity provided by X-ray microscopy,

where different penetration time and different locations need to be

considered. This will also shed light on drug penetration into cor-

neocytes, which is not observed after 10 min penetration time.

These systematic investigations go beyond the scope of this work,

but the present results already highlight the potential of high res-

olution studies performed by X-ray spectromicroscopy.

4. Conclusions

Label-free detection of dexamethasone in human skin is probed

by scanning X-ray microscopy. This approach is suitable to probe

quantitatively and with high spatial resolution reaching 70 nm

the time-resolved penetration of dexamethasone. Focus of the pre-

sent study is intact and tape-stripped skin in order to determine

the impact of the damage of the stratum corneum regarding drug

penetration into the viable epidermis and dermis. Local drug con-

centrations are determined for the penetration times 10 min,

100 min, and 1000 min with a spatial step width of 1 lm. Further-

more, the total amounts of dexamethasone in the stratum cor-

neum, the viable epidermis, and the top part of the dermis are

determined, as well. The spatially resolved distribution of dexam-

ethasone in human skin shows significant minima near the stra-

tum granulosum and the basal layer, which provides evidence for

the occurrence of drug penetration barriers.

Furthermore, the potential of X-ray microscopy is explored for

studying the drug penetration process with high spatial resolution.

It is derived that dexamethasone penetrates the lipophilic intercel-

lular structures of the stratum corneum with the same concentra-

tion in each lamella structure, as derived from de-convolutions of

the local drug concentration. Further systematic work is proposed

to derive a molecular understanding of drug penetration that is

based on label-free spectromicroscopy.
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A B S T R A C T

The penetration of topically applied tacrolimus formulated in micelles into murine skin is reported, measured by X-ray microscopy. Tacrolimus and micelles are

probed for the first time by this high spatial resolution technique by element-selective excitation in the C 1s- and O 1s-regimes. This method allows selective detection

of the distribution and penetration depth of drugs and carrier molecules into biologic tissues. It is observed that small, but distinct quantities of the drug and micelles,

acting as a drug carrier, penetrate the stratum corneum. A comparison is made with the paraffin-based commercial tacrolimus ointment Protopic®, where local drug

concentrations show to be low. A slight increase in local drug concentration in the stratum corneum is observed, if tacrolimus is formulated in micelles, as compared

to Protopic®. This underscores the importance of the drug formulations for effective drug delivery. Time-resolved penetration shows presence of drug in the stratum

corneum 100min after formulation application, with penetration to deeper skin layers at 1000min. High resolution micrographs give indications for a penetration

pathway along the lipid membranes between corneocytes, but also suggest that the compound may penetrate corneocytes.

1. Introduction

The sensitive detection of topically applied drugs within skin layers

is an important issue, which has been addressed in various studies

[1,2]. Some drugs easily penetrate into viable skin layers or even be-

yond via transdermal penetration, whereas others do not penetrate and

remain essentially on the skin surface. This has been empirically de-

termined for lipophilic drugs by the 500 Da rule, which implies that

above this molecular mass efficient penetration is substantially im-

peded [3]. The essential barrier for this process is the stratum corneum.

It was also shown that in inflammatory skin diseases, such as atopic

dermatitis, the barrier function is decreased and the cutoff limit of

penetrating substances is shifted to higher molecular weights [3].

Psoriasis-like lesions, epidermal hyperplasia, and hyperkeratosis may

also affect the penetration of anti-inflammatory drugs [4].

Probing drugs encapsulated in nanoscopic particles after topical

application on skin requires specific detection techniques, which have

been reviewed recently [5]. Preferably, label-free approaches are re-

quired, by exploiting the inherent properties of the drugs and drug

carriers. Several experimental approaches have been employed for

label-free detection, which includes Raman-based approaches [6],

atomic force microscopy [7], including tip-enhanced Raman scattering

[8], photoacoustic nanoscopy [9], photothermal expansion [10], and X-

ray microscopy [11].

Recently, the penetration of the lipophilic drug dexamethasone by

scanning X-ray microscopy was reported [11–13]. These studies yielded

quantitatively systematic findings at different penetration times, so that

the amount of drug in different skin layers was determined. The central

advantage of X-ray microscopy is that the results can be quantified due

to Beer-Lambert law, ln (I/I0)=−σ·c·d, where I is the transmitted ra-

diation, I0 is the incident radiation, σ is the absorption cross section

measured in Mbarn (1 Mbarn corresponds to 10−18 cm2), c is the local

concentration, and d is the thickness of the sample that is penetrated by

soft X-rays. The quantity ln(I/I0) is also called absorbance or optical

density, probing the relative change of the transmitted radiation

through the sample. Highest concentration of dexamethasone is found

in the stratum corneum and there specifically in the lipid lamellae be-

tween the corneocytes, as follows from high resolution studies [12]. A

characteristic minimum in local drug concentration is found near the

stratum granulosum, indicating that tight junctions are a further barrier

for drug penetration [14], as was analyzed in detail by a transport

model [13]. Beyond the viable skin the drug is only found in the viable
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epidermis, hinting that the basal membrane is another barrier impeding

drug permeation to the dermis. In addition, stratum corneum removal

by repeated tape stripping yielded an enhanced drug penetration be-

havior, which is due to the thinned stratum corneum. As a result, the

drug penetrated in shorter time into deeper skin layers [12]. In addi-

tion, the drug transport was modified by core-multishell nanocarriers,

which transport dexamethasone more slowly through the stratum cor-

neum and release the drug in the lower part of this top skin layer [15].

As a result, less drug is contained in the stratum corneum and the drug

is transported in larger local concentrations into the viable epidermis.

Interestingly, the nanocarriers remained in the stratum corneum and

were not able to cross the tight junction zone. Similar findings were

reported from labeled nanocarriers, which were probed by fluorescence

microscopy [16]. Even in inflamed skin of murine models of psoriasis or

atopic dermatitis the nanocarriers remained in the stratum corneum

[17,18].

These previous findings provide the motivation for the herein pre-

sented work. We have modified the experimental parameters as follows:

instead of dexamethasone we chose the higher molecular weight drug

tacrolimus (C44H69NO12; m= 804.02 g/mol, see Scheme 1(a), which is

efficiently used in atopic dermatitis [19] and psoriasis [20] treatment.

The strongly hydrophobic compound with a logP of 3.96 ± 0.83 [21]

is known to be difficult to formulate and penetrates only in small

quantities into human skin [22]. For this reason, tacrolimus was for-

mulated in micelles, which considerably increased the aqueous solu-

bility from 2.5 μg/mL to 7mg/mL, i.e. by a factor of> 3000. Maximum

micellar loading was targeted to increase the chances of detecting ta-

crolimus by X-ray spectroscopy. The dermal penetration of tacrolimus

formulated in these micelles has been investigated before, where it was

shown that the formulation changes the drug penetration profile at low

spatial resolution of 20 μm, as assessed by analytical approaches, such

as ultrahigh pressure liquid chromatography with tandem mass spec-

trometry detection [23]. The result of this study was that a higher

amount of tacrolimus was found mainly in the stratum corneum and up

to the superficial dermis, if micelles containing the drug were used, as

compared to the commercial Protopic® formulation. Subsequent work

on skin delivery of a tacrolimus composite containing hydrogel in an

imiquimod-induced psoriasis mouse model yielded a twice higher drug

concentration than the commercial formulation Protopic®, which was

also used as a benchmark in this study [22]. These promising earlier

findings of efficient tacrolimus delivery into the skin motivated the

present investigation of micellar penetration capacity via soft X-ray

microscopy. Alternatively, transferosomes have been employed for ef-

ficient delivery of tacrolimus [24]. Most recently, various delivery

strategies for tacrolimus have been reviewed [25]. In this work we

exposed inflamed murine skin to a formulation containing tacrolimus

embedded in micelles for determining the penetration of these species

(cf. Scheme 1). This includes the aspect of enhanced drug penetration

due to skin inflammation and the novel formulation of this lipophilic

drug. It is known that imiquimod-induced psoriasis-like skin lesions

lead to enhanced skin permeability and drug penetration for both hy-

drophilic and hydrophobic drugs [4]. This also includes tacrolimus,

which showed an about ten-fold increased flux in psoriatic skin com-

pared to murine healthy skin.

2. Materials and methods

Tacrolimus (TAC)> 99% (cf. Scheme 1(a)) was purchased from LC

Laboratories (Woburn, MA, USA). Sodium citrate dihydrate and anhy-

drous citric acid Ph. Eur. grade were purchased from Haenseler (Her-

isau, Switzerland). Methoxy poly(ethylene glycol) hexyl-substituted

poly(lactic acid) (mPEGhexPLA or methoxy PEG poly(caprylic acid))

(molecular weight: 5.5 kDa) was supplied by Apidel SA, Geneva,

Switzerland. Acetonitrile HPLC grade (HPLC: high pressure liquid

chromatography), water HPLC grade (Biosolve®), and sterile water

(Corning®) were obtained from Brunschwig (Basel, Switzerland).

Acetone Ph. Eur., trifluoroacetic acid (TFA, HPLC grade) were pur-

chased from Sigma, Buchs, Switzerland.

Placebo and 0.7% TAC-mPEG hexyl-substituted poly(lactic acid)

micellar formulations (cf. Scheme 1(b) and (c)) were prepared in citrate

buffer at a 5mL batch scale. Briefly, tacrolimus and polymers were

dissolved in a 1:15 ratio (tacrolimus: polymer, w/w) in 2mL of acetone.

This organic phase was added dropwise (6mL/h) to the citrate buffer

(20mM, pH 5.5) under sonication (amplitude 20%, SD450, Branson,

USA). Acetone was evaporated under reduced pressure (60 °C,

180mbar, Rotavapor R210, Buechi, Switzerland) and the final volume

of the formulation was controlled to ensure the correct tacrolimus dose.

Placebo mPEG hexyl-substituted poly(lactic acid) micellar formulations

were prepared accordingly, but without tacrolimus. Finally, the mi-

celles were filtered under a laminar flow hood through 0.22 μm poly-

vinylidene fluoride (PVDF) filters into sterilized vials and kept at 5 °C.

The preparation of the micelles was adapted from Gabriel et al. [22].

The formulations were characterized in terms of drug content, mi-

celle size, and pH. The tacrolimus content was quantified by high

pressure liquid chromatography (HPLC, Agilent 1100, Basel,

Switzerland) with a Kinetex Phenomenex® XB-C18 column (75× 3mm

I.D., 2.6 μm) heated to 50 °C. The analysis was carried out in gradient

mode at a flow rate of 1mL/min over 7min. The mobile phase con-

sisted of a mixture of water with 0.1% (v/v) TFA (A) and acetonitrile

with 0.1% (v/v) TFA (B). A linear gradient from 45% to 55% B was

applied for 4min, followed by 2min at 55% B and an equilibration step

down to 45% B in 1min. The injection volume was set to 20 μL and UV

detection was performed at 205 nm. The particle size was characterized

by dynamic light scattering using back scattering light (173°) with a

Zetasizer Nano-ZS (Malvern Instruments, UK). Micelle size and dis-

tribution were measured in triplicates and expressed as number

weighted (dn) and intensity weighted (Z-average, Zav) hydrodynamic

diameters and polydispersity index (PDI). The Zav of both the

Scheme 1. (a) Structure of tacrolimus (taken from Ref. [26]); (b) structure of the polymer forming micelles for transporting tacrolimus (x≃ 40–50 units, y≃ 20–30

units)); (c) structure of a micelle incorporating the active pharmaceutical ingredient (API) tacrolimus (hydrodynamic diameter ∼30 nm), where hydrophobic

polymer chains point toward the inside and hydrophilic polymer chains toward the outside of the micellar corona.
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tacrolimus-loaded and neat micelles was around 30 nm and the target

load with tacrolimus was 0.7%.

Murine skin with imiquimod-induced psoriasis-like dermatitis

gathered in an in vivo experiment was used for these ex vivo experi-

ments, as described by Pischon et al. [17]. The frozen skin samples were

stored at −80 °C and were thawed for these studies and warmed to

37 °C before incubation. Neat and tacrolimus-loaded micelles and 0.1%

Protopic® were exposed to murine skin so that all samples were treated

topically with a drug concentration of 437 μg/cm2 at 37 °C, i.e. the

following samples were prepared: (i) reference skin treated for 100min

with physiological NaCl solution; (ii) 0.1% Protopic® (100min pene-

tration time); (iii) neat micelles (100min, 105mg polymer per mL ci-

trate buffer 20mM); (iv) tacrolimus loaded micelles (10min penetra-

tion time); (v) tacrolimus loaded micelles (100min penetration time);

and (vi) tacrolimus loaded micelles (1000min penetration time). Each

skin sample had a size of 0.8 cm×0.8 cm, then 10 μL of the drug for-

mulations was applied to the skin surface covering an area of ca.

0.4 cm×0.4 cm. After treatment, the samples were cut into

1mm×2mm pieces and were fixed in 2.5% glutaraldehyde (30min at

room temperature and overnight at 4 °C). Subsequently, the samples

were embedded using the standard protocol also applied in previous

works [11,12,15]. Briefly, the samples were post-fixed by 1% OsO4 and

0.8% K4[Fe(CN)6] in 0.1M cacodylate buffer. Dehydration of the

samples was done by a sequence of washing steps in water-ethanol

mixtures, finally using neat ethanol. Subsequently, the samples were

embedded in EPON resin (Serva, Heidelberg, Germany). An ultra-

microtome (Ultracut E, Leica, Germany) was used for preparing ca.

350 nm thick skin slices by cutting the skin samples vertically to the

surface. The fixed skin slices were prepared in duplicates and were fi-

nally deposited on silicon nitride windows (thickness 100 nm, Silson,

Northampton, U.K.). All samples were characterized by optical micro-

scopy prior to X-ray microscopy studies (Leica DM4000M, equipped

with a Heidenhain linear encoder).

The experiments involving X-ray microscopy were performed at the

Swiss Light Source at the PolLux instrument, which is located at a

bending magnet providing linearly polarized soft X-rays between

270 eV and 1600 eV [27–29]. The energy scale was calibrated by using

dexamethasone, which has been investigated in detail before

[11,12,15]. The fixed skin samples were mounted vertically on a high-

precision piezoelectric stage and scanned horizontally in the fly scan

mode, so that each line scans a depth profile. The vertical direction is

step-scanned, yielding two-dimensional xy-raster images. A Fresnel

zone plate was used as focusing optics to generate high spatial resolu-

tion (∼40 nm at the C 1s-edge and ∼80 nm at the O 1s-edge) by geo-

metrical demagnification of the exit slit. The transmitted signal was

collected by using a small-area detector, consisting of a phosphor

screen, which was coupled to a photomultiplier tube (Hamamatsu

647P). The instrument was operated under vacuum (10−3 mbar) for

minimizing X-ray absorption by residual gas and to avoid sample con-

tamination. Images were recorded at selected photon energies below

and in the C 1s regime (270–320 eV) as well as below and in the O 1s

regime (500 eV and 550 eV). Image processing was carried out using

IgorPro software similar to previous work [12,13,15] as well as

aXis2000 [30], and Origin® 2018b.

3. Results and discussion

Fig. 1(a) shows the absorption spectrum of the species under study

in the C 1s regime. This is required for gaining the chemical selectivity

by X-ray microscopy. These spectra have not been reported before, so

that they are briefly discussed. Note that the absorption spectra were

left on a relative scale, but these can be easily converted into an ab-

solute cross section scale by using the atomic absorption cross section, if

the composition of the species under study is known, i.e. tacrolimus

(C44H69NO12, m=804.02 g/mol) and the polymer composing the mi-

celles (C289H454N2O94, M=5454 g/mol, cf. [23]), e.g. at 310 eV, i.e. a

region, in which no resonant transitions occur. This yields for tacro-

limus at 310 eV a value of 38.9 ± 0.5 Mbarn (cf. Fig. 1(a)), if the pre-

edge value at 280 eV is set to 0 Mbarn. For the micelles one derives at

310 eV a larger value of 337.7 ± 1 Mbarn (cf. Fig. 1(a)). These sub-

stantial cross sections, corresponding at the C 1s→ π
* transition of the

micelles to 25 Mbarn and for tacrolimus to 16 Mbarn, are advantageous

for the detection of topically applied substances, since these are roughly

by a factor of 2.5–4 higher than at the O 1s-edge, as reported in earlier

studies [11,12].

This is a clear advantage of the instrument at the Swiss Light Source

which barely shows any contamination of the X-ray microscope and the

beamline in the C 1s regime (cf. ref. [31]), specifically if compared to

other X-ray microscopy installations. The chemical composition of fixed

skin is not exactly known, so that the conversion into an absolute

vertical scale may lead to substantial errors (cf. Fig. 1(a)). For the ta-

crolimus-loaded micelles (see Fig. 1(a)) one expects a similar C 1s-

spectrum compared to neat micelles, since the drug loading is estimated

to be of the order of 0.7% (see above). As a result, tacrolimus will not

significantly affect the spectral shape of the tacrolimus-loaded micelles.

The assignment of the spectral features shown in Fig. 1(a) is

straightforward according to the molecular structure of the absorbing

carbon in all species under study [32,33]. Note that detailed assign-

ments require quantum chemical calculations (cf. Ref. [11]), which go

beyond the scope of this work. The distinct resonance located for ta-

crolimus at 284.58 eV is due to the C 1s→ π
* resonance of the C]C

bonds, of which there are three in tacrolimus (see Scheme 1(a)). The

shoulder near 286.6 eV is most likely due to the C 1s→ π
* resonance of

the C]O bonds. The distinct features near 290 eV are likely due to

σ
*(CeH) excitations [33]. At slightly higher energy, i.e. near 293 eV,

one expects the σ
*(CeO)- and σ

*(CeC)-excitations, whereas the

σ
*(CeC)-excitations occur as broad and weak features above 300 eV.

The C 1s absorption spectrum of the micelles is similar in shape, but

there are small differences in absorption energies, such as that the weak

C→ π
*-resonance peaks at slightly higher energy than for tacrolimus,

i.e. at 285.0 eV. This weak absorption is unexpected, since the ab-

sorption due to the C 1s→ π
* resonance of the C]O bonds is expected

to occur at higher photon energy (see above) and might be a result of

radiation damage, which may occur for radiation sensitive carboxylic

groups, even at the moderate photon flux of the PolLux beamline. Note

that there is no shift in absorption energy compared to fixed murine

skin (see Fig. 1(a)), so that we cannot use the same approach that was

successfully applied for probing dexamethasone in fixed human skin,

where a distinct spectral shift of the O 1s→ π
* resonances of skin and

the drug allowed us to selectively probe the drug [11,12]. However, in

the present case it appears to be possible to use two photon energies at

which there is a change in differential absorption primarily for the

micelles, but not for fixed skin. These photon energies are found at

284.6 eV and 286.7 eV, respectively. There, the micelles gain absorp-

tion cross section by 350 ± 5%, whereas for tacrolimus a drop in cross

section 23 ± 5% is observed. This implies that changes in absorption

cross section due to topically applied micelles can be selectively probed

in the C 1s-regime, but not for tacrolimus.

The O 1s absorption regime is shown in Fig. 1(b) for the same

samples discussed for the C 1s regime (cf. Fig. 1(a)). The assignments

are similar to those given above for the C 1s features with the difference

that only oxygen sites are excited. The intense resonances peaking near

531 eV are due to the O 1s→ π
* transition. The broad feature near

540 eV is assigned to the O 1s→ σ
* transition. Note that the O 1s ab-

sorption cross section is significantly smaller than that at the C 1s-edge,

which is only used in this work for supplementary studies, such as

probing tacrolimus.

Fig. 2 shows a series of X-ray micrographs from the top skin layers of

inflamed murine skin. These were recorded in the C 1s regime in order

to detect the presence and penetration of polymeric micelles after ex-

posure of the skin samples to topically applied substances for 100min.

Fig. 2(a)–(d) shows a series of images taken at 286.7 eV. This photon
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Fig. 1. (a) Carbon 1s absorption cross sec-

tion of fixed murine inflamed skin; tacro-

limus; tacrolimus loaded micelles; and neat

micelles. The vertical dashed lines at

284.6 eV and 286.7 eV correspond to the

excitation energies used for X-ray micro-

scopy studies; (b) Oxygen 1s absorption

cross section of fixed murine inflamed skin;

tacrolimus; tacrolimus loaded micelles; and

neat micelles. The vertical dashed lines at

528.0 eV and 530.3 eV correspond to the

excitation energies used for X-ray micro-

scopy studies.

Fig. 2. X-ray micrographs of murine inflamed

skin near the skin surface: SC: stratum corneum,

VE: viable epidermis, N: nucleus. The micro-

graphs (a)–(d) have been taken at 286.7 eV for

determining the structure of the samples: (a)

control skin; (b) skin treated with Protopic®; (c)

skin treated with neat micelles; (d) skin treated

with tacrolimus loaded micelles. The micro-

graphs shown in the lower row (e)–(h) are de-

rived from changes in optical density between

284.6 eV and 286.7 eV for probing efficiently

micelles. Changes in optical density above a

common threshold value in relative optical

density of 0.067 are indicated by yellow color,

similar to previous work [15]. The arrow in (h)

points toward enhanced concentration of mi-

celles at the border to the viable epidermis.

Note that similar features also occur in (e) and

(g). The scale bars correspond to 5 μm. Note

that all micrographs were taken with 50 nm step

widths, except for (b) and (f), where 200 nm

were chosen. See text for further details.
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energy corresponds to the onset of the C 1s continuum (cf. Fig. 1(a)) for

all topically applied substances as well as fixed murine skin.

Each micrograph shows the stratum corneum with distinct layers of

corneocytes besides the top part of the viable epidermis. Specifically,

Fig. 2(a)–(d) shows the structural properties of the skin samples. In

contrast, the images in Fig. 2(e)–(h) indicate the presence of micelles at

detectable levels. The distinct layers in the stratum corneum have ty-

pically a thickness of 1.6 μm and appear to be swollen due to the topical

application of NaCl solution (Fig. 2(a)), Protopic® (Fig. 2(b), neat mi-

celles (Fig. 2(c)), and tacrolimus loaded micelles (Figure (2d)). Below

these structures lies the viable epidermis, showing sections of kerati-

nocytes with nuclei (partially indicated by N, e.g. in Fig. 2(a) – see also

Fig. 2(e)–(h)) and provides the chemical contrast due to selective ex-

citation at 284.6 eV and 286.7 eV, respectively. These energies were

chosen in order to have the same absorption contrast for fixed skin,

while for the other samples, i.e. micelles and tacrolimus-loaded mi-

celles, an increase in absorption cross section leads to an enhancement

of the differential absorption. We have chosen a presentation for these

Figures that is similar to previous work (cf. Ref. [15]) in order to vi-

sualize the topically applied species under study. This means that a

common threshold value of 0.067, as derived from the relative optical

density scale, is used at which the gray scale image turns into yellow

color of increased differential absorption. This shows a constant back-

ground in the viable epidermis for all micrographs (see Fig. 2(e)–(h)),

which is not considered for the present analysis. We assume that these

highlighted structures are due to carbon-rich moieties in the upper part

of the viable epidermis, which can be assigned to granular and lamellar

patterns according to electron microscopy studies [34,35]. Note that

these occur only in the stratum granulosum and below, but not in the

stratum corneum, yielding a chemical contrast, which is similar to the

topically applied substances under study. Caprylic acid, which is a

chemical building block of the micelles’ polymer, is a fatty acid. High

prevalence of lipids, which are endogenously present in the skin, might

be the reason for signal interference in the viable epidermis. For ex-

ample, lipid species that have been detected particularly in the epi-

dermis, but not in the stratum corneum, are phosphatidylcholins [36].

In Fig. 2(a) and (e) it is also evident that cell nuclei in the stratum

granulosum, indicated by N, are barely affected by this cross sensitivity.

Despite this cross sensitivity in the viable epidermis, it is possible to

probe topically applied drug formulations in the stratum corneum. This

means that the stratum corneum of the reference skin sample does not

show any enhanced absorption contrast in the top of this skin layer.

Furthermore, Protopic® (cf. Fig. 2(b) and (f)) does not show any hint for

tacrolimus penetration, implying that only small quantities can pene-

trate, which are evidently below the detection limit, if probed in the C

1s-regime. However, the skin samples exposed to micelles display much

higher signals in the stratum corneum. As noted above, the sensitivity is

significantly higher for probing micelles as compared to tacrolimus.

Neat micelles show evidence of their penetration most intensely in a

narrow range at the top of the stratum corneum (see Fig. 2(c) and (g)).

Here, the entire corneocytes in the top layer appear to have taken up

the formulation. The corneocytes show a thickness of 1.8 ± 0.2 μm,

which is thicker than in untreated murine skin [37]. Thus, it is assumed

that the corneocytes are swollen due to topical treatment. In the lower

layers of the stratum corneum one observes, as indicated by yellow

color, the micelles preferably at the edges of corneocytes. This hints

that their penetration is mostly due to transport in the lipophilic la-

mellae [38], as is known to occur for hydrophobic low molecular

weight drugs [12]. Swelling of corneocytes is known for topical appli-

cation of polymeric nanogel formulations, e.g. from thermoresponsive

nanogels [39]. When exposed to micelles loaded with tacrolimus, the

following changes are observed: The top layer of the stratum corneum

contains also most of the topically applied species, but the load in lower

parts of the stratum corneum shows a different signature compared to

the neat micelles. In the case of the drug-loaded micelles one observes a

more delocalized signal distribution with lower relative concentration

(see Fig. 2(d) and (h)). Localized structures at the edges of corneocytes

only occur in deeper layers of the stratum corneum, as indicated by the

white arrow in Fig. 2(h). The delocalized signal in the stratum corneum

shown in Fig. 2(h) may indicate the disintegration of some micelles in

superficial skin layers and their ability to diffuse down and accumulate

in the stratum granulosum. At the same time, the micelles might be able

to carry with them the drug into layers below the superficial stratum

corneum, as previously reported [23].

Fig. 3 summarizes the findings after 100min penetration time as

follows: Integrated intensities of the different layers, i.e. stratum cor-

neum (SC) and viable epidermis (VE) are added, yielding an averaged

response due to changes in differential absorption between 286.7 eV

and 284.6 eV, respectively, where the differential absorption of fixed

murine skin cancels out. The control skin and the Protopic® treated

samples show a minor response in terms of differential absorption in the

stratum corneum. In contrast, the response is significantly higher for

neat micelles and tacrolimus loaded micelles, indicating the feasibility

to show the presence of micelles in the stratum corneum. In contrast,

differential absorption is almost the same for control and viable epi-

dermis treated with Protopic®, neat micelles, and tacrolimus loaded

micelles. This implies that penetration of micelles into the viable epi-

dermis cannot be evidenced by this technique. However, it is assumed

in accordance with previous studies that they will not penetrate into

this skin layer [15]. Additionally, the role of tacrolimus cannot be fully

derived from these experiments, since the drug shows at the chosen

photon energies even a drop in differential absorption, as displayed in

Fig. 1(a).

In comparison to previous work on polymeric micellar nanocarriers

transporting tacrolimus these results are fully compatible [23]. Core-

multishell nanocarriers were found to remain in the stratum corneum

and there was no or minimal penetration into deeper layers observed.

This was also the case for topically applied thermoresponsive nanogels

[39], indicating the necessity of small sized nanocarriers and specific

physicochemical properties in order to cross the skin barriers. As a re-

sult, this type of drug delivery is ideally expected to minimize the

systemic exposure to the drug.

Fig. 4 shows the temporal skin penetration behavior in samples

treated with loaded micelles, as probed by an increase in differential

absorption in the stratum corneum. We have taken X-ray micrographs

for three penetration times, i.e. at 10 min, 100min, and 1000min.

The presence of micelles was evidenced in the stratum corneum at

100min and 1000min. Clearly, only a minor signal from the micelles is

Fig. 3. Changes in differential absorption for probing micelles by X-ray mi-

croscopy in different skin layers and differently treated skin samples for

100min as indicated. The error bars correspond to the variance of the corre-

sponding signal levels, where a quarter of the respective region was evaluated.

Stratum corneum (SC) and viable epidermis (VE) – see text for further details.
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detected in the stratum corneum after 10min penetration time. This is

indicated by light yellow color in Fig. 4(d). Most of the intensity is

observed even above the stratum corneum in the top part of this image

(not shown in Fig. 4(d)). The measurements taken at 100min are

identical to those shown in Fig. 2(d) and (h). As the penetration time is

increased to 100min, an intense signal is observed in the entire top

layer of corneocytes, implying that this layer has absorbed the drug

formulation (cf. Fig. 4(e)). This situation is similar, but more deloca-

lized after 1000min. penetration time, as displayed in Fig. 4(f). This

might indicate the disintegration of the micelles and release of tacro-

limus into the tissue. A quantification of these results cannot be done

from the micrographs, which is due to the low signal strength. There-

fore, the relative intensities of the micelles in the stratum corneum have

been derived from the results shown in Fig. 4, where cross sensitivities

in the viable epidermis impede the analysis below the stratum corneum.

The results are shown in Fig. 5. The differential absorption due to mi-

celles increases in the stratum corneum (black bars) with time, whereas

the intensity in the viable epidermis (red bars) remains almost constant.

This leads to the conclusion that the temporally resolved loading of the

stratum corneum appears to go into saturation for penetration times

above 100min. Such penetration behavior will ensure safety due to a

rate-limited drug uptake by the skin.

A limitation of these results is that one cannot distinguish between

neat micelles, tacrolimus loaded micelles, and tacrolimus on the X-ray

micrographs shown in Figs. 2 and 4 with the C 1s probing technique. As

pointed out above, there is an increase in absorption for the micelles,

providing the chemical contrast in the X-ray micrographs, whereas for

tacrolimus there is even a slight drop in absorption, if the photon en-

ergies at 284.6 eV and 286.7 eV are used. This is, however, not suitable

for detecting tacrolimus via resonant excitation in the C 1s-regime and

requires probing the drug in the O 1s-regime (cf. Fig. 1(b)). There, ta-

crolimus shows an O 1s→ π
* resonance, which is positioned at slightly

lower energy than the other species under study. This allows us to se-

lectively probe the drug in fixed murine skin. The differential absorp-

tion is adjusted at 528.0 eV (pre-edge regime) and at 530.3 eV (slope of

the O 1s→ π
* transition (cf. vertical lines in Fig. 1(b)). There, the cross

sensitivity is as small as possible, while the absorption cross section is

appreciably high, corresponding to 12.0 ± 0.5 Mbarn, if the atomic

absorption cross section in the O 1s-continuum is used (see above). This

results from a chemical shift in the different species under study near

the carbonyl groups. It is rationalized as follows: A careful examination

of the O 1s absorption spectra shown in Fig. 1(b) indicates the O 1s→

π
*(C]O) peak of tacrolimus is shifted to lower energy by ∼0.5 eV re-

lative to the π
* peak in the other systems under study. This is consistent

with the carbonyl groups (C]O) being attached to two neighboring

carbon atoms in the drug (see Scheme 1), whereas in the head group of

micelles the C]O is attached to a C and an O, while in skin protein the

C]O is attached to C and N. The use of 530.3 eV photon energy probes

selectively tacrolimus by exploiting this chemical shift. Then, one can

derive for the samples under study the differential absorption, which

also shows a background due to cross sensitivities of the majority

species in the skin samples.

Fig. 6 clearly indicates that there is a distinct difference in differ-

ential absorption in the stratum corneum, providing evidence that ta-

crolimus is probed with weak intensity. Skin areas were selected, where

the thickness of the stratum corneum is similar. Local differences in

structure of stratum corneum were not dominant in these areas, so that

defects, e.g. holes, cracks etc. were not included in the analysis. In these

selected areas, single images were split into three small longitudinal

sub-sections (sub-images) that were evaluated individually. The total

mean value (column height) of the total sample was derived from the

three mean values of the individual sub-images. The limits of the error

bars correspond to the minimum/maximum of all three sub-images. In

addition, selected areas of the skin were analyzed for evaluating the

robustness of the analysis with respect to large defects, e.g. the long-

itudinal section containing the area of the two large holes shown in

Fig. 2(d) and (h). There, no significant difference compared to the area

left of these holes is observed. Evidently, the analysis does not respond

to the holes containing primarily EPON resin. It can therefore be

Fig. 4. X-ray micrographs of inflamed murine skin near the skin surface: SC:

stratum corneum, VE: viable epidermis. The micrographs (a)–(c) have been

taken at 286.7 eV for determining the structure of the samples: (a) skin treated

for 10min. penetration time with tacrolimus loaded micelles; (b) 100min pe-

netration time; (c) 1000min penetration time. The micrographs shown in the

lower row (d)–(f) are derived from changes in optical density, i.e. at 284.6 eV

and 286.7 eV, probing mostly micelles. Changes in optical density above a

common threshold value are indicated by yellow color. Note that all micro-

graphs were taken with 50 nm step widths. See text for further details.

Fig. 5. Changes in differential absorption in the top skin layers of tacrolimus

loaded micelles as a function of penetration time. The error bars correspond to

the variance of the corresponding signal levels, where a quarter of the re-

spective region was evaluated. Stratum corneum (SC) and viable epidermis (VE)

– see text for further details.
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concluded that the chosen approach yields realistic results. A lower

level of differential absorption is obtained from the control sample and

the skin sample containing neat micelles (see Fig. 6(a)), whereas an

enhanced level is obtained from the Protopic® sample, which is at least

similar, likely even slightly higher for the tacrolimus loaded micelles.

This underscores the previously noticed favorable penetration of ta-

crolimus, if formulated in micelles rather than in Protopic® [22,23]. We

note that the drug load is lower in the viable epidermis, so that this

analysis is not extended to this skin region. We have rather evaluated

the time-resolved measurements, as shown in Fig. 6(b).

The O 1s probing technique allowed for following tacrolimus levels

in the stratum corneum as a function of penetration time. The same

level of differential absorption is observed for the control sample and

10min penetration time. This means that tacrolimus has not yet pe-

netrated into the stratum corneum. There is an increase of tacrolimus

levels at 100min penetration time, with slightly decreasing levels at

1000min. The local concentration of tacrolimus might have dropped in

superficial layers due to transport into deeper skin layers, but this re-

mains speculative at this point. Due to rate-limited drug uptake by the

skin, drug concentrations might remain at safe, but active levels in a

considered volume.

4. Summary and conclusions

X-ray microscopy has been applied for the first time to follow the

penetration of tacrolimus in inflamed murine skin ex vivo. Element se-

lective excitation allowed us to probe the penetration of the drug and

micelles in the top skin layers, where C 1s-excitation is preferable for

probing the micelles and O 1s-excitation is more suitable for probing

tacrolimus. The local concentration of the drug and micelles is weak in

the stratum corneum, but at least on the same level compared to

Protopic®, a commercial formulation. The present results indicate that

the corneocytes are swollen and penetrated by the drug formulation,

but there is also minor evidence for enhanced concentration near the

lipid lamellae between the corneocytes. Additional time-resolved stu-

dies indicate that the local concentration of micelles and tacrolimus in

the stratum corneum is increasing with time and reaching finally sa-

turation.

Note that earlier studies with the same tacrolimus loaded micelles

showed efficient, significantly superior tacrolimus delivery compared to

Protopic® into murine, porcine, and human skin [22,23]. The micelles

were therefore considered a suitable delivery system for tacrolimus,

which was able to significantly increase the cutaneous drug levels, and

for this reason merited further investigation. There are noticeable

differences, if X-ray microscopy is used for high spatial resolution

analysis with chemical selectivity. These can be due to the efficiency for

selective probing of the drug and micelles by tunable X-rays as well as

the local deposition of the topically applied species, which were in-

vestigated for the first time in this study. Thus, subsequent studies are

suggested for explaining the evident differences between these experi-

mental approaches.
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3.5 Soft X-Ray Microsopy on Thermoresponsive Nanogels for Topical 

Application in Skin 

Often, topical drug delivery is challenging when fighting inflammatory skin diseases. Drug 

penetration into the viable skin is successfully prevented by the stratum corneum. To 

enhance the drug penetration characteristics in skin, nanoscopic drug delivery systems can 

be used.132,133 The available nanoscopic drug delivery systems for topical treatments are 

versatile.7,9,89,93 Apart from micelles and core-multishell nanocarriers, thermoresponsive 

nanogels are considered for topical treatment of inflammatory skin diseases.94,134 Thereby, 

important characteristics such as drug loading and the drug delivery towards the site of action 

are of high interest. In this Chapter scanning transmission X-ray microscopy was used to 

selectively probe the penetration characteristics of pNIPAM nanogel (see Chapter 2.3) and 

dexamethasone in skin. 

Therefore, human abdominal skin was treated with 120 µL of the nanogel suspension per 

cm². The nanogel suspension was provided by our collaboration partners from the Freie 

Universität Berlin, Institute for Chemistry and Biochemistry, AG Calderón. The total 

amount of dexamethasone within the 120 µL nanogel suspension was 400 µg. 

The skin samples were prepared and received from our collaboration partners at the Charité 

Universitätsmedizin, Dermatology, AG Vogt / Blume-Peytavi. Prior to treatment the barrier 

was disrupted by tape stripping (30 times). The samples were prepared with and without 

thermal triggering of the nanogel. Treatment for the triggered thermoresponsive nanogel was 

conducted as follows: after 10 min of incubation time at 30 °C samples were irradiated by 

IR radiation (Philips Infrared RI 1521, 30 s, 116.8 mW, 3.9 mJ/cm²). The measured sample 

temperature reaches then a range between 40 °C to 42 °C and exceeds the cloud point 𝑇𝐶𝑃  

of 34 °C. Subsequently, the reported samples were incubated for further 100 min at 30 °C. 

After incubation, the non-penetrated nanogel suspension was removed by using cotton 

swabs. Samples were cut into 1 mm² pieces and fixed in 2.5% glutaraldehyde. For un-

triggered thermoresponsive nanogel the procedure was similar, except for the triggering 

process. The samples were incubated for 10 min at 30 °C, the irradiation by IR radiation was 

skipped, and subsequently the samples were incubated for further 100 min at 30 °C. Thus, 

the temperature of the sample and skin was always kept below the cloud point 𝑇𝐶𝑃. 

The experiments were carried out at the Scanning Transmission X-ray Microscope setup 

located at the electron storage ring UVSOR III (Okazaki, Japan) as described in Chapter 2.4. 

79



 

 

 

Measurements were conducted within the O 1s excitation regime ranging from 

approximately 525 eV to 560 eV. 

To determine photon energies at which a selective excitation can be used to separate the drug 

from the thermoresponsive nanogel an X-ray absorption spectrum of the species at the 

oxygen 1s regime was measured. X-ray absorption spectrum of dexamethasone compared to 

the X-ray absorption spectrum of the nanogel and dexamethasone loaded nanogel is shown 

in Figure 3.5.1. 

 

Fig 3.5.1: X-ray absorption spectrum of dexamethasone (blue) compared to the X-ray 

absorption of pNIPAM nanogel (red) and dexamethasone loaded nanogel (green). Excitation 

energies, chosen for the detection of dexamethasone, are highlighted by a black bar. 

 

In previous work it was shown, that dexamethasone in human skin can be detected by X-ray 

microscopy when exciting the sample at 528.0 eV and between 530.1 eV to 530.6 eV photon 

energy.13,36 From Figure 3.5.1 it is concluded that excitation energies of 528.0 eV and 530.5 

eV are suitable to detect dexamethasone within the skin sample treated with dexamethasone 

loaded thermoresponsive nanogel. At 530.5 eV an increased absorption cross section for 

thermoresponsive nanogel itself is not observed, when compared to an excitation energy of 

528.0 eV. Therefore, the impact of the nanogel to the optical density of human skin treated 

with the dexamethasone loaded nanogel, is avoided when exciting at 528.0 eV and 530.5 
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eV. The absorption spectrum of dexamethasone loaded nanogel shows a broadening of the 

O 1𝑠 → 𝜋∗ transition compared to the neat nanogel. From Figure 3.5.1 it is concluded that 

the broadening at 530.5 eV is due to loading by dexamethasone (loading 10%) within the 

nanogel. The loading was determined by isotope-dilution liquid chromatography tandem-

mass spectrometry (LC-MS/MS).135 By using LC-MS/MS, usually, the error limit is less 

than 0.1%. 

The observed differences of the O 1𝑠 → 𝜋∗  transition between dexamethasone and the 

pNIPAM nanogel is again reasoned by the chemical surrounding of the pNIPAM and 

dexamethasone carbonyl groups. In contrast to dexamethasone, the carbonyl site of pNIPAM 

nanogel is neighbored by a nitrogen atom making it an amide group, see Figure 3.5.2. This 

chemical difference is resulting in the observed difference of the O 1s absorption spectra, 

highlighting the chemical sensitivity of X-ray spectromicroscopy. 

 

Fig. 3.5.2: Structure of pNIPAM nanogel. 

 

The purpose of these experiments was to determine the effect of triggered thermoresponsive 

nanogels on drug penetration, after topical application, on human skin. The focus of the 

studies was set on qualitative probing the impact of nanogels on dermal dexamethasone 

penetration. In Figure 3.5.3 transmission and optical density images of human skin treated 

with a dexamethasone loaded thermoresponsive nanogel, both triggered and untriggered, are 

shown.  

To determine the dexamethasone penetration, samples were excited at 528.0 eV and 530.5 

eV photon energy, respectively. The drug penetration time was 100 min. In addition, the 

optical density at 528.0 eV and 538.0 eV excitation energy was investigated to make possible 

effects of the nanogel on the human skin visible. Both, human skin, and the dexamethasone 
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loaded thermoresponsive nanogel show an increased absorption at 538.0 eV. Thus, observed 

changes in optical density are discussed in terms of possible assignments of the spectroscopic 

results. 

 

Fig. 3.5.3: Human skin treated with dexamethasone loaded thermoresponsive nanogel, for 

100 min penetration time. Image (a), (b), and (c) refer to the untriggered sample, whereas 

(d), (e), and (f) show images of IR triggered sample. (a) and (d) are showing transmission 

images at 530.5 eV, (b) and (e) are showing the optical density at 528.0 eV and 530.5 eV, 

respectively, for probing dexamethasone. The optical density images (c) and (f) were 

gathered by exciting the sample at 528.0 eV and 538.0 eV probing the nanogel. The stratum 

corneum (SC) and the viable epidermis (VE) are indicated. 

 

In Figure 3.5.3 (a) and (d) transmission images of both samples, triggered and untriggered, 

are shown. The corresponding optical density images are shown in Figure 3.5.3 (b) and (e). 

The optical density was calculated from the images recorded at 528.0 eV and 530.5 eV 

photon energy, respectively. For both samples, residuals of dexamethasone are found on top 

of the stratum corneum (yellow). Differences for the drug penetration between untriggered 

and triggered thermoresponsive nanogels are found in the stratum corneum. A significantly 
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stronger optical density is observed for the triggered nanogel (yellow regions). Here, more 

drug penetrated deeply into the stratum corneum. However, the optical density drops towards 

the viable epidermis after reaching its maximum approximately at the mid of the stratum 

corneum. Furthermore, looking at the optical density images taken at 528.0 eV and 538.0 eV 

photon energy, in Figure 3.5.3 (c) and (f), the following observation is made: The same low 

intensity in optical density (red regions) is observed between (f) the lower part of the stratum 

corneum, for skin treated with triggered nanogel, and (c) the whole stratum corneum for skin 

treated with untriggered nanogel. The thermoresponsive nanogel seems to alter the structure 

of the stratum corneum, by causing a swelling of the corneocytes, and enhance drug 

penetration over time, especially when thermally triggered. Both effects go hand in hand. 

100 min drug penetration time is enough for affecting almost the entire stratum corneum. 

However, the lowest part of the stratum corneum, the border to the viable epidermis, was 

not affected and drug penetration was only observed above this region. 

Thermoresponsive nanogel having an effect on the stratum corneum structure was reported 

recently by using TEM, fluorescence microscopy, and Stimulated Raman microscopy.134 It 

was found that thermoresponsive nanogels modify the hydration of the stratum corneum 

leading to a swelling of the corneocytes and a subsequent formation of larger gaps between 

lipid layers. It is assumed that the visible swelling of the corneocytes is accompanied by a 

perturbation of the lipid and protein supramolecular organization.134 Thus, an enhanced skin 

penetration can occur by creating penetration channels through the hydrated corneocytes.134 

Those effects were already reported by Warner et al. after incubation of the SC with water 

for 24 h.136 The observed changes can be reasoned by an induced hydration effect caused by 

thermally triggered nanogel, leading to a swelling of the corneocytes 

While the labeled drug penetration as well as the structural changes within the stratum 

corneum were reported, the exact penetration route was only hypothesized.134 The 

hypothesis was strengthened by TEM and Stimulated Raman Microscopy, however, a direct 

observation of the drug within the skin sub-structure was not possible due to the lack in 

spatial resolution in Raman Microscopy and the missing ability to probe selectively the drug, 

respectively, as well as the replacement drug, fluorescein, by TEM. By using X-ray 

microscopy, the drug dexamethasone was localized within the SC, compare Figure 3.5.3 (d) 

and (e). The white structures within the stratum corneum, Figure 3.5.3 (a, d), are due to the 

lipid layers between the corneocytes, whereas the darker structures are due to corneocytes. 

Now, comparing Figure 3.5.3 (d) to Figure 3.5.3 (e) one observes that high optical density 

due to dexamethasone is observed within the corneocytes but not within the lipid layers. This 
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appears to be significantly different compared to the other dexamethasone formulations, 

since dexamethasone, as a lipophilic drug, which favors the penetration through the lipid 

matrix and penetration of the corneocytes was not observed.13 The hypothesis that 

thermoresponsive nanogels increase drug penetration by hydration of the stratum corneum, 

leading to an perturbated lipid and protein supramolecular organization, made by 

Giulbudagian et al. seems to be correct.134 The drug penetration is enhanced by the hydration 

of corneocytes creating drug penetration channels. Also, for high molecular-weight-drugs, 

above 500 Da, the condition of the stratum corneum is of importance for drug penetration. 

To transport the drug towards the site of action, also other procedures than using a 

nanocarrier formulation, such as a pretreatment of the skin can be conducted. Recently, it 

was shown that a pretreatment with serine protease trypsin can enhance drug penetration of 

rapamycin by affecting the skin barrier via enzymatic disruption of the stratum corneum.137 

Triggering of the thermoresponsive nanogel has a significant role in distributing the drug. 

Without initial thermal triggering no swelling of the corneocytes is observed. The 

thermoresponsive nanogel will not release its water content leading to the previously 

described alteration of the stratum corneum. Thus, no enhanced drug penetration can occur. 

In fact, without triggering also the drug will not be released from the nanogel and therefore 

cannot penetrate the skin. Thermoresponsive nanogels, or triggerable nanogels have in 

common that they have the advantage that the drug release can be controlled and confined 

to a certain area of interest. Thus, unnecessary drug exposure to non-target regions can be 

avoided by minimizing adverse effects of the drug. 

Thermoresponsive nanogels offer an alternative way to deliver drugs when topically applied. 

Especially for hydrophilic drugs, which have problems in overcoming the stratum corneum 

barrier, thermoresponsive nanogels seem to be an excellent choice for enhanced drug 

penetration.  
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3.6 Combining Stimulated Raman Microscopy and Life Science Microscopy in 

a New Setup: Measurements on Human Skin and a technical review. 

Stimulated Raman microscopy is used in life sciences as a label-free approach to analyze 

biological samples.123,138–140 Recently, advances in Stimulated Raman microscopy were 

reported, including video rate imaging, and femtosecond time-resolved impulsive 

Stimulated Raman spectroscopy.125,141 This Chapter reports on the use of a unique 

Stimulated Raman microscope, combining Stimulated Raman microscopy with bright field 

microscopy, phase contrast, fluorescence microscopy and hyper-spectral imaging at 

different wavelength in one setup. By combining different spectromicroscopy methods a 

deeper understanding of species under investigation can achieved. As part of this thesis the 

setup was used to deepen the knowledge of drug and nanocarrier penetration in skin by 

investigating the structural changes. A schematic overview and the technical specifications 

of the microscope are reported in Chapter 2.4.  

Combining Stimulated Raman microscopy and life science microscopy has several 

advantages. Information gathered from various types of microscopy methods can be 

combined to reveal new information on the sample under investigation. Furthermore, real 

time process-control of the Stimulated Raman scanned samples can be obtained. Thus, 

sample damage, due to intense laser irradiation, can be observed in real time and therefore, 

one can adapt the measurements to the unique characteristics of the sample e.g., by reducing 

the laser power or dwell time. This is of great advantage when analyzing biological samples. 

Also drifts of the laser focus, mechanically or thermally caused, can be compensated fastly. 

Especially, for measurements where a single image takes up to or above one hour, this 

feature is useful. In Figure 3.6.1 real time process-control during Stimulated Raman 

measurements is demonstrated. Real time in this content means that the optical image, the 

reflected laser radiation, and the transmitted laser radiation can be compared at each 

acquisition time during the measurement. Measurements were conducted on human skin, 

cryo-sliced (-20 °C) into roughly 6 µm cross sections after embedding in Tissue-Tek®. The 

embedding medium consists of water-soluble glycols and resin (Tissue-Tec®).142  
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Fig. 3.6.1: Real time images of the sample-laser interaction during Stimulated Raman 

measurements. (a) cross section of human skin including the stratum corneum (SC), the 

viable epidermis (VE) and the dermis (DE). (b) the reflected and (c) the transmitted laser 

radiation is shown for different positions within the human skin sample. The different 

positions for process-control are indicated by the red numbers 1, 2, and 3.  

 

An optical microscopy image of a human skin cross section is shown in Figure 3.6.1 (a), the 

skin layers are indicated. The skin was treated with the fluorescent dye, fluorescein (2 

µg/cm²), which is relevant for subsequent measurements. The optical microscopy images are 

used to observe sample damage during measurement. Positions for real-time process control 

are indicated by red stars and numbers. The positions were chosen so that two different 

structures, with different reflection characteristics, within the stratum corneum as well as 

one position within the viable epidermis can be evaluated. The reflected laser light during 

imaging is shown in Figure 3.6.1 (b). The spatial dimension of the reflection pattern exceeds 

by far the spot size of the laser beam, which is around 0.7 µm. This is caused by the properties 

of the biological sample. Here, sample thickness and the inhomogeneous structure of the 

skin can be found as the reason. The light is reflected and scattered multiple times within the 

sample resulting in the observed reflection pattern. The reflected laser light therefore 

includes information on the morphology, especially of the thickness of the sample. Different 

reflection patterns for different process-control positions are observed. Within the stratum 

corneum the reflected laser spot is showing an increased size, see Figure 3.6.1 (b) images 1 

and 2. This is due to the increased thickness of the stratum corneum compared to the viable 

epidermis. In Figure 3.6.2 it will be shown that the stratum corneum is 2 to 3-fold thicker 
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than the viable epidermis. Different structures within the skin will also have an impact on 

the reflected laser light. One can distinguish thick but loose from thick and dense skin 

material. The transmitted laser light is shown in Figure 3.6.1 (c). The observed multiple 

circular structures are caused by back and front side reflection at dielectric mirrors used for 

laser beam guidance. The image corresponds to a projection of the transmitted laser light 

through the entire skin sample. Therefore, the image scale varies with the local skin thickness 

and can only be estimated. The lateral resolution is described by the Rayleigh criterion as: 𝑑𝑅𝑎𝑦 = 0.61∙𝜆𝑁𝐴       (E3.6.1) 

where the lateral resolution and therefore, the diameter of the laser spot is given by 𝑑𝑅𝑎𝑦, 𝜆 

is the wavelength of the incident light, and NA is the numerical aperture. Parameters used in 

common for this study are 𝜆 = 811.2 𝑛𝑚 and 𝑁𝐴 = 0.65 (LCPLN50XIR, Olympus). As a 

result, the spot diameter is estimated to 761 nm. Spot diameters displaced from the focal 

point, for example at the skin surface, can then be calculated by using the two equations for 

the Rayleigh length: 𝑧𝑅 = 𝜔02𝜋𝜆       (E3.6.2) 

𝜔(𝑧)2 = 𝜔02 [1 + ( 𝑧𝑧𝑅)2]    (E3.6.3) 

Here, 𝜔0 is the beam waist, the radial size of the beam at its narrowest position, while 𝜔(𝑧) 

is the radial size of the beam at distance z from the beam waist. The Rayleigh length 𝑧𝑅 

describes the distance along the propagation of a Gaussian beam from the waist at which the 

area of the cross section is doubled. The wavelength of the beam is given by 𝜆. Values for z 

are set to the half of the skin thickness, when the focal point is set to be in the middle of the 

skin sample, since the divergence of the laser beam from the focal point is symmetric. 

Assuming a thickness of 6 µm (cryo-sliced-sections) and making use of 𝑑𝑅𝑎𝑦/2 estimated 

from equation E3.6.1, a diameter of the laser spot at the skin surface of (4 ± 1)µ𝑚  is 

estimated. Of course, with varying skin thickness this diameter also varies. For example, at 

the stratum corneum the observed spot diameter is roughly (8 ± 2)µ𝑚. By this, the thickness 

of the dark horizontally aligned structures in Figure 3.6.1 (c) image 2 can be estimated. The 

width of these structures is between 0.8 µ𝑚 and 1.6 µ𝑚. This width corresponds to the 

average spatial extent, in vertical direction, of corneocytes.  

By combining Stimulated Raman microscopy, bright field microscopy, phase contrast, 

fluorescence microscopy and hyper-spectral imaging at different wavelength, Stimulated 
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Raman measurements on human skin were conducted. Samples were measured in the 

Stimulated Raman loss mode, described in Chapter 2.4. The local distributions of proteins (𝜈𝑆𝐶𝐻3)  at 2934 𝑐𝑚−1 , lipids (𝜈𝑆𝐶𝐻2)  at 2850 𝑐𝑚−1 , and water at3420 𝑐𝑚−1  within 

human skin sample, introduced in Figure 3.6.1, are shown in Figure 3.6.2. The focus of the 

laser was set to 4 µm above the specimen holder’s glass side.  

 

Fig. 3.6.2: The distribution of (a) proteins, (b) lipids, and (c) water in human skin investigated 

by Stimulated Raman microscopy. Depth profiles along the white dashed line are shown 

together with the protein, lipid, and water distribution. The (d) depth profile of optical 

transmission at 811.2 nm and (e) normalized Raman spectra are included. The stratum 

corneum (SC), the viable epidermis (VE), and the dermis (DE) are indicated. 

 

The dashed white lines indicate the origin of the thickness profiles shown in Figure 3.6.2 (a), 

(b), and (c). The thickness profile describes the relative amount of the species of interest in 

dependence of the skin depths. A depth profile at 811.2 nm of the optical transmission is 

shown in Figure 3.6.2 (d) which can be compared to the thickness profiles of the species of 
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interest. The normalized Raman spectra of the species of interest are shown in Figure 3.6.2 

(e). It should be noted that all images were taken using the same objective. Therefore, the 

time delay, between different measurements is within the range of 100 ms to seconds. This 

points out a clear advantage of the system; measurements using different techniques can be 

conducted in a time saving way. Thus, more samples or a larger region of interest can be 

analyzed. Also, it reduces the time the sample is exposed to the environmental conditions 

within the laboratory between the measurements, which is important especially for fresh 

biological samples. As part of the technical review, those measurements were used to verify 

the use of Stimulated Raman microscopy for analyzing human skin. Measurements 

confirmed the known histological properties of skin. Proteins are homogeneously distributed 

within the skin layers, see Figure 3.6.2 (a). Except for small region between the stratum 

corneum and the viable epidermis, where an increased amount (red) of proteins is found, the 

protein amount is similar (green to yellow). However, it slightly decreases toward the 

dermis. This is different for lipids. In Figure 3.6.2 (b) an increased amount of lipids (red) is 

found within the stratum corneum. The amount of lipids rapidly decreases towards the 

dermis. The decreasing local lipid concentration, even within the stratum corneum, and the 

uniform protein distribution was reported in former articles.138,142–145 The weak signal of 

proteins and lipids outside of the skin, on top of the glass surface, has its origin in the used 

media for embedding the skin. In contrast to lipids, water can be found in the deeper layers 

of the skin rather than inside the stratum corneum. This distribution explains quite well the 

function of the skin as the protective layer, especially in terms of avoiding water loss of the 

human body. The high lipid concentration within the stratum corneum prevents the body 

from unwanted water loss.28,146 Results shown in Figure 3.6.2 are consistent with literature 

from former studies using other techniques like CARS and IR microscopy.147,148  

By comparing the depth profiles of Stimulated Raman microscopy to the depth profile of the 

transmission image at 811.2 nm another difference between both imaging methods is 

observed. For Stimulated Raman microscopy the surface of the skin cross section can be 

determined by a sharp intensity drop to zero. However, the transmission profile is showing 

varying signal intensities up to thickness of 12 µm, see Figure 3.6.2 (depth profiles).  

The depth resolution for optical and Stimulated Raman microscopy is approximated 

according to the Rayleigh criterion: 𝐹𝑊𝐻𝑀𝑎𝑥𝑖𝑎𝑙 = 0.88∙𝜆𝑛−√𝑛2−𝑁𝐴2     (E3.6.4) 
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Here, full width half maximum (𝐹𝑊𝐻𝑀𝑎𝑥𝑖𝑎𝑙 ) is the axial resolution, 𝑛 is the refractive 

index, 𝜆 the wavelength of the incident laser beam and 𝑁𝐴 the numerical aperture. Using the 

specifications of this setup an axial resolution is approximated to (3 ± 0.2) µm. Having the 

same axial resolution, the difference of the depth profiles for both imaging methods 

(transmission and Stimulated Raman scattering) arises from the interaction of the detected 

radiation. In transmission imaging, information on all skin structures outside the focal plane 

within the light cone is gathered. Therefore, even when the focus is far away from the sample 

surface, information from the sample is still gathered in transmission mode. This is not true 

for Stimulated Raman microscopy. Stimulated Raman scattering occurs only within the 

common focal plane of the pump- and Stokes-beam. Therefore, Stimulated Raman 

microscopy profiles are more suited to describe the shape of a sample at the focal plane.  

Another effect observed within the sample is an alternating transmission intensity within the 

depth profile of the optical transmission, shown in Figure 3.6.2 (d). This effect is caused by 

the refractive-index mismatch between the biological sample and the air surrounding the 

sample under study.149,150 It can be considered as a depth induced spherical aberration. This 

is not observed within the depth profile of Stimulated Raman microscopy measurements and 

is a good example how misinterpretation of results is avoided when Stimulated Raman 

microscopy is combined with life science microscopy.  

While Stimulated Raman microscopy proves to be an excellent technique for combination 

with optical transmission microscopy, especially for biological samples, also other life 

science-based microscopy techniques can take advantage of being combined with Stimulated 

Raman microscopy. Stimulated Raman microscopy imaging of human skin together with 

bright field microscopy, variations in thickness and refraction index by phase contrast, and 

localization of the applied fluorescence dye as label-based microscopy are shown in Figure 

3.6.3. All images were obtained from the same region within the skin sample introduced in 

Figure 3.6.1. Hyper-spectral images from near UV to NIR were included. The spectral region 

of the hyper-spectral imaging was chosen as (e) 350 nm – 495 nm, (f) 495 nm – 610 nm, (g) 

610 nm – 715 nm and (h) 715 nm – 1000 nm. 
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VE 
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Fig. 3.6.3: (a) Protein distribution measured by Stimulated Raman microscopy, (b) bright field 

microscopy, (c) phase contrast, (d) fluorescence microscopy, and hyper-spectral imaging at 

the wavelength of (e) 350 nm – 495 nm, (f) 495 nm – 610 nm, (g) 610 nm – 715 nm, and (h) 

715 nm – 1000 nm of human skin. Regions discussed in the following text are marked by 

black arrows and numbers. The colored intensity bar next to each image has the lowest 

intensity at its bottom and the highest intensity at the top. The stratum corneum (SC), the 

viable epidermis (VE), and the dermis (DE) are indicated. 

 

Three positions within the skin section were selected to demonstrate the benefit of combining 

Stimulated Raman microscopy with life science microscopy techniques, see Figure 3.6.3. 

Thereby, the first position (1) corresponds to the bands of low transmission and high 

concentration of fluorescein within the stratum corneum, not visible in optical transmission 

and Stimulated Raman microscopy, but visible when using phase contrast. This region 

consists of fine laminar sub-structures. In this region low intensities for lipids, proteins, and 

water are observed by Stimulated Raman microscopy. These findings correspond to holes 

and therefore to a loosen structure of the stratum corneum, see Figure 3.6.2. This contrasts 

with fluorescence microscopy which shows a highly dense, fluorescent dye loaded, and 

structured stratum corneum, see Figure 3.6.3 (d). While the entire stratum corneum is indeed 

highly structured, dense, and filled with fluorescent dye, the stratum corneum is also locally 

loosely attached to the viable epidermis and contains free spaces like holes. This is most 
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likely a side effect of cryo-slicing. However, it clearly highlights the advantage of combining 

life science microscopy with Stimulated Raman Microscopy. 

Position (2) corresponds to three holes within the skin caused by ripped-out keratinocyte 

nuclei during cutting of the sample. The skin within this region is thin. Transmission and 

fluorescence imaging indicate that this region contains no skin, since the intensities are 

similar to those outside the skin. However, in Stimulated Raman microscopy medium 

intensities within the region of the holes are observed. Transmission microscopy is 

insensitive to thin layers according to the Beer-Lambert law, especially for transparent 

samples. Fluorescence microscopy is label based, therefore without fluorescent dyes inside 

the thin skin section no signal is found. Due to the high chemical sensitivity of Stimulated 

Raman microscopy thin layers of the skin can be detected and identified.  

Position (3) indicates high intensities found by fluorescence microscopy. Within those 

regions no specific intensity change can be observed by Stimulated Raman microscopy. 

Therefore, an increased content of proteins, lipids and water can be excluded. However, 

within the images of the other microscopy techniques a circular structure can be observed. 

A wavelength dependent diffraction patterns can be observed by comparing the different 

hyper-spectral images. This could indicate an accumulation point of fluorescent dye. While 

no cellular dependency of this structure is found by Stimulated Raman microscopy, hyper-

spectral imaging may be more sensitive to such structures. Thereby, the contrast is a result 

of different absorption properties of this skin component for different incident wavelengths.  

By combining the high chemical and local selectivity of Stimulated Raman microscopy with 

life science microscopy techniques, in an all-in-one solution, advantages to deepen the 

knowledge on skin’s structural information, when comparing to a single method, is reported. 

Due to complement information gathered from different microscopy techniques a more 

complex understanding of the sample properties is obtained. Also, a real time process-

control has been included to avoid laser-induced sample damage and thermally and 

mechanically induced drifts in focus. This is important, especially for biological samples. 

The all-in-one setup also reduces the data acquisition time by the possibility to simply switch 

between different experimental techniques during a measurement. Further work, using this 

setup, highlights the possibility to observe and investigate structural changes in skin when 

treated with drugs and nanocarrier.134,151 
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4. Summary 

 

Label free spectromicroscopy on drug and nanocarrier penetration into human and murine 

skin was conducted by scanning X-ray microscopy. Thereby, the anti-inflammatory drugs 

dexamethasone and tacrolimus were investigated. With focus on different drug formulations 

the penetration characteristics in skin, after topical application, was investigated for core 

multishell nanocarriers, thermoresponsive nanogels, and micellar nanocarriers. Stimulated 

Raman microscopy was conducted on fluorescent dye treated human skin to investigate the 

benefit when combining stimulated Raman microscopy with other life science imaging 

techniques. 

Scanning X-ray microscopy measurements on human skin revealed that label-free detection 

of dexamethasone in human skin can be accomplished by oxygen 1s spectromicroscopy.13 

The chemical contrast was gained by selective probing of the oxygen 1𝑠 → 𝜋∗ transition of 

the π bonded oxygen. An advantage of scanning X-ray microscopy, besides of being label 

free, is found in the high spatial resolution and sensitivity. Measurements using a pixel size 

of down to 50 nm were conducted, e.g. for localization of core multishell nanocarriers within 

the stratum corneum of skin.  

It was found that dexamethasone penetrates the stratum corneum via the lipid layers between 

the corneocytes. Thereby, the penetration of dexamethasone depends on the condition of the 

stratum corneum.36 For healthy skin it was found that dexamethasone penetration into the 

viable skin, after topical application, occurs for a penetration time of more than 10 min. 

However, if the stratum corneum was tape-stripped prior to the topical drug application, 

dexamethasone penetration into the viable epidermis occurs in less than 10 min of drug 

penetration time. In numbers, after 10 min dexamethasone penetration time for skin with a 

tape stripped stratum corneum an amount of 110 ± 50 µ𝑔, of the totally applied 600 µg 

dexamethasone, was found within the viable epidermis. Furthermore, topical exposure of the 

skin samples for 100 min and 1000 min dexamethasone penetration time for healthy and 

tape-stripped human skin were conducted and compared to each other. Consistent with 

measurements for 10 min drug penetration time it was found that dexamethasone penetration 

occurs faster into the viable epidermis for tape-stripped skin, also for 100 min drug 

penetration time. However, for 1000 min drug penetration time the dexamethasone 

concentration within the viable epidermis reached similar values. Thus, a saturation or 

equilibrium drug flow within or through the viable epidermis is assumed to be observed. 
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Based on the experimental data, a model for the dexamethasone penetration into human skin 

was developed by collaboration partners within the SFB 1112.152 This model can lead to 

further understanding of drug penetration mechanism and could be also adapted to other 

drugs. 

For core multishell nanocarriers, nanogels and micellar nanocarriers it is reported that 

nanocarrier penetration only occurs within the stratum corneum but not into the viable skin 

after topical application. It was found that core multishell nanocarriers penetrate into the 

lipid layer of the stratum corneum and enhance the penetration of dexamethasone into the 

viable epidermis.89 Compared to a HEC gel dexamethasone formulation, when using core 

multishell nanocarriers, the local drug concentration within the epidermis, after 16 h 

penetration time, is increased by up to 50% for core multishell nanocarriers. In contrast to 

the core multishell nanocarrier penetration, thermoresponsive nanogels create drug 

penetration channels by hydration of the corneocytes of the stratum corneum.97 A subsequent 

penetration of dexamethasone into the corneocytes is observed. The effect is significantly 

enhanced when the thermoresponsive nanogel was triggered by IR-radiation. Tacrolimus 

loaded micellar nanocarriers are reported to penetrate via the lipid layer, similar to core 

multishell nanocarriers and dexamethasone, into the stratum corneum. The investigated 

micellar nanocarriers are known to enhance the penetration of tacrolimus into the viable 

epidermis, as compared to standard drug formulation Protopic, where the drug is formulated 

in petroleum jelly.93 Except for measurements on micellar nanocarriers, all reported 

measurements were conducted using the oxygen 1s regime. For measurements on micellar 

nanocarriers the carbon 1s excitation was utilized. This is a consequence of the chemical 

selectivity of the species of interest. The excitation energies were carefully selected by 

determining differences within the absorption spectra of the species of interest and the 

surrounding tissue.  

Apart from scanning X-ray microscopy it was successfully shown that combining Stimulated 

Raman microscopy with life science microscopy techniques can be used to enhance the 

understanding of the properties of skin resulting from topical application of drug and 

nanocarrier penetration.97 For this purpose, contribution to an unique Stimulated Raman 

microscope and the Raman mapping software SRSLab, were made. The setup is capable of 

conducting the following modes of investigation: Stimulated Raman microscopy, bright 

field microscopy, phase contrast microscopy, fluorescence microscopy, and hyper-spectral 

imaging from UV to NIR light (350 nm – 495 nm, 495 nm – 610 nm, 610 nm – 715 nm, and 

715 nm – 1000 nm).  
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Conducting Stimulated Raman microscopy, the protein, the lipid, and the water distribution 

in skin was analyzed by use of the corresponding Raman shifts. Results from Stimulated 

Raman microscopy were compared and combined with other life science techniques to 

deepen the insight into skin treated with fluorescent dye. In a first step the fluorescent dye 

fluorescein was used instead of a drug or nanocarrier. Specific features, such as the 

fluorescein localization within the stratum corneum, holes within the skin due to ripped-out 

keratinocytes, and unexpected accumulation points of fluorescein, deep within the viable 

epidermis, were discussed. Future work could link the drug and nanocarrier penetration to 

structural changes, e.g. the protein and lipid distribution, within the skin.134,151 

X-ray microscopy and Stimulated Raman microscopy, as label free approaches with high 

chemical sensitivity, were successfully used to investigate the drug and nanocarrier 

penetration in skin. By using advanced drug formulations enhanced drug delivery 

characteristics were unraveled. The results may contribute to an improved future use of 

topical treatment for curing inflammatory skin diseases.  

Subsequent work could include investigation on nanoscopic drug delivery systems with 

triggered drug release, optimized for the specific use for treating inflammatory skin diseases. 

For example, drug release can be triggered by the changed pH value of inflamed skin.153 
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