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Abstract

Permeability of fluorescently labelled proteins in
silk-based skin equivalent

Gabriel Chumpitaz Chavez

Development of methods for studying drug delivery systems is of great 
significance for the improvement of topical formulations. Active 
compounds for topical drug delivery are often formulated into gels and 
creams, that can be applied onto skin surfaces. It is important to know 
the extent of the permeability of the active compounds, in order to 
determine the medical effect. This study examines the possibilities of 
using an animal-free skin equivalent for penetration and permeation 
experiments, i.e. a silk scaffold integrated with viable human dermal 
and epidermal cells. Mammalian cell culturing together with silk 
construct formation, constituted the upstream bioprocess and acquisition 
of the skin equivalents. Permeability of fluorescently labelled Bovine 
Serum Albumin and Sodium Fluorescein salt was assessed, using a Franz-
cell setup incorporated with the skin equivalents. Furthermore, 
fluorescence analysis and SDS-PAGE was performed on the collected 
samples, along with cryosectioning and image analysis of the skin 
equivalents. The results indicate variations in tissue integrity, 
leading to both high and low permeability. Fluorescence intensity can be 
correlated with the amount of sample liquid passing through. The model 
is still under development, hence more research is needed to draw a 
conclusion regarding the cellular composition of the skin equivalents, 
and how it influences permeability.
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Populärvetenskaplig sammanfattning 
Läkemedel som appliceras direkt på huden, samt hudvårdsprodukter i form av geler, krämer, 
och salvor, tillhör förnödenheter som används regelbundet. För att kunna säkerhetsställa att de 
preparat som når marknaden är ofarliga vid vanligt bruk, genomförs tester som behandlar de 
biologiska respektive kemiska aspekterna i samband med hudapplicering. Framförallt 
undersöks den medicinska effekten samt eventuella biverkningar, sett till hur de aktiva 
ingredienserna interagerar med huden. Därav finns det ett intresse i att utreda graden av 
genomtränglighet i hud, för att kunna göra en bedömning om läkemedlets pålitlighet samt 
motverka skadliga ämnen från exempelvis att tränga igenom blodkärl eller inre organ.  
 
Innan man kan avancera till människoprövningar, är det vanligt att utnyttja sig av djurförsök. 
Inom forskningskonsortiet NextBioForm har Research Institutes of Sweden ägnat sig åt 
läkemedelsformulering samt studier inom penetration och permeabilitet. Tidigare har bland 
annat grishud använts som en modell för att granska genomträngligheten för olika substanser. 
Däremot kan användning av djur medföra eventuella problem, då tillvägagångssättet kan 
ifrågasättas av etiska skäl. 
 
Kungliga Tekniska Högskolan har tillsammans med Spiber Technologies nyligen utvecklat ett 
djurfritt alternativ, mer specifikt en silkesbaserad hudmodell bestående av humana hudceller. 
Silket är ett genmodifierat spindelprotein som produceras artificiellt i bakterier. Hudmodellen 
är ett två-skiktat system, där silket används som en byggnadsställning för att möjliggöra 
integrering av humana celler från överhuden samt läderhuden. Modellen har i andra 
sammanhang påvisat biologiska egenskaper ekvivalent mot vad som kan förväntas i vanlig 
människohud.  
 
Denna studie fokuserade på att evaluera implementeringen av den silkesbaserade 
hudmodellen i permeabilitetsstudier med Franz celler, samt undersöka permeabiliteten genom 
vävnaden för bovint serumalbumin (märkt med Alexa Fluor) och natrium fluorescein. Franz 
celler är speciella glasanordningar, bestående av en övre och undre kammare. Hudmodellen 
sitter fastklämd mellan kammarna, samtidigt som provlösning tillsätts uppifrån och molekyler 
som trängt igenom den konstgjorda huden samlas i vätskan under. Genom att bevaka 
fluorescensen över tid kan man få en uppskattning av permeabiliteten, där dessutom infärgad 
fluorescens och cellkomposition i vävnaden kan analyseras i fryssnitt. Resultatet visade att 
uppmätt fluorescens korrelerade med vätskegenomflödets omfattning, dvs. hög permeabilitet 
medförde hög fluorescens och vice versa. Hudmodellen var tillräckligt robust och kunde 
bibehålla en stabil proteinstruktur genom hela studien. Erhållna fryssnitt indikerade skillnader 
i fluorescens och celldensitet, som korrelerade med observationerna gällande permeabilitet. 
Dock behöver ytterligare experiment göras för att bekräfta slutsatser om vävnadens integritet, 
i förhållande till antalet celler och den uppvisade permeabiliteten.  
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1 Introduction 
Within the research consortium NextBioForm, Research Institutes of Sweden (RISE) have 
performed studies on pharmaceutical ingredients and drug penetration, using alternative skin 
models such as ex-vivo pig skin. Since human testing is problematic due to safety regulations, 
different platforms and models that can resemble the human skin with regards to biological 
properties and structure, are being explored. However, the use of animal skin comes with a 
drawback in the form of ethical issues (see Appendix A), which is not optimal since it may 
hinder the progression of the project.  
 
A recent innovation developed at Royal Institute of Technology (KTH) in collaboration with 
Spiber Technologies, is an animal-free silk-based skin equivalent. The skin equivalent 
consists of recombinantly produced spider silk protein, used as a scaffold for integration of 
human dermal and epidermal cells, specifically fibroblasts and keratinocytes respectively. The 
skin equivalent is an in-vitro model, lab grown under sterile conditions. It has previously been 
established that the silk format promotes cell proliferation and differentiation, which shows 
great promise in terms of viability. Thus, there is an interest in evaluating the usability of the 
skin equivalents in conjunction with permeability studies.  
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2 Background 

2.1 Franz cells 

Franz diffusion cells, or Franz cells for short, are glass chambers commonly used for 
permeability analysis of active ingredients through biological systems and synthetic 
membranes. Data generated from these types of studies aid in discovering as well as 
determining how e.g. certain substances passes through skin (Sil et al. 2018). In this study, 
permeation refers to when something completely goes through the skin equivalent. 
Penetration on the other hand, refers to when something enters the skin equivalent but does 
not fully pass through the tissue. A Franz cell has a two-part structure, consisting of an upper 
donor liquid compartment, and a larger cell body where the receptor phase is gathered (see 
figure 1).  
 

 
Figure 1. Schematic description of the different Franz cell components (PermeGear 2019, Franz Cell – The 
Original). 

2.2 Fluorescent molecules 

In this study Franz cells were used to analyze the permeability of Bovine Serum Albumin 
(BSA) labelled with Alexa Fluor 488 NHS Ester (Alexa), and Sodium Fluorescein salt (NaFl), 
through the skin equivalent. Fluorescent labelling with Alexa provides well-defined chemical 
and photophysical properties, allowing precise visualization of the coupled biomolecule of 
interest, i.e. BSA (Modesti 2017). BSA has seen frequent use within healthcare and 
pharmaceutical applications as a model protein, due to its ligand binding properties and high 
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abundance in mammalian plasma, along with having low cost and all-round accessibility (Xu 
et al. 2018). NaFl is a small fluorescent dye molecule which is routinely used for studying 
fluorescence in different tissues (Folaron et al. 2020). Hence, there is no need for any 
additional labelling with e.g. Alexa. Monitoring the progressive change in fluorescence during 
the analysis will give an idea of how much protein (BSA) or small molecule (NaFl) has 
permeated the skin equivalent. Thus, further contributing to the method validation, and 
whether the skin equivalent can be used to study permeation in human skin. 

2.3 Epidermis 

The human skin is the body's largest organ, acting as both a protective barrier and regulatory 
unit, to maintain homeostatic conditions. Skin tissue in humans consists of multiple layers, 
with different physical and biochemical functions, along with a varying niche of cellular 
composition (Rodrigues & Oliveira 2016, see figure 2). The outermost layer is called 
epidermis, serving as a shielding boundary that protects the body from external microbial 
threats in the environment. Keratinocytes make up for approximately 80% of the epidermal 
cell population, the rest of the epidermis is composed of melanocytes, Merkel cells and 
Langerhans cells (Brohem et al. 2011). Moreover, antimicrobial peptides and chemical signal 
proteins (e.g. defensins and cytokines) are synthesized in the epidermis, aiding in neutralizing 
pathogens during the initial immune response (Fenner & Clark 2016).   

2.4 Dermis 

Following the epidermis, the underlying dermis is located. The dermal layer is a thick and 
robust connective tissue formed by fibroblasts. The fibroblasts secrete structural components 
of the dermal extracellular matrix (ECM), i.e. elastin, collagen and extrafibrillar matrix 
proteins, responsible for providing the skin with elasticity, tensile strength and mobile 
properties (Brohem et al. 2011). The dermis is composed of a vascular network, divided into a 
papillary and reticular sub-layer. Throughout the structure arterial branching supply the 
dermis with nutrients and oxygen, along with enabling blood circulation and cell 
transportation via the blood vessels (Kolarsick et al. 2011).  

2.5 Hypodermis 

The innermost hypodermis, also referred to as the subcutaneous adipose and 
musculocutaneous tissue, has various responsibilities related to body maintenance. The 
hypodermis functions as a cushioning coating over inner organs, provides thermal insulation 
and is an energy reservoir. Moreover, blood vessels arranged in a fibrous collagen septum 
separates lobules of adipocytes, extending into the above dermis. The hypodermal layer also 
consists of a through-going vascular network that enables oxygenation and exchange of 
nutrients (Fenner & Clark 2016). 
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2.6 Basal lamina 

Between the epidermis and dermis lies the basal lamina, which is a semi-permeable ECM 
layer, also referred to as the basement membrane. It is primarily made up of collagen and 
laminin produced by the keratinocytes. Through fibril anchorage on the papillary dermis, the 
basal lamina acts as an intermediate junction, which allows epidermal-dermal interactions. 
The basal lamina contributes to the structural stability along with adhesion of fibroblasts and 
keratinocytes, regulates growth and enables diffusion of nutrients through the pores of the 
basement membrane (Kolarsick et al. 2011). 
 
 

 
Figure 2. Illustration of the human skin anatomy and physiology within the different layers (Gkouma 2020). 

2.7 Recombinant spider silk 

The specific silk protein used for the skin tissue formation in this work is called FN-4RepCT. 
4RepCT is a shortened version of the native dragline silk protein found in Euprosthenops 
australis spiders. Four repetitive glycine and poly-alanine units (4Rep), coupled with a non-
repetitive C-terminal domain (CT), constitute the peptide structure of 4RepCT (Hedhammar 
et al. 2008). Compared to the naturally larger form of dragline silk protein, 4RepCT enables 
production in recombinant expression systems, such as E. Coli. The artificial variant allows 
genetic modification, e.g. functionalization with the RGD (Arginylglycylaspartic acid) motif 
derived from fibronectin (FN-4RepCT). The RGD motif has shown to increase the stability of 
the formed constructs, along with improving cell adhesion, cell proliferation and migration 
(Widhe et al. 2016). 
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3 Methods and materials 

3.1 Mammalian cell culture 

Primary Human Dermal Fibroblasts of neonatal origin (HDFn) (Gibco; Thermo Fisher 
Scientific, USA) were cultured in DMEM/F12 medium (Dul-becco’s Modified Eagle Medium 
F-12 Nutrient Mixture (Ham) with L-glutamine and 15mM HEPES) (Sigma-Aldrich, USA) 
supplemented with 5% Fetal Bovine Serum (FBS) and 1% penicillin and streptomycin.  
 
Primary Normal Human Keratinocytes (NHEK) (Lonza, Switzerland) were cultured in KBM-
Gold™, Keratinocyte Cell Basal Medium, supplemented with 0.50 ml hydrocortisone, 0.50 
ml transferrin, 0.25 ml epinephrine, 0.50 ml GA-1000 (gentamicin, amphotericin B), 2 ml 
BPE, 0.50 ml hEGF, and 0.50 ml insulin included in the KBM-GOLD™ BulletKit™ (Lonza, 
Switzerland).  
 
The cells were cultured in T75 flasks for 7 days (incubated at 37°C with 5% CO2 saturation 
and 95% humidity) in a sterile laboratory with biosafety level 2, until 80% confluency was 
reached. Upon reaching sufficient cell maturation the cells were obtained through enzymatic 
harvesting. The culture flask was incubated with TrypLE for 8 minutes, to detach the cells 
from the flask surface. After incubation, the enzyme was inactivated by 1:10 dilution with 
respective complete medium. For cell counting a dye exclusion procedure was applied using 
Trypan Blue. The cell suspension was centrifuged for 7 minutes at 300 RCF, before being 
pelleted and diluted to a concentration of 1*106 cells/ml. HDFn were used at passage 8 and 
NHEK at passage 2, for both batches of skin constructs utilized in the permeation study.  

3.2 Assembly of dermal and epidermal construct 

To avoid contamination, all laboratory work involving the skin equivalents was performed 
inside a sterile laminar flow cabinet. The dermal construct consisted of a supporting FN-silk 
scaffold in the form of foam, integrated with fibroblasts (i.e. HDFn). Cell harvesting and 
thawing of FN-silk solution were done the same day, during day 0 of the experiment. 1 ml of 
cell-medium mixture (600 µl cell suspension + 400 µl DMEM/F12 medium) was added into a 
small beaker together with 2 ml of FN-silk solution (3 mg/ml in PBS). The cell suspension 
was previously diluted to a concentration of 1*106 cells/ml, amounting to 200 000 
cells/construct, and thus 600 000 cells/beaker. The entire suspension was whipped for 6-8 
seconds using an electric whisk, converting the liquid into a porous foam. The newly formed 
foam was transferred to a 12-well plate and equally distributed per well, with one beaker 
being sufficient for three constructs. The 12-well plate with the foams was first incubated 
without medium for 10 minutes, followed by addition of DMEM/F12 medium and incubation 
overnight (37°C, 5% CO2, 95% humidity). 
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The next day, air bubbles formed inside the constructs during overnight incubation were 
removed by gently squeezing the foams with a syringe plunger against a petri dish bottom. 
The foams were then transferred to custom-made transwells (Gkouma 2020), which were 
placed inside the wells of a 12-well plate. Additional DMEM/F12 medium was added inside 
and outside of the transwell. On day 10 of culture in transwell, the dermal constructs were 
seeded with NHEK, which had been cultured in parallel for 7 days in KBM Gold medium. 
The same procedure used for the dermal fibroblasts, with regards to harvesting and seeding, 
was applied for the epidermal keratinocytes. The now combined dermal and epidermal 
constructs were grown for 3 days in KBM Gold medium before being placed at the Air-
Liquid interface (ALi), exposing the epidermal part to air while the dermal part was 
submerged in medium. The combined construct was at ALi for 14 days, in KBM Gold 
medium supplemented with 1.2 mM CaCl2, until the constructs were ready for usage in the 
permeation study (see figure 3). In the end, two batches of 12 skin equivalents (24 in total) 
were prepared. 

 
Figure 3. General workflow over the course of 28 days for the culture and construction of the skin equivalents. 
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3.3 Protein labelling 

Prior to the permeation study, 10 µM sample solutions were prepared for BSA conjugated 
with Alexa, and NaFl. Two tablets of Phosphate Saline Buffer (PBS) (Sigma Life Science, 
Germany) were dissolved in 400 ml of Milli-Q water, to obtain PBS with a pH of 7.4. 12 mg 
of BSA (Sigma Life Science, Germany) was dissolved in 6 ml of PBS pH 7.4, resulting in a 2 
mg/ml BSA solution. Furthermore, 25 µl of Alexa Fluor™ 488 carboxylic acid, succinimidyl 
ester (Thermo Fisher Scientific, USA) was added to 5.54 ml BSA solution (2 mg/ml) and the 
tube containing the mixture was placed on a shake table for 1 h in room temperature. 
Thereafter, the tube was transferred to a cold room for overnight shaking (approximately 16 
hours in 6°C), and stored dark. 
 
In order to maintain viable in-vitro skin equivalents throughout the permeation study, basal 
cultivation medium was chosen as the solvent, allowing the cells to be incubated in their 
preferred environmental conditions. Hence, the PBS-based solution was not used in the 
permeation experiments, but rather for calculation of the protein concentration. Size 
Exclusion Chromatography (SEC) was performed on the solutions with Alexa-labelled BSA, 
separating any small excess molecules (e.g. non-bound Alexa fluorophores) from the sample 
solution. PD-10 columns (GE Healthcare, UK) were used in two steps of buffer exchange, per 
sample solution. Thus, two different buffer exchanges were performed, one with PBS as 
eluent and one with medium as eluent.  
 
The columns were equilibrated with 25 ml of PBS pH 7.4 and medium respectively. The 
prepared BSA-Alexa solution was divided between the two different buffer exchanges. 2.5 ml 
of sample solution was applied, followed by elution and collection of flow through liquid 
according to specifications for the “Gravity protocol” by GE Healthcare (Instructions 52-
1308-00 BB). After sample collection, absorbance at 280 nm and 495 nm was measured for 
the BSA-Alexa solution dissolved in PBS, using a Lambda 650 UV/Vis spectrophotometer 
(Perkin Elmer, USA). The absorbance values were incorporated into the model presented in 
“Amine-Reactive Probes” manual, section 3.1, by Life Technologies Molecular probes 
(MAN0001774, MP00143, Revision: 2.0), to calculate the protein concentration and 
determine degree of labelling. The calculated values were then used to dilute the sample 
solution to the desired concentration of 10 µM. 
 
With NaFl being a natural fluorophore, no labelling procedure was necessary. A 10 mM stock 
solution of NaFl was prepared by dissolving 3.8 mg of NaFl (Sigma Life Science, Germany) 
in 1 ml of Dimethyl sulfoxide (DMSO) (Lab-Scan Analytical Sciences, Poland). The solution 
was diluted in medium to achieve a final concentration of 10 µM.  
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3.4 Permeation experiment 

In-vitro skin equivalent permeation was examined using 5 ml Franz cells (PermeGear, USA), 
under sterile conditions. All equipment and material were pre-sterilized, and the sample 
solutions were sterile filtered using 0.2 µm, 25 mm Acrodisc® syringe filters with Supor® 
membranes (Pall corporation, USA). The Franz cells were filled with 5 ml of non-
supplemented KBM Gold medium (with 1.2 mM CaCl2) along with a magnet. Each skin 
equivalent was detached from the transwells and enclosed between two supporting Teflon 
rings, before being mounted onto the Franz cell. This way, the constructs were protected from 
falling inside the Franz cell, due to their smaller size relative to the inner channel diameter. 
After fully assembling the experimental setup, a time point-zero sample was retrieved from 
the receptor chamber, through the sample port (see figure 1). Furthermore, 400 µl of donor 
liquid (sample solution) was added to the donor chamber and the Franz cell was placed in 
incubation (37°C, 5% CO2, 95% humidity), initiating the permeation experiment. Four 
different permeation experiments were performed, with six Franz cells running in parallel per 
experiment. Experiment 1 and 2 had the first batch of skin equivalents, while experiment 3 
and 4 had the second batch of skin equivalents. The samples had the following order in all 
experiments: number 1 and 2: basal medium (negative control), number 3 and 4: NaFl 
(positive control), number 5 and 6: Alexa-conjugated BSA.  
 
For the hours 1-6 and 24 of the experiment, a 250 µl sample was taken for the fluorescence 
measurement. Before each sample collection, the Franz cells were placed on a magnetic stirrer 
for 2 minutes. Any observations regarding deviations in volume (with respect to donor liquid 
and receptor phase) were noted after every session. An equal volume of basal cultivation 
medium was added through the sample port (see figure 1) after each sample retrieval, to keep 
the volume constant during the experiment. After 24 hours, three final replicate samples were 
taken from each Franz cell. In addition, samples for full penetration standard were prepared 
for both BSA and NaFl, i.e. a control with a dilution equivalent to if all BSA-Alexa/NaFl 
molecules passed through into the receptor chamber. In this case, a dilution factor of 400 µl 
donor liquid in 5 ml basal medium (per Franz cell), corresponding to 20 µl donor liquid in 
250 µl basal medium (per sample). 
 
The fluorescence was measured using a Varioskan LUX multimode microplate reader 
(Thermo Scientific, USA) (excitation 490 nm, emission 520 for BSA; excitation 495 nm, 
emission 520 for NaFl). The skin equivalents were dismantled from the Franz cells and gently 
washed with PBS. The skin equivalents were incubated for 10 minutes at room temperature, 
in 250 µl droplets of paraformaldehyde (PFA), fixating the constructs to preserve cell 
structure and distribution. The constructs were stored dark in 20% sucrose at 4°C, until 
cryosectioning. 
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3.5 SDS-PAGE 

Examination of protein contents in the collected samples from the permeation study was done 
using Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE). 1L of 1x 
2-Morpholinoethanesulfonic acid monohydrate (MES) buffer solution was prepared by 
diluting a 20x MES stock solution with a factor of 1:20, equivalent to 50 ml MES stock 
solution and 950 ml Milli-Q water. A XCell SureLock™ Electrophoresis Cell (Life 

Technologies, USA) together with a NuPAGE™ 4-12% Bis-Tris Gel (Thermo Fisher 
Scientific, USA), constituted the experimental setup for the electrophoresis. 60 µl samples 
were prepared using the different time point retrievals from the permeation experiments. 
3xRED loading dye was added to each sample in a 1:3 ratio, i.e. 20 µl of 3xRED loading dye 
and 40 µl of retrieved receptor phase liquid. The samples were placed in a heat block for 10 
minutes at 95°C. Moreover, a PageRuler Plus Prestained Protein Ladder (Thermo Scientific, 
USA) was used as the size reference.  
 
The adequate amount of loaded sample was calculated with regards to the sample 
concentration and detection limit of the gel itself, specifically 0.5-1 µg sample per well. Thus, 
2 µl was loaded for 10 µM samples mixed with 3xRED loading dye, while 15 µl was loaded 
for samples collected from the receptor phase. The SDS-PAGE was performed in a cold room 
with a temperature of 4°C, with operational parameters of 45-minutes run time and an applied 
voltage of 200V. After electrophoresis termination the gel was stained with Coomassie 
Brilliant Blue R-250 (Sigma-Aldrich, Sweden) and placed on a shaking table for 30 minutes. 
Following staining, the gel was washed in two sessions, by rinsing with deionized water and 
heating for 3 minutes, before placing it on a shaking table for 1 hour.  

3.6 Cryosectioning 

In order to evaluate whether BSA was encaptured in the skin equivalent during penetration, 
the fluorescence intensity in cryosections was analyzed using fluorescence microscopy. The 
PFA-fixed skin constructs were cryosectioned in preparation for the microscopy. From each 
skin construct a 6 mm diameter biopsy was punched out and separated from the underlying 
PTFE membrane, and cut in halves along the diameter. Thus, creating two halves with full 
thickness, with a complete set of layers. One half was placed in 200 µl of DAPI for 5 minutes, 
before being transferred to a 12-well plate filled with 20% sucrose. The other remaining half 
was directly placed in 20% sucrose after cleavage, without any further staining. The two skin 
halves were embedded in OCT embedding medium (Thermo Scientific, USA) and frozen 
using liquid nitrogen. 12 µm thin sections were obtained using a microtome (Leica RM2265) 
equipped with a cryo-set (Leica LN22 liquid nitrogen freezing device), which were placed on 
Epredia™ SuperFrost® Plus Adhesion slides (Thermo Scientific, USA) and stored dark at 
room temperature, until microscope analysis.  
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3.7 Microscopy 

Fluorescence analysis and assessment of cellular composition in the cryosections was done 
using a Nikon Eclipse Ti-S Microscope. UV-filter (excitation 380-395 nm, emission 415-475 
nm) and Blue filter (excitation 455-490 nm, emission 500-540 nm) were used to detect DAPI 
and Alexa/NaFl respectively. Coverslips were mounted onto the microscope slides with 
DAKO Fluorescence mounting medium (Agilent, USA). 

4 Results 

4.1 Cultivation of skin equivalents 

Each batch of skin equivalents took 28 days to cultivate, before they were used in the 
permeation study. Throughout the cultivation, no signs of abnormal growth were observed. 
Figure 4 shows the skin equivalent and its interior silk structure respectively. The image gives 
a microscopic view of the established silk network. Note however that not all skin equivalents 
were identical, nor had fully uniform shapes. Furthermore, figure 5 shows the skin equivalents 
without the transwells, inside a 6-well plate. 
 

 
Figure 4. Microscopic image of the skin equivalents, embedded in a droplet of PBS. A shows an overview of the 
whole construct (1X), while B is a close-up of the interior silk network (2X). 
 

A B 
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Figure 5. Six skin equivalents on PTFE-molds in a 6-well plate filled with KBM Gold medium, prior to the l   
permeation experiments. 

4.2 Concentration determination of BSA-Alexa solution 

For the two batches of skin equivalents, two batches of sample solutions were prepared as 
well. For the first batch, the concentration of Alexa-labelled BSA in PBS (after SEC) was 
11.0 µM, with the degree of labelling being 85%. For the second batch, the concentration of 
Alexa-labelled BSA in PBS (after SEC) was 10.4 µM, with the degree of labelling being 88%. 
Background noise from the medium interfered with the absorbance measurements for Alexa-
labelled BSA in medium. Based on previous protocols from research conducted by RISE, an 
assumption was made that the above-mentioned concentrations could be applied for the 
medium-based solutions (see 3.3 Protein labelling). Thus, the solutions were diluted to 10 µM 
based on the acquired concentrations.  

4.3 Fluorescence correlates with remaining donor liquid volume 

Figure 6 shows the measured data points as percentage of permeated protein and NaFl during 
the 24-hour experiment, rather than just the fluorescence. The percentage is the quota 
obtained from dividing the measured fluorescence for a given time point, with the 
fluorescence value for the full-penetration standard. Franz cells 1 and 2 were filled with basal 
medium in the donor chamber, as a negative control where no fluorescence is expected. The 
fluorescence intensity for the medium control was very low and had a negligible effect (see 
Appendix A). Hence, only samples with fluorescent molecules (NaFl and BSA coupled with 
Alexa) were plotted, visualizing the extent of the permeation in a clearer manner. 
 
Between the separate experiments of the permeation study there was a notable difference 
regarding the magnitude of fluorescence at the measured timepoints. In addition to differences 
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in permeation within sets of replicates, the result also revealed characteristics that correlated 
with each observation.  
 

 
Figure 6. Compilation of the four permeation experiments, illustrating permeated substance during the 24-hour 
experiment, based on the measured fluorescence. 
 
There was a selection of trends that stood out or occurred regularly. Very high permeation, 
and very low permeation was observed within replicates, for both BSA and NaFl. The 
observations become of relevance when the amount of donor liquid left in the respective 
donor chambers after 24 hours, is considered. In the experiments where donor liquid remained 
in the donor chamber, little-to-no fluorescence was observed for the respective samples 
collected from the receptor phase. This was expected since the Franz cell volume was kept 
constant, and the molecules are supposed to travel through the skin equivalent rather than 
draining the sample liquid. In contrast, high fluorescence was observed for the given samples 
where donor liquid was non-existent at experiment termination (see table 1). The most 
prominent case was the comparison between permeation experiments 2 and 3. No donor 
liquid remained in any of the Franz cells from experiment 2, whereas all the Franz cells from 
experiment 3 had a considerable amount of donor liquid left.  
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Table 1. Data for donor liquid volume at experiment termination.  
Donor liquid remaining after 24 hours 

  Exp 1 Exp 2 Exp 3 Exp 4 

Medium 1 - - 300 µl 250 µl 

Medium 2 - - 400 µl 300 µl 

NaFl 1 - - 200 µl 250 µl 

NaFl 2 - - 300 µl - 

BSA 1 200 µl - 250 µl - 

BSA 2 250 µl - 200 µl - 

 
The correlation between donor liquid volume and permeated substance becomes more 
apparent when plotting the different samples separately. Figure 7 shows that for the Franz 
cells with donor liquid remaining after 24 hours, less sample permeated the skin equivalent, 
which in turn resulted in a lower fluorescence intensity.  
 

Figure 7. Compilation of separate sample replicates plotted into one graph. In addition, sample replicates with 
donor liquid left at experiment termination were also plotted separately. 
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4.4 Construct stability and low protein degradation 

As a follow-up to the permeation study, the SDS-PAGE served as a measure for reassuring 
that the observed fluorescence correctly displayed the level of protein permeation over time. 
The main information gathered from the analysis was whether BSA were subject to any form 
of structural degradation, upon passing through the skin equivalent. Since BSA has 
a molecular weight of 66 kDa, other fragments (e.g. smaller peptides) deviating from this 
value would be easily distinguished by SDS-PAGE. In addition, the tissue stability of the skin 
equivalent was also assessed, with regards to release of proteins from the construct itself.  
 
A total of eleven samples were prepared for the analysis, ten of which were collected from 
permeation experiment 3 and one from permeation experiment 2. In permeation experiment 3 
all of the Franz cells had donor liquid left in their donor chambers (see table 1), pointing 
towards intact systems (i.e. the skin equivalents) and a reliable experimental setup, thus 
generating a more desirable result from an analytical point of view. The sample from 
permeation experiment 2 was included for comparison between the experiments, both having 
the same experimental conditions but noticeably different results in terms of measured 
fluorescence and final donor liquid volume (see figure 6, table 1).  
 
Figure 8 shows the result from the gel. Lanes 2-6 have different samples of BSA from the 
permeation study, including BSA from: stock solution, donor liquid from Franz cells with 
BSA after 24 hours, sample retrieval after 24 hours (from both experiments) and full-
penetration standard. The full-penetration sample had been diluted in a ratio corresponding to 
if all BSA molecules in the donor liquid had passed through the skin equivalent into the 
receptor phase liquid, i.e. 400 µl of BSA solution into 5 ml of non-supplemented medium. 
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Figure 8. Gel from the SDS-PAGE, showing the protein migration and accumulated gel bands. The sample dsd 
order is the following: 1. Protein ladder, 2: BSA-Alexa solution (10 µM), 3: BSA 1 donor liquid after 24 hours, 
4: Full-penetration standard for BSA, 5: BSA 2 sample after 24 hours, 6: BSA 1 sample after 24 hours (Exp 2), 
7: NaFl solution (10 µM), 8: NaFl 1 donor liquid after 24 hours, 9: Full-penetration standard for NaFl, 10: NaFl 
1 sample after 24 hours, 11: Basal medium, 12: Medium 1 sample after 24 hours, 13: Protein ladder. 
 
It is evident from the band alignment in lanes 2-6 that the size of BSA remains constant 
throughout the permeation experiments, and the size matches what is normally expected for 
BSA (66 kDa). Furthermore, the relative band intensities also follow the measured 
fluorescence intensity for the respective timepoints and experiments. For instance, lane 5 
containing BSA after 24 hours in experiment 3 has a less clear band compared to lane 6, 
containing BSA after 24 hours in experiment 2. When comparing the measured fluorescence 
from the permeation study, the same correlation between these two samples can be observed. 
BSA in lane 5 had approximately 30% permeation compared to BSA in lane 6, where the 
permeation was around 80% (see figure 6). Hence, having a clearer band due to more protein 
passing through the skin equivalent, into the receptor phase. 
 
Lanes 7-12 had samples of either NaFl or medium, for the purpose of examining if any 
proteins from the skin equivalent had come loose and interfered with the fluorescence 
measurement, e.g. collagen produced by the fibroblasts. However, no bands could be seen in 
any of the lanes, suggesting that no proteins or at least not enough proteins were released to 
be detected. 
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4.5 Skin equivalents exhibit differences in fluorescence pattern 

Following permeation study termination and PFA-fixation, cryosectioning was performed on 
the skin equivalents to examine cellular composition and distribution of fluorescence within 
the tissue. However, the acquired sections were not of optimal quality and therefore not fully 
recognizable, to provide reliable information about the tissue structure. Thus, a selection of 
the best sections was made, in terms of appearance. Having in mind that NaFl served more as 
a positive control, there was a greater interest for the BSA penetration.  
 
For each cryosection three different images were taken, namely for green fluorescence, 
visualization of cell nuclei (DAPI-staining) and brightfield illumination of the skin construct. 
Images for green fluorescence and DAPI were combined into one image, showing both 
fluorescence caused by penetrated Alexa-labelled BSA or NaFl, and the distribution of cell 
nuclei (blue dots) within the skin equivalent. Figure 9 shows a section from a skin equivalent 
used as a negative control during the permeation study, i.e. the penetrated donor liquid was 
basal medium. Except for auto-fluorescence from the silk tissue, no green fluorescence is 
expected in these samples. Hence, there being a low fluorescence intensity in figure 9. 
 

 
Figure 9. Cryosection of skin equivalent with negative control, i.e. basal medium, where green fluorescence and 
cell nuclei (blue dots) are visible. 
 
In contrast, a visibly higher fluorescence intensity is observed for a section from NaFl 1 in 
permeation experiment 3 (see figure 10). As previously stated, NaFl served as the positive 
control to verify that fluorescence properly displayed the penetration. 
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Figure 10. Cryosection of skin equivalent with positive control, i.e. NaFl, where green fluorescence and cell 
nuclei (blue dots) are visible. 
 
Figure 11 shows a section from BSA 1 from permeation experiment 3, where there was donor 
liquid left after 24 hours. Moreover, figure 12 shows BSA 1 from experiment 2, where there 
was no remaining donor liquid left after 24 hours.  
 

 
Figure 11. Cryosection of skin equivalent with BSA (with donor liquid left after 24 hours), where green 
fluorescence and cell nuclei (blue dots) are visible. 
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Figure 12. Cryosection of skin equivalent with BSA (without donor liquid left), where green fluorescence and 
cell nuclei (blue dots) are visible. 
 
When visually comparing the two samples, the section in figure 11 has a more homogenous 
distribution of cells across most of the construct, whereas the cells in figure 12 are widely 
scattered and fewer. In addition, the fluorescence is also slightly less intense in the section of 
figure 12. The permeation study revealed that absence of donor liquid at the end of the 
experiment correlated with high spikes of fluorescence during the initial hours of run time 
(see figure 6, table 1). In other words, more of the donor liquid had passed through at an 
earlier stage, just like in the case of BSA 1 in experiment 2 (figure 12). When the donor liquid 
is drained at a higher rate, less protein seems to stick to the skin equivalent and more end up 
in the receptor chamber. The lack of cells in figure 12 could indicate that the skin equivalent 
had a less dense skin layer, which also could explain why it seemed more prone to letting 
donor liquid through. For the skin equivalent used in BSA 1 experiment 3 (figure 11) the 
opposite was observed. Less measured fluorescence during the permeation study, donor liquid 
still left at the end of the experiment, while simultaneously having a greater number of cells. 
A higher cell count generally corresponds to denser skin tissue, which in the case of the skin 
equivalent may result in a more compact construct. 
 
To further support the visual observations made in the previous segment, an image analysis 
was done on the fluorescence microscopy. 
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Figure 13. Visualization of the measured area (along the yellow arrow) for the image analysis. A corresponds to 
the section in figure 11, and B corresponds to the section in figure 12. 
 

 

Figure 14. Intensity chart of the measured fluorescence for BSA with donor liquid left after 24 hours (A) and 
BSA without any donor liquid left after 24 hours (B). 

B 

A 

A B 
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The analysis measured the intensity per pixel, along yellow arrow visible in figure 13. The 
generated graphs displayed and verified that there was a higher fluorescence intensity in the 
skin equivalent from BSA 1 in experiment 3 (A), which had donor liquid left, with values up 
to approximately 3000. In comparison, for BSA 1 in experiment 2 (B), the fluorescence 
intensity capped at a lower value of around 1000. 

5 Discussion 
This project investigated the applicability of an animal-free silk-based skin equivalent as a 
model to assess penetration and permeation of active ingredients in topical formulations. 
Exploration of new alternative models for e.g. testing of pharmaceutical substances applied 
onto skin, can serve as foundation for future research endeavors related to tissue engineering, 
along with aiding in the pursuit for advancements in medicine. Evaluation of whether the skin 
equivalent was a suitable candidate for penetration and permeation studies, involving 
fluorescent molecules, constituted the focal point of the project. The features that were 
primarily examined were the cell distribution and tissue structure of the skin equivalent, 
degree of permeation based on measured fluorescence, along with analyzing protein contents 
in the collected samples after the permeation study. 
 
The production of the skin equivalents used in this study was based on protocols from a 
previous study (Gkouma 2020), where the same FN-silk protein, dermal and epidermal cells 
were utilized for the model construction. The approach of implementing a silk matrix in foam 
format promoted effective cell adhesion, proliferation, and migration. The whisking process 
was gentle enough to allow the fibroblasts to be integrated in the scaffold, without harming 
the cell’s ability to properly grow and differentiate. Moreover, keratinocytes are able achieve 
an upper layer stratification after merger with the dermal part, similar to what can be seen 
within in vivo conditions. Thus, resulting in a flexible bi-layered construct with coherent 
robustness. In other words, a functional method for construction of the skin equivalent had 
already been established. However, it is worth noting that the previous project used two 
separate silk constructs for the dermal and epidermal part respectively, before combining 
them into one unit. In this study on the other hand, both fibroblasts and keratinocytes were 
integrated into one joint silk foam. Hence, there may have been an alteration in how 
efficiently “cross-talk” interactions worked between the dermis and epidermis, due to the 
layers not being as well-defined.  
 
From the SDS-PAGE it was confirmed that BSA was not subject to degradation upon 
penetrating or completely permeating the tissue. Furthermore, the absence of bands for the 
samples without any protein (i.e. NaFl and medium control) suggested that skin equivalent 
itself did not release any proteins. Hence, it is plausible to state that proteins from the in-vitro 
skin equivalent did not interfere with the fluorescence readings for the sample molecules, and 
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that majority of the fluorescence corresponds to the permeated sample molecules (i.e. BSA 
and NaFl). In terms of disruption of cell-produced proteins, the experimental setup did not 
seem to prompt any issues in that regard. 
 
Since permeation studies with Franz cells requires the membrane to be tightly clamped 
between two glass chambers, it is essential to know if the skin equivalent can withstand the 
experimental conditions. Although it was confirmed that no proteins were released from the 
skin equivalent during the experiment, the fluorescence values from the permeation study 
varied between sample replicates. Whether it was due to irregularities in tissue integrity, this 
could not only be answered by the measured fluorescence over time. However, the correlation 
between fluorescence and remaining donor liquid after 24 hours illuminated the fact that 
when donor liquid remained, the receptor phase samples had a lower fluorescence intensity, 
corresponding to less permeation. On the contrary, when there was no donor liquid left, the 
receptor phase samples had a higher fluorescence intensity, and complete permeation could be 
expected.  
 
Going from cultivation of the skin equivalents to acquiring the fluorescence data is very 
lengthy process, meaning that numerous factors are involved. For starters, the construction of 
the silk construct has a nature of unpredictability, due to it being difficult to control variations 
in thickness and number of cells per foam. Moreover, not all layers of cells present in human 
skin are included in the skin equivalent, which may have given rise to unexpected tissue 
characteristics. In addition, handling of the Franz cells and sample collection was done 
manually, insinuating that the experimental setup may also have contributed to the margin of 
error. Since the skin equivalents initially did not fit inside the Franz cells, special teflon rings 
were added as support to the membrane part of the setup. Even though the Franz cells were 
sealed as tightly as possible, leakage could have been an issue. The setup was an improvised 
version adapted to the circumstances involving in-vitro skin equivalents.  
 
In theory, fully functional skin with a well-defined epidermis works as a protective barrier 
against foreign substances (Brohem et al., 2011). Which could be the case for the miniscule 
permeation observed for some of the BSA and NaFl samples. The cryosectioning was 
intended to give clarification on the structural composition of the skin equivalent, as well as 
potentially verify previous remarks regarding tissue integrity. Even though some of the 
sections (see figure 11 and 12) further supported the hypothesis of there being differences in 
fluorescence, based on remaining donor liquid, most sections produced were unsatisfactory 
and beyond recognition. Ideally the sections would have illustrated a grid-like network of silk, 
with a dense horizontal layer of keratinocytes on top and scattered clusters of fibroblasts in 
the matrix underneath, similar to human skin. Moreover, a clear relationship between cell 
distribution and observed fluorescence, would have provided a better understanding of the 
outcome. That was unfortunately not always the case, making it difficult to make conclusions, 
since multiple replicates had to be discarded. Thus, the cryosectioning gave rise to sources of 
error which need to be taken into consideration. In hindsight, a more conclusive result could 
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have been achieved by re-doing the cryosectioning with another set of equipment, due the 
cryotome not being fully optimized for the accuracy that this study required. The cryotome 
used in this study was a regular microtome, mounted with a separate gadget that enabled 
cryosectioning (see 3.6 Cryosectioning). Although it was possible to perform in theory, 
unexpected practical issues with slicing and handling of the sections complicated the 
procedure and had most likely an effect on the outcome. Furthermore, the whole process 
could have been less reliant on the cryosectioning by implementing another assessment step 
with respect to tissue integrity, e.g. transepithelial electrical resistance (TEER). It would have 
also been useful to perform a tissue analysis (like TEER) prior to the permeation study, to get 
verification on the state of the skin equivalents. 

6 Concluding remarks 
This study presents an animal-free skin model, in the form of an in-vitro silk-based skin 
equivalent, and how it can be implemented in permeation studies using fluorescent molecules. 
The skin equivalent consists of epidermal keratinocytes and dermal fibroblasts, embedded in a 
supporting silk scaffold. A major variation in terms of permeability was observed for the skin 
equivalent, which correlated with the amount of donor liquid passing through and 
fluorescence in the skin tissue. The approach shows potential usage in future studies about 
determining permeation characteristics of active ingredients. Further research on tissue 
integrity is advised to establish a fully developed methodology. 
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Appendix A 

Supplementary figures 

 
Figure A1. Result from the permeation experiment 1, illustrating the fluorescence intensity during the 24-hour 
experiment, including the negative control (medium). 
 

 
Figure A2. Result from the permeation experiment 2, illustrating the fluorescence intensity during the 24-hour 
experiment, including the negative control (medium). 
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Figure A3. Result from the permeation experiment 3, illustrating the fluorescence intensity during the 24-hour 
experiment, including the negative control (medium). The plots were divided into two separate graphs to better 
visualize the negligible fluorescence from the medium. 
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Figure A4. Result from the permeation experiment 4, illustrating the fluorescence intensity during the 24-hour 
experiment, including the negative control (medium). The plots were divided into two separate graphs to better 
visualize the negligible fluorescence from the medium. 
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Ethical discussion 

Although the silk-based skin equivalent circumvents any potential ethical dilemmas regarding 
animal use, the usage of human cells give rise to questions concerning other moral aspects. 
The primary issues revolve around obtaining the human cells/tissues in an ethical, safe and 
consensual manner, along with the scientific purpose of the research.  
 
Besides avoiding the risk of treating the animal in a derogatory and harmful way, utilization 
of human cells in-vitro can provide information that may not be possible to acquire entirely 
by only using animal-derived data. Due to biological differences between the different 
species, the reliability of an animal-based result can be questioned. However, implementing 
human cells may minimize factors of uncertainty and offer a more accurate representation of 
human tissue. Hence, there being a demand and established legitimate market for purchasing 
biomaterials of human origin.  
 
Regardless of the advantages, the predicament still lies in how the cells were acquired, or 
even how the cells came to be in the first place (e.g. through elective or therapeutic abortion). 
For instance, if the cells are obtained from a fetus, it cannot be informed about the 
circumstances nor be able to give its consent. The situation becomes more complex when the 
attributing of rights is taken into account. Is it a human being when an ovum is fertilized by a 
sperm, or when the individual becomes sentient? Since these classifications are hard to 
determine, the consent of the mother is of great significance. Whether it involves a newborn 
child or a fetus being aborted, consent for use of the cells/tissue should be given by the 
mother or closest legal relative.  
 
In this study human dermal fibroblasts of neonatal origin (14 days old newborn donors) from 
Gibco were used. The company states in the product specification that the cells were obtained 
from accredited institutions, and that consent was given by the donors next of kin. Moreover, 
there are clear guidelines which say that the product is meant for research purposes only, to 
solely endorse legal activities. The normal human epidermal keratinocytes from Lonza, were 
of adult origin. The cells were isolated from donated human tissue after receiving permission 
for their use in research applications. Thus, validating that the procedure was consensual and 
with legal authorization. 
 
 
 
 
 

 


