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Abstract 

In skin research, 2D monolayer in vitro models provide only limited fields of application as 

they do not sufficiently mimic physiological properties, like functional skin barrier (SB). 

Since in the spirit of 3R’s (Replacement, Reduction, and Refinement) animal models are to 

be avoided, new approaches like 3D skin equivalents (SE) are needed to close the in vitro/in 

vivo gap. Cell culture inserts for the production of SE are commercially available, however, 

these inserts are expensive and limited regarding the experimental setup. This work aimed 

to establish and evaluate novel lab-based 3D printed cell culture inserts for full thickness SE 

generation. A computer-aided design model was realized with extrusion-based 3D printing 

of polylactic acid (PLA) filament. While improving the insert, we went through six 

construction versions. PLA printing material was evaluated regarding cytotoxicity according 

to ISO 10993-5 and nanoparticle analysis. No objections were found. In a next step, a full 

thickness SE was created on a collagen/fibrin dermal scaffold. Cell culture experiments 

successfully demonstrate that it is technically possible to generate SE on the in-house inserts. 

SB was tested by performing skin permeability assays. Here, the diffusion of fluorescent 

dyes was quantified. First measurements using Riboflavin and Alexa Flour® indicate the very 

good performance of the 3D printed system. This work provides valuable know-how for the 

generation of SE, as well as testing the SB in-house. The system is accessible to everyone 

with a 3D printer, variable in printing material, compatible to commonly used cell culture 

plates, very cost-effective and easy to handle.  
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Zusammenfassung 

Unsere Haut ist das größte und eines der komplexesten Organe des menschlichen Körpers. 

Da 2D Monolayer Kulturen stark vom physiologischen Verhalten abweichen, werden häufig 

Tiermodelle eingesetzt, um die Funktion gesunder und kranker menschlicher Haut zu 

untersuchen. Im Sinne der 3Rs (Replacement, Reduction, und Refinement) werden 3D 

Hautequivalente genutzt, um die Lücke zwischen Tiermodell und Monolayer Kultur zu 

schließen. Diese Hautäquivalente werden entweder teuer gekauft oder selbst im Labor auf 

gekauften Inserts gezüchtet. Ziel dieser Arbeit ist es, solche Inserts mittels 3D Druck 

herzustellen, um in ihnen „full thickness“ Hautäquivalente zu züchten und die 

Hautbarrierefunktion zu testen. Dazu wurde ein computergestütztes Designmodell erstellt 

und mittels extrusionsbasiertem 3D Druck von Polymilchsäure (PLA) Filament realisiert. 

Das PLA wurde hinsichtlich Zytotoxizität gemäß ISO 10993-5 bewertet. Weiteres wurden 

„full thickness“ Hautäquivalente mit einer humanen Fibroblastenzelllinie und humanen 

epidermalen Hautkeratinozyten auf einem Kollagen/Fibrin Gel hergestellt. Um die 

Hautbarriere zu untersuchen, wurde eine quantitative Fluoreszenzmessung von 

Fluoreszenzfarbstoffen durchgeführt. Von der initialen Konstruktion, bis zur finalen 

funktionstüchtigen Version wurden sechs Konstruktionsvarianten durchlaufen. 

Zellkulturexperimente zeigten erfolgreich, dass es technisch möglich war, „full thickness“ 

Hautäquivalente auf den hauseigenen 3D gedruckten Inserts zu erzeugen. PLA zeigte in der 

MTT-Analyse keine Anzeichen für Zytotoxizität. Hautbarrierefunktionuntersuchungen 

mittels Fluoreszenzmessungen von Riboflavin und Alexa Flour® gaben erste Hinweise für 

die Verwendbarkeit des 3D gedruckten Systems. Mit dieser Arbeit wird ein Puzzlestück zur 

Verfügbarkeit von 3D Hautmodellen in Forschungslaboren hinzugefügt. Das System ist 

variabel in Druckmaterial, Membranmaterial sowie in der Größe. Darüber hinaus ist es mit 

gängigen Zellkulturplatten kompatibel, kostengünstig und einfach in der Handhabung. 

  

Schlagwörter: Hautäquivalente;3D Druck; „full thickness“ Hautäquivalente; Inserts; 

Hautbarriere; Hautbarrierefunktionuntersuchung; Zytotoxizität 
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1 Introduction 

1.1 Skin anatomy 

With a total area of 1.7 m2 and weighing in at 15 % of the body mass the skin is the largest 

and one of the most complex human organs. It provides a protective barrier against 

environmental exposures. It shields the inner tissues and organs from outer noxae, including 

mechanical stress, radiation, microbial infection, and extreme temperatures. The integrity of 

the skin plays an essential role in the maintenance of physiological homeostasis. Structures 

like hair, glands and nails are formed by or harboured within the skin.  

 

Human skin structure (Figure 1) can be divided into epidermis, dermis, and hypodermis        

[1,2]. 

 

Figure 1 Skin structure showing the epidermal, dermal, and hypodermal layers and their sublayers. The 

epidermis is divided into stratum corneum, lucidum, granulosum, spinosum and basale. The dermis is 

subdivided into the papillary and reticular layer. Moreover, cell types of the skin include:  keratinocytes, Merkel 

cells, Langerhans cells, melanocytes, histocytes, fibroblasts, mast cells, and adipocytes are represented. Skin 

appendages, like hair and glands are also shown. Taken from [3] 



 

7 

The avascular epidermis is the skin’s most superficial layer that is stratified into sublayers. 

Its structure is depicted in Figure 2.  A single layer, mostly made up from basal cells, which 

are the precursors of keratinocytes, forms its base, the stratum basale. It also harbours Merkel 

cells and melanocytes. The basal cells are constantly dividing, thereby producing new 

keratinocytes that push the older ones further upwards, away from the stratum basale, 

towards the stratum corneum. The stratum corneum is the most superficial layer of the 

epidermis. It is dry and consist of 15-30 layers of dead, cornified keratinocytes. This thick 

and robust layer prevents the incursion of pathogens and protects the underlying layers from 

dehydration and mechanical stress from the outside environment. Due to the constant 

replenishment and ascension of the cells from the stratum basale, the entire stratum corneum 

is renewed every 4 weeks [1]. 

 

 

Figure 2 Layers of the epidermis. The epidermis is divided into stratum corneum, lucidum, granulosum, 

spinosum and basale (top to bottom). The dermis is implied next to the stratum basale harbouring a sensory 

neuron. Also, a melanocyte and a Merkel cell is represented. The alteration of keratinocytes on their way from 

the stratum basale to the stratum corneum is shown here as keratinocytes that turn into cells with laminar 

granulae and furthermore into dead cells filled with keratin. Taken from [1] 
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On their way from the stratum basale to the stratum corneum, the skin cells undergo 

distinctive phases of development, which define the three intermediary layers of the 

epidermis. The stratum spinosum lies above the stratum basale, that is composed of eight to 

ten layers of keratinocytes, which are defined by the synthesis of keratin. Amongst the 

keratinocytes, macrophages called Langerhans cells are dispersed. In the continuous process 

of keratinocyte production in the stratum basale, the older keratinocytes are pushed upwards 

by younger ones into the stratum granulosum. There, due to losing their nucleus, cells take 

on a flatter shape with thicker cell membranes. The increased production of keratin and 

keratohyalin forms lamellar granules within the cells. In body regions which are exposed to 

tear and wear, such as the palms of the hands or the soles, a fifth layer, called stratum lucidum 

is formed as an additional protective layer [3,4]. 

 

The dermis is located under the epidermis and consists of two layers of connective tissue, 

which contain blood vessels, lymphatic vessels, nerves, hair follicles and sweat glands. The 

main function of the dermis is to maintain the hydration of the skin. It harbours connective 

tissue out of an interconnected mesh of elastin and collagenous fibres, produced by 

fibroblasts. The upper layer is the papillary layer, which is thinner, composed out of loose 

connective tissue and connects the epidermis with the dermis. The deeper layer is the thicker 

reticular layer, comprised of dense connective tissue out of collagen fibres with less 

cells/fibroblasts in it. This layer makes up approximately 80 % of the dermis [1,4]. 

 

The hypodermis (also called subcutaneous fascia) is the deepest layer of the skin and is the 

connection of the skin to the underlying fibrous tissue, that surrounds the muscles. Its main 

function is to isolate and cushion the body, which is achieved by storing fat in adipocytes 

[1]. 

 

1.2 Skin barrier 

The skin forms the protective layer of the body which separates the organism from the 

environment. Without this protective barrier incursion of noxae, such as viruses, bacteria 

[5], but also physical stresses would quickly lead to the organism’s demise [6]. It does 

however not only prevent external damage but also damage caused by the loss of internal 

substances, e.g. the rapid loss of fluid and electrolytes in burn victims, when a significant 

portion of the body surface area has been destroyed [7]. Moreover, many skin disorders are 

associated with impaired skin barrier function, such as atopic dermatitis [8] and psoriasis. 
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Atopic dermatitis is a chronic, inflammatory, and eczematous skin disease, caused by 

fillagrin protein deficiency, climate, air pollution, food allergies, and obesity [9]. In Germany 

10.35 % of all children [10] and 3.65 % of all adults [11] are affected. Psoriasis genetic skin 

disease, which is associated with both a physical and psychological burden to the patients 

[12]. The prevalence in German population is 3.8 %. Topical therapy is the most common 

therapeutic option applied in 42.4 % of all investigated psoriasis patients [13] and plays a 

major role in the therapy of atopic dermatitis as well [14]. The treatment of burn wounds 

also includes topic creams, dressings and solutions in the acute, as well as the rehabilitation 

phase in order to create a physical barrier and administer drugs [15]. The testing of these 

agents is imperative. In the following chapters, the importance of model systems, especially 

in vitro models are described.  

 

1.3 Artificial skin / Skin equivalents 

1.3.1 Necessity of skin equivalents 

Human skin models are important tools for research, clinical purposes, and industrial 

applications. Animal models are often used for this in the area of skin research [16], as 2D 

monolayer in vitro models lack cell–cell and cell–matrix interactions and do not exhibit 

physiological behaviour, like functional skin barrier probertites. Such, 2D models allow only 

very limited inference about physiological responses of organisms to external stimuli. In 

vivo models can provide that complex information, however, but there has been a general 

concern for the animal suffering experienced during research. This is what inspired W. 

Russell and R. Burch to write and publish a guide to maximally reduce animal pain in 1959 

[17]. There they established the principles of the three R’s: Replacement, Reduction, and 

Refinement. Today the 3R’s are fixed in legislation regulating the use of animals for 

scientific studies, like the Directive 2010/63/EU [18] for the European Union.  

 

In an attempt to close the in vitro–in vivo gap, there is a high demand for novel in vitro 

model systems that mimic closely the human skin and forecast physiological behaviour of 

healthy and diseased skin tissue.  
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1.3.2 History of in vitro 3D skin models 

First steps of the generation of skin equivalents (SE) took place in 1951, when the first 

method to separate the epidermis from the dermis, followed by isolation and culturing of 

human keratinocytes was described [19]. A few years later, in 1957, it was demonstrated 

that cells obtained from human epidermis biopsies can undergo long-term culture [20]. 

Rheinwald and Green achieved a huge milestone in 1975 by culturing single human 

keratinocytes on a feeder layer of lethally irradiated 3T3 fibroblasts, where, single 

keratinocytes generated colonies [21]. This knowledge was the basis for the in vitro culturing 

of keratinocytes in high quantities [22], as well as the creation of autologous epithelial grafts 

for transplantation onto burn wounds in humans [23]. One of the first explant 3D models 

was described in 1976, where Freeman et al. showed that keratinocytes undergo maturation 

into distinct basal, squamous, granular, and keratinized cell layers. The group cultured 

human keratinocytes onto inverted sterile dead pig skin. As the cells grew, they digested the 

dermal collagen of the inverted pig skin [24]. Later, this method was improved by using 

collagen as a dermal substitute to successfully culture keratinocytes at the air-liquid interface 

(ALI). With this method, the culture medium does not completely cover the graft. The 

surface of the liquid stands at the border between the top layer of cells and air. Culturing the 

cells on the ALI enhanced the degree of tissue organization and differentiation [25]. Another 

major milestone was achieved in the 1980s where the group around E. Bell managed to 

incorporate fibroblasts into the collagen [26] in order to later produce the first "full 

thickness" skin model, which was successfully transplanted onto rats [27]. The full thickness 

model reconstructed the dermis and the epidermal skin layer. This model was also used in 

the present work. In addition to the full thickness model, other models were established in 

the 1980s. In Figure 3, a rough overview of the types of equivalents is depicted. 
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Figure 3 Types of skin equivalents. To build 3D skin models keratinocytes can be grown on: (1) a cellular 

matrix (collagen-fibroblast matrix), (2) an acellular matrix (gel or de-epidermized dermis) or (3) on plasticware 

or various membranes. After cultivation for several days, the culture medium level is lowered in order to grow 

the skin equivalents at the air-liquid interface. Days to weeks later, a multilayered stratified epidermis is 

formed. Created with BioRender.com. 

In current literature various forms of the full thickness skin and the epidermal equivalents 

are described, harbouring amongst others: melanocytes [28], immune cells [29] or 

endothelial cells [30]. Meanwhile, human SE can also be purchased commercially. There are 

several different providers who sell their products to a wide variety of institutions. This 

includes various companies with a wide range of products, such as SkinEthic™ [31] and 

EpiSkin™  (Episkin SNC,France), EpiDerm™ (MatTek,  USA) [32] or Phenion ® (Phenion, 

Germany). However, these commercially available products are cost-intensive, limited in 

size, and often have long transport routes that involve delivery times. An alternative to this 

are lab-made, in-house SEs.  

 

1.4 3D Printing 

The relatively novel technique of three-dimensional (3D) printing has several advantages 

compared to conventional manufacturing processes, such as increased quality, cost-

effectiveness and higher efficiency and thus has impaceted several biomedical engineering 

applications, including surgical guides, tissue regeneration, artificial scaffolds, and implants, 

as well as the administration and delivery of drugs [33].  

 

The American Society for Testing and Materials (ASTM) classifies 3D printing technologies 

in seven main categories: binder jetting (e.g., 3D printers that utilize binder and powder); 

directed energy deposition (e.g., laser cladding); material extrusion (e.g., fused deposition 
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modelling); material jetting (e.g., Polyjet); powder bed fusion (e.g., selective laser sintering); 

sheet lamination (e.g., sheet forming); vat polymerization (e.g., stereolithography) [34].   

 

1.4.1 Extrusion based 3D printing technique 

Extrusion-based 3D printing is one of the most common printing methodologies, and was 

used this present study – specifically, a method called fused deposition modelling (FDM) or 

fused layer modelling (FLM). It is described in the following:  

 

First, extrusion-based 3D printing processes require a digital computer-aided design model 

(CAD), which is then sliced into single layers. These layers are used to derive the path that 

the printer nozzle has to travel in order to create a 3D model of the construction. The printing 

materials, also called filaments are thermoplastic polymers. The filament is rolled up like a 

thread on a roll and ends in a heat chamber. A pinion with a stepper motor is used to feed 

the filament to the heat chamber. The material is melted in the heat chamber and pressed into 

the nozzle by the filament that follows. The nozzle is located behind the heat chamber and 

moves over the printing platform during the printing process. The extruded material is 

deposited layer-by-layer and a printing platform moves on the y axes, while the stage moves 

in x and z directions which allows the production of versatile 3D objects with modulable 

shapes and dimensions. Depending on the specific printer models, the traverse paths of the 

axes can differ. The most used polymers are polylactic acid- (PLA) and 

acrylonitrilebutadiene-styrene (ABS)-based filaments [34,35].  

 

1.4.2 Printing material 

For this work PLA was used as filament. PLA is a common material, which is the most 

extensively studied aliphatic polyester. It is the top 3D printing industry leading biomaterial 

in replacing petrochemical based polymers [37], derived 100 % from renewable resources. 

PLA is highly versatile, biodegradable, biocompatible and has suitable mechanical 

properties, like thermoplastic processibility [38]. The educt of PLA is lactic acid, which is a 

naturally occurring organic acid that can be produced by fermentation of sugars obtained 

from renewable resources such as sugarcane. When hydrolytically degraded, PLA converts 

back to lactic acid [39]. PLA has extensive applications in the biomedical field.  

 



 

13 

1.5 Project Aim 

This study aimed to develop and manufacture 3D printed more sustainable, cost-effective, 

faster producible, and convenient cell culture inserts for the generation of full thickness skin 

equivalents (Figure 4). Further, to test the feasibility in terms of handling, cell growth, 

cytotoxicity, and functionality, by the extension of a permeability assay.  

 

 

Figure 4 Requirements for cell culture inserts: a practical way to exchange media; sufficient space within the 

insert for the volume, that is required for the generation of SE; possibility to use different membrane materials; 

hanging membrane to enable nutrient exchange trough both sides of the membrane, compatibility with common 

cell culture plastic ware. Created with BioRender.com. 
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2 Material and Methods 

2.1 Construction and printing of inserts 

The CAD model was constructed using Solidworks 2021 software (Dassault Systèmes, 

France). For the printing an Ender 3 Pro (Shenzhen Creality 3D technology, China) printer 

was utilized. All inserts were printed with PLA (Shenzhen Getech Technology, China) of 

transparent colour. Printing parameters were tested by trial and error, changing fill density, 

printing temperature, printing speed, retraction, and retraction speed.  The final printing 

parameters are shown in Table 1. With these parameters stringing was avoided, and the result 

was an even print image.  

Table 1 Final printing parameters. In the columns the parameter name, the associated units and final values 

are listed.  

Parameters Unit Value 

Layer height mm 0.2 

Nozzle outlet mm 0.4 

Wall thickness mm 0.8 

Fill density % 100 

Printing temperature °C 205 

Printing plate temperature °C 60 

Printing speed mm/s 50 

Moving speed mm/s 100 

Retraction mm 6.5 

Retraction speed mm/s 33 

Printing plate adhesion type / skirt 

 

To create the rendered graphics of the constructs Solidworks photoView 360 software 

(Dassault Systèmes, France) was used.  

 

To stylize the 3D printed inserts for cell culture use, the devices were submersed in 70 % 

ethanol for at least 15 min. To assemble the inserts, the Nucleopore Track-Etch membrane 

(Whatman, UK) with 3 µm pores was placed between the dried lower part and the upper 
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section of the device. Subsequently the assembled insert was placed on top of a plastic lid in 

the laminar flow hood and irradiated for at least 15 min with ultraviolet (UV) light. After the 

irradiation, the inserts were placed – depending on insert size – into 6-well or 12-well plates 

(CoStar Group, USA).  

 

2.2 Cell Culture 

For all experiments, a human dermal fibroblast cell line (fHDF/TERT166, Evercyte, Austria) 

and normal human epidermal skin keratinocytes (NHEK/SVTERT 3-5, Evercyte, Austria) 

were used.  Cells were cultured at 37 °C, 5 % CO2 and moderate humidity. Thawing of the 

fibroblasts and keratinocytes was conducted according to manufacturer’s instructions. 

 

Expansion of fibroblasts was performed in T175 flasks (Greiner Bio-One, Austria) with a 

1:1 medium mixture of Dulbecco's Modified Eagle Medium (DMEM-high glucose 

containing phenol red, Sigma-Aldrich, USA) and Ham´s F-12 (Lonza, Swiss) supplemented 

with 10 % FCS (Sigma-Aldrich, USA), 2 mM glutamine (GlutaMax, Gibco, USA) and 

1µg/ml G148 (InvitroGen, USA). When cells reached a confluency over 80-90 %, they were 

split in a ratio of 1:3 or 1:4. Cells were washed twice with PBS (Lonza, Swiss)  before adding 

2.5x Trypsin/EDTA (Sigma-Aldrich, USA) diluted 1:4 in PBS for 5 minutes at 37 °C. The 

reaction was stopped by adding double the amount of cell culture medium. Expansion of 

keratinocytes was also performed in T175 flasks with KBM-2 growth medium (Lonza, 

Swiss), supplemented with KGM-2 keratinocytes medium SingleQuot kit (Lonza, Swiss). 

To detach the cells, a 1:2 dilution of 2.5x Trypsin/EDTA in PBS was used after two washing 

steps with PBS. The reaction was stopped with equal the amount of trypsin neutralizing 

solution (Gibco, USA) and washed with 10 ml PBS. From this step onwards, the procedure 

was identical for both cell types. The cell suspensions were centrifuged at 100×g for 5 

minutes in a 50 mL Falcon Tube (Greiner Bio-One, Austria). Cell pellets were resuspended 

in fresh medium and seeded into a T175 flask. In the case of subconfluency, cell culture 

medium was exchanged every third or fourth day. 

 

2.3 Cytotoxicity assay according to ISO 10993-5 

Cytotoxic effects of transparent PLA material on keratinocytes and fibroblast in their 

respective medium was investigated following the ISO standard 10993-5. This standard 

offers the choice of different assays to determine cytotoxicity. We choose thiazolyl blue 
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tetrazolium bromide (MTT) assay and visible validation. The process is shown schematically 

in Figure 5. 

 

Briefly, keratinocytes were seeded at a cell concentration of  1 ∙ 10! cells/ml, fibroblasts at 

1 ∙ 10! cells/ml into a 96-well plate to reach a confluency of 50 % the next day. The first 

and the last were spared to avoid edge effects. Two columns were only filled with media for 

a non-cell control. 24 h after seeding 100 µl treatment media was applied to the wells. 

Treatment medium was created by placing sterilized inserts into a 6-well plate (Corning, 

USA) filled with 4 ml keratinocytes or fibroblast growth medium respectively. Freshly 

printed, as well as used inserts were tested, and the results were compared to each other. The 

used inserts were stored in 70 % ethanol until use. Treatment medium was applied in 

concentrations ranging from 0-100 %. 0 % treatment media was equal to fresh cell culture 

medium, 50 % is a 1:1 mixture of fresh and 100 % medium, that was incubated with the 

insert. Cells were incubated for 24 h with treatment media groups. 25 mg of MTT powder 

(Thermo Fisher Scientific, USA) were dissolved in 5 mL sterile PBS to make a 5 mg/ml 

MTT stock solution. Next the treatment media were discarded. Then, 50 µL of MTT stock 

solution were added to each well. After an incubation period of 2 h at 37 °C, the reagent was 

removed from each well. Afterwards, 100 µL Isopropanol (Sigma-Aldrich, USA) were 

added and plates were incubated for 30 min on an orbital shaker (VWR International, USA). 

Absorbance was then measured at 570 nm (reference wavelength 650 nm) on a plate reader 

(BMG Labtech, Germany). 
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Figure 5 MTT cell toxicity assay procedure. The procedure starts with cell seeding on a 96-well plate (1) and 

subsequent incubation of the plate for 24 hours (2). After the incubation time the treatment media is applied 

(3). The treated cells are incubated for another 24 hours (4). Afterwards the treatment media is discarded and 

MTT reagent is applied (5). MTT reagent is then reduced to coloured formazan crystals (6). This change in 

colour can be measured at a wavelength of 570 nm (7). Created with BioRender.com. 

The metabolic activity correlates directly with the amount of blue-violet formazan formed, 

as monitored by the optical density at 570 nm. For the calculation of viabilities Equation 1 

was used.  

 

Equation 1 Viability in percent for cytotoxicity MTT assay 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	% = 	 "##	∙&'!"#	()	*+,	-	%	,-*/01*
&'!"#		()	*+,	23045

   0 < 𝑥 < 100	%  

 

If the viability of the 100 % treatment medium group was reduced to less than 70 % of the 

untreated group, the material was considered cytotoxic. If the viability of the 50 % treatment 

medium group was calculated less than the viability of the 100 % treatment medium group, 

the test was repeated.  
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2.4 Nanoparticle tracking analysis 

Nanoparticle tracking analysis (NTA) of the PLA printing material was performed to 

investigate, if the sterilization process of the inserts results in the release of nanoparticles, 

which can interfere with generation and evaluation of full thickness equivalents. 

 

First, PLA transparent discs with a diameter of 5 mm and a height of 1 mm were printed. 

These discs were ether sterilized in 70 % ethanol for 30 min, sterilized in 70 % ethanol for 

at least 15 min and additionally irradiated for 30 min under UV light or not treated at all 

(non-sterile) to compare sterilization techniques. The discs were then incubated each in 2 ml 

of filtered PBS (fPBS) for 48 h. To filter PBS a 0.22 µm filter system (Corning, USA) was 

used. A particle tracking analyser, called Zeta View® Quatt (Particle Metrix, Germany) with 

ZetaView software (Particle Metrix, Germany) was utilized. To start the analyser, the 

chamber of the NTA was washed once with double distilled water (Fresenius, Austria) and 

the temperature was set to 25 °C. Then, a daily performance check was done by the injection 

of 3 ml of a solution containing 110 nm solid polymer microspheres (Microtrac Retsch 

GmbH, Germany), which were diluted 1:250.000 in double distilled water. Afterwards, the 

chamber was cleaned with  fPBS. The samples were then measured in the NTA device at 

488 nm in scatter-mode.  

 

2.5 Generation of skin equivalents 

Full thickness equivalents were seeded either on in in-house 3D printed or on purchased 

inserts (Falcon® Permeable Support for 6-well plate in BD Falcon TM Deep-well plates (BD 

Bioscience, USA)), as a control.  

 

To generate a mixed collagen/fibrin loaded with fibroblasts, the fibroblasts were detached 

according to standard cell culture protocol. The pellet was then resuspended in FCS and a 

cell suspension with an end concentration of 5 ∙ 10! cells/ml in the collagen/fibrin gel was 

prepared. The mixing of the gel was conducted under cold conditions, on ice, to prevent 

early clotting of the mixture. First, Hank’s Balanced Salt Solution (HBSS) with phenol red 

(Gibco, USA) was added dropwise to collagen (Collagen G, type 1, solution 4 mg/ml 

(Sigma-Aldrich, USA)). The pH was slowly adjusted with 1 M sodium hydroxide solution 

until the mixture turned red/pink. The fibroblast/FCS solution was added to the pH adjusted 

mixture. For the preparation of the collagen/fibrin gel loaded with fibroblasts mixing 

proportions of one part HBSS, one part fibroblast/FCS suspension and eight parts collagen 
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were used. To add fibrin, TISSEEL Lyo (Baxter, USA) was used. The thrombin component 

of the kit was added to fibroblast/FCS suspension to an end concentration of 1 U/ml before 

adding the mixture to the collagen. To start the gelling, the fibrinogen component of the kit 

was dissolved in aprotein, according to manufacturer’s instruction and added to the final 

mixture at a concentration of 3 mg/ml. 2 500 µl (6-well-plate size) and 400 µl (12-well-plate 

size) of collagen/fibrin gel containing fibroblasts were quickly filled without air bubbles into 

each insert. Plates, sealed with parafilm were incubated for two hours at 37 °C without CO2 

until the collagen/fibrin matrix was solid. To equilibrate the gel, 2 000 µl (6-well-plate size) 

or 300 µl (12-well-plate size) keratinocyte growth medium was pipetted into each insert and 

the outer well was filled above the membrane level. Equilibration for at least one hour was 

conducted in the incubator at 37 °C with 5 % CO2. Next, for the epidermal layer, 

keratinocytes were detached according to standard cell culture procedure. A cell suspension 

of 1.5 ∙ 106 cells/ml was prepared in keratinocyte culture medium. After the removal of 

equilibration medium from the inner insert, 1 000µl (6-well plate size) and 300 µl (12-well 

plate size) of keratinocyte suspension was added on top of the solid gel. The SE were then 

incubated overnight at 37 °C, 5 % CO2 and moderate humidity. The next day (Day 2), the 

SE were loosened by moving a 200 µl pipette tip carefully around the outer wall of the insert 

to avoid tension stress during the culturing. On Day 4, the medium was changed from 

keratinocyte growth medium to differentiation medium. For that, 500 ml KGM medium 

(Lonza, Swiss) was supplemented with 25 mg ascorbic acid (Sigma-Aldrich, USA), 500 mg 

Albumin from bovine serum (BSA) (Sigma-Aldrich, USA), 5 mg Transferrin (Sigma-

Aldrich, USA) and CaCl2 (Sigma-Aldrich, USA) to an end concentration of 1.3 mM. The dry 

components were added to the KGM medium, and the mixture was subsequently filtrated 

through a 0.22 µm filter. Next, the KGM SingleQuot supplements (Lonza, Swiss), except 

for the Bovine Pituitary Extract (BPE) were added. The differentiation medium was then 

added only to the outer wells to facilitate the ALI. For this, a volume of 10 ml for commercial 

plates, 4 ml for the 3D printed 6-well plate size inserts and approximately 500 µl for 3D 

printed 12-well plate size inserts were used. The medium was changed every other day for 

one to three weeks, depending on the conducted experiments.  

 

2.6 Histology 

SE together with the insert membranes were transferred to a histology cassette and fixed in 

formaldehyde 4 % aqueous solution (VWR International, USA) for 24 h. On the next day, 

the samples were rinsed in tap water for 1 h, followed by dehydration in 50 % ethanol for 
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another hour. The fixation was completed by storing the biopsy samples in 70 % ethanol. 

The hematoxylin and eosin (HE) staining and the embedment in paraffin was performed at 

the University Clinic of Dentistry of the Medical University of Vienna. 

 

2.7 Permeability assay 

To perform the permeability assay, the SE in its insert was rinsed twice with PBS. Next, the 

insert was transferred into a new well plate. A 3D printed permeability ring, described in 

chapter 3.3 to unify the investigated area of the SE, was clicked into the insert and placed 

tightly on top of the SE on the membrane. The well was filled with 4.5 ml PBS as a recipient 

solution to later collect the fluorescent dyes that were able to penetrate the SE. 20 µl of dye 

were added on top of the SE. At each timepoint 100 µl of the collection suspension were 

transferred into a black 96-well plate (Greiner Bio-One, Austria). Fluorescence was 

measured at 584 nm (reference 620 nm) for Alexa Fluor® and 485 nm (reference 520 nm) 

for riboflavin. The experiment was conducted under dark conditions. All measurements were 

taken directly after collection of the material. Used dyes: Riboflavin (Sigma-Aldrich, USA) 

and Alexa Fluor ® (InvitroGen, USA). 

 

2.8 Statistics 

Data were tested for statistical significance using One-way ANOVA with Tukey’s multiple 

comparisons test by GraphPad Prism 8 (GraphPad Software, USA). 
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3 Results 

3.1 Construction of inserts 

Fixed requirements (Figure 4) at the beginning of the construction phase were a sufficiently 

large support surface for the membrane, as well as the possibility of a medium exchange 

through the membrane. More accurate: the accessibility/flushing of nutrients from the 

medium from the bottom side of the membrane. Another requirement was that there should 

be enough space for a certain volume of nutrient medium from the epidermal side inside the 

insert after adding the collagen hydrogel. Moreover, practical way to exchange media is 

obligatory, as well as the compatibility with common cell culture plastic ware.  

 

A sufficiently large stand area was constructed for a safe stand in the well plates. To ensure 

the medium flow, seven ports were integrated into a cylinder. At the upper end of the 

cylinder, there was a support surface on which any membrane can be placed. To be able to 

use a large variety of membranes, a snap closure was implemented in the construction.  A 

cylinder with the complementing dimensions was designed for the upper part. The lower 

part and the upper part form a snap closure to fix the inserted membrane. The first 

constructions were created fitting into 12-well plates.  (See Figure 6) 

 

 

Figure 6 First construction version of 3D printed inserts. On the left side the bottom part, with a round stand 

area and a central zylinder is shown. The clinder has seven windows and on the upper part, a saving for the 

cap, which is depicted on the right side. Both fit together perfectly and form a snap closure, in the middle of 

which any membrane can be clamped. The cells that subsequently form the SE are cultivated on the membrane. 

Depending on the print size, the insert can be placed in a standard 6-well plate or 12-well plate. 
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To evaluate the first version, a nucleopore membrane was clamped between the upper and 

lower part to check the seal. By filling the insert with water, it could be shown that the snap 

closure sealed well and that the fluid stayed in the inner part of the insert. In these first 

attempts it could be demonstrated that the space outside the insert required for the medium 

exchange was not sufficient in this version. The pipette tip of a 10 ml serological pipette was 

required to fit between the insert and the wall of the well plates. It was also noted that a large 

number of windows is associated with a higher stringing rate. Stringing is the threading of 

the print material, outside of the planned print. Based on this knowledge, the next version 

was adapted.  

 

In this second version, the cylinder with the windows is arranged decentrally on the stand 

area. To create more space for the pipette tip, the diameter of the cylinder has also been 

reduced. The number of windows has also been decreased from seven to four. (See second 

version in Figure 7)  

 

 

Figure 7 Second construction version of 3D printed inserts. This graphic shows an adapted construction version 

of the bottom section of an insert in 12-well plate size. The cylinder has been decentralized and the number of 

windows has been reduced from seven to four. 

Due to the decentralization of the cylinder, there was now enough space for the pipette tip 

to exchange the liquid. In the water test it became evident that the four windows also 

guaranteed a good exchange of fluid. On closer inspection, it became apparent that smaller 
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air bubbles were accumulating under the membrane. To prevent this, the windows were 

raised up to the membrane in the following third version.  

 

The windows were enlarged to let out air that could accumulate under the membrane. (See 

third version in Figure 8) 

 

 

Figure 8 Third construction version of 3D printed inserts. Here, an adapted construction version of the bottom 

section of an insert in 12-well plate size in shown. The windows were enlarged to let out air that could 

accumulate under the membrane. 

The first full thickness SE experiments were started with this third version of the insert, 

fitting in 12-well plates. See first SE results in chapter 3.5.1.  

 

After the first cell culture attempts, the construction was refined with further small changes. 

These are shown below, in the larger 6-well plate size of the inserts. To make the practical 

work easier, a phase has been added to the upper edge of the lower part and the upper part. 

The resulting groove makes it easier to remove the upper part from the lower part in order 

to harvest the SE. Furthermore, the cylinder was moved a little more into the middle to make 

the window, which was located directly on the well plate, accessible. (See fourth version in 

Figure 9) 

 



 

24 

 

Figure 9 Fourth construction version of 3D printed inserts. Here, an adapted construction version of the bottom 

section of an insert in 12-well plate size is shown. The windows were enlarged to let out air that could 

accumulate under the membrane. Furthermore, a phase has been added to the upper edge of the lower part and 

the upper part, creating a groove, which makes it easier to remove the upper part from the lower part in order 

to harvest the SE. The cylinder was also moved a more into the center of the stand area to make the side window 

more accessible to the media. 

With this version of the insert, cell culture experiments exposed that there was not enough 

space above the membrane to be filled with collagen/fibroblast gel and subsequent with 

keratinocyte suspension. In the next construction, the membrane support surface was 

therefore moved downwards. The contact surface was offset downwards and the surface for 

the snap closure extended over almost the entire surface of the upper part. (See modified 

version in Figure 10) 
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Figure 10 Fifth construction version of 3D printed inserts. Both parts of the inserts were improved in this 

construction step. In order to increase the inner filling volume of the inserts, the membrane support surface 

was placed further down. Furthermore, the snap closure extends over almost the entire surface of the upper 

part. 

After printing this version for the first time, it quickly became apparent that the large area of 

the closure caused practical problems. The large clamping surface made it difficult or even 

impossible to assemble and disassemble the cover.  

 

In the next and final construction, the clamping geometry was changed so that there was less 

clamping force, thereby making assembly and disassembly easier. Furthermore, the insert 

volume was expanded a little and the window widened to continue to guarantee a good media 

flow. (See final version in Figure 11) 
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Figure 11 Final construction version of 3D printed inserts. Bottom (left) and top (right) part construction of the 

insert is shown. The bottom part consists out of a round stand area and a decentralited zylinder with four 

windows. The windows reach the membran area, which is directly on the border of the snap closure. The snap 

closure connects bottom and upper part. The top part has an increased filling volume compared to the first 

versions of the construction. 

This final construction was used in all experiments (unless stated otherwise). The inside 

diameter amounts to 1.8 mm, with an area of 2.5 cm2 it corresponds to the dimensions of the 

purchased inserts and is therefore directly comparable. The material costs are effectively 

low.   
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3.2 Excursion twist lock 

Not only a snap lock was evaluated for the lock, but also a twist lock. The idea was to 

improve and simplify the assembly and disassembly of the cover. (See Figure 12) 

 

 

Figure 12 Twist lock construction. Bottom (left) and upper (right) part of a insert with twist lock is shown in 

this render graphic.  

In the first membrane placing attempts it could be seen that the membrane was not stretched 

properly. In fact, the membrane warps as a result of the rotation and becomes wavy, and 

sometimes cracked. Based on that, the idea of a screw cap was discarded. 

 

3.3 Permeability ring 

To test permeability, a test substance is added onto the test material, in this study skin was 

investigated. The evaluation of the permeability takes place “behind” the material, in a donor 

cell filled with a reserve solution. The solution is analysed to draw conclusions about the 

quantity of the test substance. The higher the permeability is, the higher is the content of test 

substance in the receiver solution.  

 

In order to construct such a permeability assay setup, a PLA ring was constructed. First tests 

revealed that only the insert was not eligible for this application. The ring was necessary, 

due to the shrinking of the full thickness SE. The test substance would not pass the SE but 

choose the free membrane space on the borders of the SE after SE shrinking to pass into the 



 

28 

receiver solution.  This ring should unify the test area of the SE and exclude possible edge 

effects of the SE. The ring should be placed inside the insert and was designed in such a way 

that the underside rests exactly on the membrane. Thus, the SE was clamped between the 

membrane and the ring and only a defined area is exposed to a test compound. Moreover, 

the clamping is intended to prevent potential test substances from running past the side. This 

is to ensure that the test substances must cross the skin barrier to arrive in the well. 

 

 

Figure 13 Final construction of 3D printed inserts together with the permeability ring. From left to right: 

construction of the bottom section of the insert, which can be connected via a snap closure to the top part of 

the insert. After the generation of SE on the insert membrane, the permeability ring can be pushed into the top 

part of the insert. This clamps the SE, excludes edge effects, and standardizes the assay through a defined area. 

In Figure 13, the final construction of the insert system together with the permeability ring 

is depicted. The idea was to implement an assay in which the SE does not have to be 

transferred to a new setup as this can distort the SE. Additionally, an important aspect was 

the prevention of leakage of test substances at the side. Nevertheless, it is also possible to 

clamp other materials, such as biopsied skin, into the system. Results of the permeability 

assay setup are described in chapter 3.5.4. 
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3.4 Evaluation of printing material 

3.4.1 Evaluation of cytotoxicity  

No cytotoxic effects of PLA transparent material on keratinocytes or fibroblast in their 

respective media could be identified according to ISO standard number 10993-5. 

Furthermore, previously used material did not show any signs of cytotoxic effects.  

 

3.4.2 Nanoparticle tracking analysis 

To investigate the potential release of nanoparticles by the PLA transparent filament, NTA 

analysis was performed in fPBS after an incubation time of 24 h (Figure 14). As control, 

fBPS was analysed with a mean concentration of 116 667 ± 247 487 particles/ml. 

Additionally, two sterilization procedures were investigated (1) PLA pellets rinsed with 

ethanol (EtOH), resulting in a mean concentration of 129 630 ± 197 708 particles/ml and 

(2) PLA pellets rinsed with EtOH and subsequently UV irradiated, leading to a mean 

concentration of 448 148 ± 351 503 particles/ml. Pellets without sterilization treatment 

revealed a mean concentration of 931 481± 758 813 particles/ml. This vale differs 

significant (with P ≤ 0.01 for EtOH sterilized and PBS only group, P ≤ 0.001 for EtOH and 

UV sterilized group) from all other investigated groups. However, washed and UV treated 

inserts did not result in significantly higher particle release compared to fPBS alone. These 

results would suggest that the sterilization process used in this work did not trigger the 

release of particles that could interfere with the generation and histological evaluation of full 

thickness SE.  
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Figure 14 Nanoparticle tracking analysis (NTA) of polylactic acid (PLA) printing filament after an incubation 

period of 24 hours. PLA pellets were incubated at 37 °C after either no sterilization treatment, rinsing with 

ethanol (EtOH) or rinsing with EtOH and subsequent UV irradiation. These were compared to filtered PBS 

(fPBS) without any exposure to PLA.  Treated groups did not exhibit signs of nanoparticle release compared 

to fPBS. Pellets without sterilization treatment released a significant concentration [particle/ml] of 

nanoparticles compared to all other groups. n = 9 in PBS group n = 27 in treatment groups, ** P ≤ 0.01, *** 

P ≤ 0.001 

 
3.5 Generation of full thickness skin equivalents 

3.5.1 Pilot trails of 3D printed vs. commercial inserts 

After successful construction of inserts and cytotoxicity testing, we next aimed to generate 

functional full thickness SE on the in-house 3D printed inserts in cell culture. For the first 

pilot tests, the third version of the construction was used (see construction in chapter 2.1). 

In Figure 15 the results of the full thickness SE after HE staining are shown.  
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Figure 15  Hematoxylin and eosin (HE) staining of pilot experiments on full thickness skin equivalents (SE) 

generated in 3D printed. The epidermis (purple) on top of the collagen matrix harboring few fibroblasts (light 

pink). The membrane material (transparent) was not removed for the histological analysis. Cultured on a 3D 

printed 12-well plate insert is depicted. Harvested on ALI day 10, seeded with a concentration of  3 ∙ 10!	 
fibroblasts/ml in a collagen matrix on a polycarbonate membrane. SE showed the formation of an epidermis 

and dermis, albeit lacking the defined stratified layers of differentiated keratinocytes. In both cases only a few 

fibroblasts can be seen in the dermis. 

For reference, the same protocol was carried out on purchased inserts in parallel and 

evaluated (Figure 16). Due to the different sizes of the inserts, different volumes of collagen 

gel were used. This resulted in a different layer thickness of the dermis. The number of 

fibroblasts also differed in this pilot test. The exact seeding parameters were adapted and 

refined in later experiments (see chapter 3.5.3). 

 

Figure 16 Hematoxylin and eosin (HE) staining of pilot experiments on full thickness skin equivalents (SE) 

generated in commercial inserts. The epidermis (purple) on top of the collagen matrix harboring few fibroblasts 

(light pink). The membrane material (transparent) was not removed for the histological analysis. SE, generated 

on a 6-well plate bought insert. Seeding number of 1∙105 fibroblasts/ml in a collagen matrix on a 

polyethylenterephthalat (PET) membrane. SE showed the formation of an epidermis and dermis, albeit lacking 

the defined stratified layers of differentiated keratinocytes. Like in SE, cultured on a 3D printed insert only a 

few fibroblasts can be seen in the dermis. 
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This first experiment showed the feasibility 3D printed inserts with a polycarbonate 

membrane. The formation of an epidermis by keratinocytes was observed on the collagen 

matrix. There were also beginnings of the formation of a stratum corneum, as elongated 

keratinocytes could be detected on the upper side of the SE (Figure 15 and Figure 16). 

However, there were no distinct layers of other keratinocyte differentiation stages. Very few 

fibroblasts were found in the dermis. The refinement and further development of the 

production of full thickness SE are described in the following chapters. 

 

3.5.2 Media condition testing 

To investigate the impact of media on the number of fibroblasts, the viability and 

morphology of fibroblasts was tested in different media. Since fibroblasts are exposed to 

keratinocyte medium during the cultivation of SE, the main interest in this experiment was 

to investigate if and how long fibroblasts survive in keratinocyte medium. The media 

condition tests were carried out in monolayer cultures of fibroblast and keratinocytes. The 

tested media were (1) keratinocyte and (2) fibroblast specific growth medium, as well as (3) 

a 1:1 mix of both media. Cells were incubated for 5 days at 37 °C, 5 % CO2. The analysis of 

the results was first conducted visually, assessing cell confluency (Figure 17) in four 

biological replicates, including each two technical replicates.  
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Figure 17 Visual assessment of cell confluency, as well as morphology of fibroblast monolayers cultured under 

different media conditions. Investigation of monolayers cultured in keratinocyte and fibroblast specific growth 

media, as well as a 1:1 mix of both media for a period of 19 days at 37 °C, 5 % CO2 and moderate humidity. 

Pictures were taken on days 1, 5, 9, 14, and 19. Fibroblasts exhibited less proliferation in keratinocyte specific 

growth media. n=8 

The investigation under the light microscope indicated that fibroblasts divided less in 

keratinocyte growth medium in contrast to the usual culture conditions. Surprisingly, 
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fibroblasts showed a higher growth rate in a 1:1 mix of fibroblast and keratinocyte growth 

medium. Keratinocytes divided the most under physiological culture conditions in 

keratinocyte media and less in fibroblast and 1:1 mixed medium. These findings are 

supported by the data of an MTT assay with two technical replicates (See Figure 18).  

 

 

Figure 18 Thiazolyl blue tetrazolium bromide (MTT) assay of fibroblast and keratinocytes monolayers cultured 

under different media conditions. Investigation of monolayers cultured in keratinocyte and fibroblast specific 

growth media, as well as a 1:1 mix of both media for 5 days at 37 °C, 5 % CO2 and moderate humidity. 

Fibroblasts exhibited less viability in keratinocyte specific growth media. In contrast keratinocytes had the 

highest viability under these conditions. n=2 

 

3.5.3 Refinement of skin equivalent generation procedure 

After it could be shown that it was possible to successfully grow SE on the 3D printed inserts, 

the aim was to refine the procedure, by varying the tested parameters (i.e., type of matrix for 

the dermis, the fibroblast concentration, and the time intervals between the work steps). 

Figure 19 shows, full thickness SEs produced with an initial fibroblast concentration of 1 ∙

10!	 fibroblasts/ml or 5 ∙ 10!	 fibroblasts/ml. Furthermore, two different timepoints of 

harvesting the SE were compared. They were harvested on either day 12 or day 19 on ALI. 

In one group, the fibroblasts were seeded within a fibrin-collagen gel. It turned out that 

higher seeding numbers of fibroblasts did not result in a visibly denser population of cells in 
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the hydrogel. This lack of fibroblasts was already seen in the pilot tests. There was evidence 

that the fibroblasts were seeping down the gel (Figure 19). The histological slides showed 

an accumulating of cells on the membrane at the bottom of the hydrogel (Figure 19 A, B, D, 

E). In contrast to this, in the group (Figure 19 C, F) with the added fibrin, it can be seen that 

the fibroblasts were more distributed in the dermis. Fibroblasts are scattered in the matrix, 

visualized as purple-coloured cells. Furthermore, the stratum corneum was more distinct in 

groups, that were harvested on day 19 on the ALI, especially on top of the fibrin-collagen 

dermis. 

 

 

Figure 19 Hematoxylin and eosin (HE) staining of full thickness skin equivalents (SE) on day 14 compared to 

day 19 on air liquid interface (ALI) testing different seeding parameters. All SE were cultured on commercial 

6-well plate size insert and the keratinocytes, forming the epidermis, were seeded immediately after hydrogel 

polymerization. A & D: fibroblast seeding concentration of  1 ∙ 10#	 fibroblasts/ml in a collagen matrix. B & 

E: fibroblast seeding concentration of  5 ∙ 10#	 fibroblasts/ml in a collagen matrix. C & F: fibroblast seeding 

concentration of  1 ∙ 10#	 fibroblasts/ml in a fibrin-collagen matrix. Epidermis (purple) on top of a fibroblasts 

(fibrin-) collagen matrix (light pink) on membrane material (transparent bottom layer). 

In addition, a group in which the keratinocytes were applied one week after seeding the 

dermis (data not shown), was examined. However, in this experiment the keratinocytes did 
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not form an epidermis. The keratinocyte suspension seemed to have flown past the edge of 

the SE. As a result, the cells could not adhere to the surface of the gel matrix and differentiate. 

 

In conclusion, the parameters with the best outcome could be evaluated. The best results 

were achieved with a (1) initial fibroblast concentration of 5 ∙ 10!	 fibroblasts/ml, (2) a 

dermis matrix made of collagen with fibrin, and (3) a harvesting time point on day 19 or 

later. 

 

3.5.4 Establishment of skin barrier assay 

To test the functionality and handling of the permeability ring, two groups of full thickness 

SE in 6-well plates, seeded with 5 ∙ 10!	 fibroblasts/ml in a 3.2 mg/ml collagen + 3 mg/ml 

fibrin matrix, harvested on day 22 of ALI, and different fluorescent dyes were used.  

On one hand an intact skin barrier was modelled by the investigation of a full thickness SE, 

treated with Alexa Flour® dissolved in water. On the other hand, an irritated barrier was 

simulated with riboflavin dissolved in DMSO. DMSO weakens the barrier over time and 

makes it more permeable.  

 

This setup was chosen to simulate both scenarios, intact and dysfunctional barrier, and to 

test the compatibility with the permeability ring. Figure 20 shows the fluorescence readout 

at different timepoints compared to PBS, which was used as a recipient solution in the well 

plate below the SE to collect the dyes. Furthermore, the absorbance of the starting/maximal 

concentration, which was applied to the SE, is depicted. It shows that the model of the intact 

skin did not leak any dye, as the absorbance was in the range of PBS over a period of two 

hours. The SE treated with DMSO showed an almost linear increase of fluorescence of 

riboflavin collected after penetrating the SE.  
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Figure 20 Pilot tests of skin barrier assay with a 3D printed permeability ring using fluorescent measurements 

of Alexa Fluor ® and Riboflavin/DMSO. Left: Intact skin barrier was provided with Alexa Fluor®. Right: Skin 

barrier was irritated with DMSO, and permeability was tested with riboflavin. In contrast to the intact SE, an 

almost linear increase in fluorescence can be seen. Measurements were taken at different timepoints from zero 

minutes to two hours. Furthermore, PBS as well as the highest possible concentration of fluorophores (Alexa 

Fluor®: 10 mg/ml, riboflavin: 1 mM) was measured. Fluorescence was measured at 584 nm (reference 620 

nm) for Alexa Fluor® and 485 nm (reference 520 nm) for riboflavin. 

These experiments indicate that the 3D printed ring is suitable for a permeability assay of 

irritated and intact skin.  
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4 Discussion 
Just now there is a great demand to close the in vitro–in vivo gap in the biomedical research 

landscape. Therefore, novel in vitro model systems that can be used to accurately represent 

and forecast physiological behaviour of healthy and diseased skin tissue move into the focus 

of research. In the spirit of the 3R’s new approaches are inevitable. The present study 

contributes a puzzle piece to the generation of in-house full thickness SE using the clinically 

relevant method of 3D printing, as well as testing of functional the skin barrier.  

 

Few examples of the utilization of 3D printing technologies to solve cell culture related tasks 

can be found in current literature. Grottkau et al. utilized stereolithography 3D-printing 

technology to manufacture a 3D printed insert-array and a 3D coculture-array for high-

throughput screening of cell migration [40]. Li et al. established a microscale scaffold for 

cell culture with E-Jet 3D printing technique [41]. In the present study we could successfully 

demonstrate that our manufacture method – extrusion-based FDM 3D printing of transparent 

PLA – is suitable to generate cell culture inserts. This technique was chosen due to its 

specific benefits such as operational simplicity, customizable design, operational safety, 

cost‐effectiveness and diversity of the compatible materials [42]. Extrusion-based printing 

has a relatively low resolution compared to most other 3D printing methods, like 

photopolymerization techniques (PPT). PPT are the most commonly used processes in dental 

applications, providing high resolution, allowing very fine surface finish and the ability to 

create complex shapes [43]. However, these parameters do not leave such high priority like 

in dental medicine. The benefit from operational simplicity, and operational safety 

outweighs by far.  
 

First, a computer-aided design model was created. While improving the insert, we went 

through six construction versions. Modifications after the testing of each version improved 

the insert from a pilot device all the way to the final operative version.  

 

For all cell culture materials, the choice of the used material is important. PLA is used more 

and more for medical applications, like wound management [44], stent applications [45], as 

well as orthopedic and fixation devices [46], tissue engineering [47] and drug delivery [48], 

but also finds wide use in the non-medical field [44]. PLA takes ten months to four years to 

degrade in the human body, depending on the microstructural factors, like chemical 
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compositions porosity  and  crystallinity [49]. This agrees with our observations that the 

inserts remain stable over the cultivation period. The PLA degradation products, mainly 

lactic acid is known to be non-toxic (at lower composition). We know from many previous 

studies and the chemical structure that the material is inert due to its lack of reactive side-

chain groups [50]. This makes the material a natural choice for biomedical applications. We 

confirmed this knowledge with cytotoxicity test according to ISO 10993-5, where no 

cytotoxic effects could be seen given our experimental conditions. Moreover, the material 

did not release nanoparticle, tracked with NTA, during sterilization procedure. The data area 

consistent with Mizielińska et al., who could not see changes in the mechanical probertites 

of PLA after  UV-A and Q-UV irradiation [51]. Nanoparticle could interfere during the 

seeding procedure or the histological analysis. Grant et al. investigated skin tissue and 

fibroblasts for tattoo ink nanoparticles. Nanoparticle are visible in histology sliced skin [52] 

and could probably interfere with analysis. In the present study, we confirmed with NTA no 

nanoparticle release of PLA material. Concluding, that light microscopy analysis is free from 

interference of material nanoparticle. 

 

In the human body, cells are surrounded by the extracellular matrix (ECM). This ECM must 

be simulated in 3D tissue engineering. Collagen is the major structural protein of most hard 

and soft tissues in the human body. It plays an prominent role in maintaining the structural 

integrity, as well as the biological function of the ECM [53]. Moreover, collagen provides 

physical support to tissues and with around 30% of all proteins it is the most abundant protein 

in mammalian bodies [54]. In the beginning collagen type I was used to model the ECM of 

the dermis. Fibroblasts were seeded into the collagen gel. The histology results revealed that 

the fibroblast disappeared within the incubation time of the SE. Media condition test showed, 

that this could be due to the use of keratinocyte medium. In 2D monolayer cultures fibroblast 

cultured with keratinocyte medium revealed morphological changes and lower numbers of 

proliferation (Figure 17). Another explanation for the low number of fibroblasts that outlasts 

the long incubation times of up to three or four weeks, lays in the EMC. There is evidence, 

that cells sunk down in the collagen and assembled at the membrane (Figure 19). In contrast, 

fibroblasts were more distributed in higher cell numbers within in the dermis, consisting out 

of collagen-fibrin gel. Fibrin and Fibrinogen play a role in haemostasis and are main factors 

of wound healing, and several other biological functions, like thrombosis [55]. Fibrinogen 
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is a large glycoprotein, which is cleaved by thrombin converting the soluble molecule to 

insoluble fibrin [56]. As fibrinogen has been shown to contain RGD integrin binding sites 

which commonly bind fibroblasts [57], the acceleration and enhanced viability is explicable. 

 
With the first cell culture experiment it was successfully demonstrated that it is technically 

possible to generate SE on the in-house 3D printed inserts. The formation of an epidermis 

created by keratinocytes could clearly be detected on the collagen matrix. There were also 

beginnings of the formation of a stratum corneum. This could be seen in elongated 

keratinocytes on the upper side of the SE. To further test the functionality of the in-house 

generated full thickness SE the skin barrier was examined, performing skin permeability 

assays.  

 

The skin barrier is one of the major functions of the skin. To investigate the nature of the 

barrier ex vivo, immunohistochemistry and immunofluorescence stainings [58], as well as 

HE staining [59] can be performed. A non-invasive method is a test for transdermal electrical 

resistance [60]. Moreover, RNA expression of skin barrier related proteins, amongst many 

others filaggrin-, filaggrin-2 and loricrin [61] can be examined via qRT-PCR. Filaggrins are 

structural proteins of stratum corneum, which plays a key role as top layer of the skin in 

barrier function [62]. Loricrin is a terminally differentiating structural protein that can be 

found in the cornified cell envelope and it is expressed in all mammalian stratified epithelia 

[61, 62]. Currently the golden standard to investigate permeability of skin barrier and 

transdermal drug administration quantitatively is a Franz diffusion cell (See Figure 21) [65]. 

After clamping membrane and/or the sample into the apparatus the testing substance is 

applied in the donor compartment. Sample collection is conducted through a sampling port 

from the receptor compartment, containing a magnetic stirrer [66]. There are also approaches 

in which such a cell can be successfully 3D printed. Sil et al. successfully printed a diffusion 

cell in a proof-of-concept study using stereolithography technique [67]. 

 



 

41 

 

Figure 21 Franz diffusion cell. Perfusion material or dye is applied to the donor compartment and detected in 

the receptor compartment after passing the membrane or sample material. The receiver solution is mixed with 

a stirrer. Samples selection takes place via a sampling port. Taken from [66] 

We aimed to modify the in-house insert system to be used as a Franz cell-like system to 

investigate the functionality of the full thickness SE. Therefore, a permeability ring was 

constructed and printed, to unify the test area of the SE and exclude possible edge effects of 

the SE. The first experiments confirmed that the ring seals the test system and is suitable to 

test healthy and diseased skin models. Compared to the established Franz cell the advantage 

of the described in-house system, is that the skin barrier assay can be conducted without the 

laborious transfer of the SE onto a new system. Nevertheless, it is also possible to clamp in 

other samples or materials into the in-house system.  
 

In the present study we aimed to create a method, that provides the possibility to model 

impaired and healthy skin barrier. To test diseased skin, the well-known penetration 

enhancer DMSO was utilized [68]. DMSO can denature skin proteins, thus disturbing the 

integrity of corneocytes and their desmosomes. Moreover, DMSO is an amphiphilic 

molecule, interacting strongly with the lipid bilayers, changing its packaging geometry. 

Long exposure to DMSO can lead to skin irritations and long-term damages of human skin 

[69]. Due to its solubility in DMSO, riboflavin was used as fluorescent dye. Riboflavin is a 

known substance to test skin barrier probertites. Nakamura et al. performed the stripping 

method to test barrier function. For the stripping method stratum corneum was stripped with 

adhesive cellophane tape. To extract the riboflavin from the tape sodium dodecyl sulphate 

solution and sonication was used. The concentration of riboflavin was determined by 

measuring the fluorescence of riboflavin in the extract solution [70]. In this study the healthy 
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skin was modelled with the untreated full thickness skin equivalent and the florescent dye 

Alexa Fluor®, which was also used before to test transdermal drug delivery [71].  

 
The skin barrier consists of complementing components: a physical barrier in particular 

localised in the epidermis, and an immune barrier in both the dermis and epidermis [72]. A 

limitation of this study is, that the immune component of the skin barrier was not considered.  

As an extension, however, it is possible to integrate the immune component into the 3D 

printed system. There are many examples in the literature in which parts of the immune 

system are integrated into artificial SE. The simplest method would be to add relevant 

cytokines but there are also approaches with incorporated Langerhans cells [73], dermal 

dendritic cells [74], T cells [29], and macrophages [75]. Moreover, the replicate number of 

experiments, conducted using the permeability ring is limited. The described experiments 

can only give a definitive statement about the technical function and handling of the 3D 

printed ring. To integrate the in-house skin barrier system into the daily laboratory life, the 

system must be evaluated further.  

 

Refinement of the skin barrier assay is planned. A direct comparison to a Franz diffusion 

cell – the golden standard – can be used. It is unknow, if and to which extend the magnetic 

stirrer in the receptor compartment changes the outcome of experiments. Franz diffusion cell 

could be 3D printed as well, described in [67], to evaluate, whether the lack of stirring in the 

well plate contributes to the outcome of the assay. Moreover, further evaluation of the 

transparent PLA material is currently conducted to investigate, namely lactic acid release 

from PLA and its effects on viability of SE.  

 

To conclude: in the present study a novel 3D-printed insert device for advanced skin 

regeneration cell culture models was successfully established and evaluated. As extension it 

is possible to add a permeability ring to straightforward test skin barrier function. The system 

is accessible to everyone with a 3D printer. The in-house 3D printed system is compatible 

to commonly used cell culture plates and greatly cost-effective. Compared to commercially 

available inserts, one can choose the preferred printing material, membrane material, as well 

as the required size and therefore make various scientific questions accessible.  
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