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Letter to the Editor 1 

Autosomal recessive congenital ichthyosis (ARCI) disrupts normal keratinisation, 2 

resulting in generalised scaling of the skin. There are presently no curative therapies available 3 

(Fleckman et al. 2013). Local protein replacement is, therefore, an encouraging approach for a 4 

more specific treatment.  5 

ARCI refers to a heterogeneous group of rare skin keratinisation disorders with an 6 

estimated prevalence of 1 in 50,000 - 200,000 (Dreyfus et al. 2014). The disease is 7 

characterised by notable impairments to the skin’s barrier-function, resulting in frequent 8 

infections and increased transepidermal water loss (TEWL). ARCI is caused by mutations in 9 

one of twelve identified genes involved in epidermal differentiation. The most common of 10 

these are loss of function mutations in TGM1, affecting ~30% of patients (Rodriguez-Pazos et 11 

al. 2009). TGM1 encodes transglutaminase 1 (TG1), a protein that plays an essential role in the 12 

formation of the cornified envelope (Eckert et al. 2005). Since animal models of severe 13 

keratinisation disorders such as ARCI are not viable and animal skin poorly represents human 14 

skin (Gerber et al. 2014), the use of organotypic skin equivalents has emerged as a valid tool 15 

to investigate ARCI.  16 

In the present study, full thickness skin equivalents generated from the fibroblasts and 17 

keratinocytes of ARCI patients with mutations in TGM1 were topically treated with TG1. Since 18 

biomacromolecules do not normally overcome the skin-barrier owing to their high molecular 19 

weight, protein delivery was mediated by use of thermoresponsive nanogels (tNG) (Cuggino 20 

et al. 2011). Proteins as large as 150 kDa have been encapsulated within tNGs and subsequently 21 

released above a thermal trigger point (Giulbudagian et al. 2018b; Witting et al. 2015). Our 22 

groups previously reported the epidermal delivery of functional TG1 using topically applied 23 

tNGs and rescue of barrier defects in TGM1 knockdown skin equivalents (Witting et al. 2015). 24 
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However, whether TG1 loaded tNGs are an effective topical treatment for ARCI skin with 1 

TGM1 mutations, rather than transiently induced TGM1 knockdowns, was still unclear.  2 

The study was approved by the Ethics Committee of the Medical University of 3 

Innsbruck, Austria, and samples were taken after obtaining written informed consent of the 4 

probands. Full-thickness skin equivalents were generated from fibroblasts plus either normal 5 

keratinocytes, keratinocytes with transient TGM1 knockdowns, or keratinocytes from ARCI 6 

patients with TGM1 mutations (Fig. 1). In comparison to normal equivalents, TGM1 7 

knockdown and Patient equivalents both demonstrated slightly thinned SC and epidermis, with 8 

reduced cell number within the granular layer. The epidermal differentiation markers keratin 9 

14 and 10 were appropriately distributed. TG1 activity was present in normal skin equivalents 10 

but not in those generated from patient cells or TGM1 knockdown keratinocytes, in line with 11 

the inactivating mutations found in Patient 1, and the absence of persistent TG1 expression in 12 

Patient 2 and knockdown equivalents. Notably, knockdown equivalents demonstrated 13 

increasing TGM1 transcript levels over time (> 50% after ten days cultivation) indicating a loss 14 

of effective repression (Fig. S1).  15 

To assess their biocompatibility, TG1 loaded tNGs were incubated with normal, Patient 16 

1, and Patient 2 keratinocytes as well as fibroblasts for up to 48 h, resulting in no significant 17 

cytotoxicity at any of the tested concentrations (Fig. 1b, S2, S3). Concordantly, no significant 18 

cytotoxicity was observed following the application of tNGs onto skin equivalents (Fig. 1biii). 19 

Additionally, the ability of TG1, alone or loaded in tNGs, to enter keratinocytes was assessed 20 

by confocal microscopy. In both cases, TG1 entered the cytoplasm in a time-dependent manner 21 

(Fig. S4). Notably, tNGs entered more rapidly than the TG1, which with their lack of clear 22 

intracellular co-localisation, would suggest that the tNGs and TG1 enter keratinocytes 23 

separately, concordant with the relatively quick release of protein at temperatures ≥35°C. It 24 

should be noted, however, that previous evidence indicates tNGs are largely unable to 25 
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overcome the SC of even barrier deficient skin, suggesting that, in most cases, little or no 1 

contact will occur between them and viable epidermal cells (Giulbudagian et al. 2018a).  2 

Finally, Patient 1 skin equivalents were topically treated with TG1, either in solution or 3 

loaded in tNGs, four times over eight days. Untreated Patient 1 equivalents demonstrated 4 

decreased barrier function as shown by the significant increases in their apparent permeabilities 5 

(Papp) to testosterone as compared to normal equivalents (Fig. 2a). Following full treatment 6 

regimens with TG1-loaded tNGs, significant decreases in Papp – indicating improved barrier 7 

function – correlating to TG1 dose were seen (Fig. 2a, d, S5). Importantly, permeation was 8 

almost unaffected by the application of unloaded tNG or TG1 dissolved in PBS only (Fig. 2b, 9 

c). Activity staining confirmed the delivery of functional TG1 into viable epidermal layers (Fig. 10 

2e), and the distribution of activity was comparable to normal equivalents. Improvement of 11 

barrier activity was further confirmed by permeability tests with Lucifer Yellow (Fig. 2f) and 12 

N-hydroxy-sulfosuccinimide-LC-biotin (Fig. S6). Compared to equivalents with normal 13 

keratinocytes, a 59-fold increase was seen in the amount of Lucifer Yellow fully passing 14 

through Patient 1 equivalents. Similarly, 39-fold and 43-fold increases were respectively seen 15 

in Patient 1 equivalents treated with unloaded tNG and TG1 dissolved in PBS. However, 16 

following treatment with TG1-loaded tNGs, full Lucifer Yellow penetration was only 1.2-fold 17 

that of the control, clearly corroborating the role of TG1-loaded tNGs in the reconstitution of 18 

patient equivalent barrier function. It is highly likely that the majority of TG1 penetrating into 19 

the viable epidermis did so independently of the tNGs since they do not overcome the stratum 20 

corneum (Giulbudagian et al. 2018a). 21 

This study aimed to further characterise the therapeutic potential of TG1 loaded tNGs 22 

in ARCI skin, as well as to better understand their mechanism of action, based on a previous 23 

proof-of-principle study demonstrating epidermal delivery of TG1 following topical 24 

application of TG1 loaded tNGs (Witting et al. 2015).  Overall, these data verify that topical 25 
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protein substitution could mitigate or even reverse the ARCI disease phenotype.  Notably, 1 

Traupe and colleagues previously demonstrated that topical applications of TG1 mixed with 2 

cationic liposomes successfully delivered the functional protein to skin equivalents, formed 3 

from TGM1 mutant ARCI patient cells, grafted onto humanised mice (Aufenvenne et al. 2013).  4 

In contrast to our system, no changes to barrier function were observed upon treatment, likely 5 

a result of their model; unlike the typical ARCI phenotype, the grafted animals demonstrated 6 

compact hyperkeratosis and TEWL levels close to non-ARCI controls.  7 

In summary, topical TG1 replacement therapy is a highly promising therapeutic avenue 8 

for ARCI patients with disease-causing TGM1 mutations. The work here indicates TG1 9 

delivery to the intercellular spaces between keratinocytes, and possibly their intracellular 10 

environments, can produce therapeutic improvements to the skin-barrier function of the ARCI 11 

phenotype. It is hypothesised that increasing the concentration or enzymatic activity of TG1 12 

within the tNG will result in improved therapeutic efficacy and is the likely starting point for 13 

future development. The ability of tNGs to encapsulate a wide variety of proteins and deliver 14 

these past the SC of barrier deficient skin makes them a promising platform technology to treat 15 

a range of inflammatory and monogenic skin diseases.  16 
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Figure Legends 1 

Figure 1, Characterisation of full-thickness skin equivalents: (a) cryosections of (i) normal, 2 

(ii) TGM1 knockdown, (iii) ARCI Patient 1 and (iv) ARCI Patient 2 skin equivalents. From left 3 

to right, images show H&E, keratin 14 (green), keratin 10 (green), transglutaminase 1 (TG1; 4 

green), and TG1 activity staining (counter-staining with DAPI in blue). Scale bars = 50 µm. 5 

The dashed, yellow line indicates the epidermal – dermal junction. (b) The viability of normal 6 

human keratinocytes derived from healthy subject (black), Patient 1 (light grey) or Patient 2 7 

(dark grey) following (i) 24 h or (ii) 48 h incubation with TG1, tNGs and TG1 loaded tNGs as 8 

assessed by MTT assay. (iii) Viability of normal skin equivalents following full treatment 9 

regimen with TG1 loaded tNGs (5 µg/cm2 TG1, 500 µg/cm2 tNG; applied 4 times over 8 days) 10 

as assessed by MTT assay; results are expressed as % untreated control. Statistical differences 11 

were assessed by one-way ANOVA with Dunnet’s correction for multiple comparisons (n = 12 

3). Sodium dodecyl sulphate served as positive control, respectively. 13 

 14 

Figure 2, Skin-barrier function and transglutaminase 1 (TG1) activity of skin equivalents 15 

following TG1-loaded thermoresponsive nanogels (tNG) treatment: (a) Apparent 16 

permeabilities (Papp) of normal or Patient 1 skin equivalents, untreated (white) or treated with 17 

either unloaded tNGs (dashed white bars), TG1 in PBS (grey), or TG1 loaded in tNGs (dashed 18 

grey bars). (i) The addition of unloaded tNGs did not alter the significant difference in Papp 19 

values between normal (wt) and Patient 1 (TG1Δ) skin equivalents. (ii) A significant difference 20 

is seen between TG1Δ equivalents treated with the vehicle control and 10 μg/cm2 TG1 in the 21 

tNG treatment group but not the PBS treatment group (n = 3, error bars = SEM, *p ≤ 0.05, **p 22 

≤ 0.01). Corresponding permeation profiles of skin equivalents following treatment with (b) 23 

unloaded tNGs, (c) TG1 in PBS, or (d) TG1 loaded tNGs (untreated controls – UT – are 24 
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identical in all panels). (e) TG1 staining and activity in (i) Patient 1 equivalents treated with 1 

TG1/PBS (control), (ii) normal equivalents treated with TG1/tNG, (iii) TG1 knockdown 2 

equivalent treated with TG1/tNG and (iv) Patient 1 equivalent treated with TG1/tNG (blue = 3 

DAPI, green = TG1 and biotinylated-cadaverine staining, respectively; scale bars = 50 µm). (f) 4 

Lucifer Yellow permeation into (i) normal skin equivalent, (ii) Patient 1 skin equivalent, (iii) 5 

Patient 1 skin equivalent treated with unloaded tNGs, (iv) Patient 1 equivalent treated with TG1 6 

in PBS (10 µg/cm2 TG1) and (v) Patient 1 equivalent treated with TG1/tNG (10 µg/cm2 TG1 7 

and 500 µg/cm2 tNG). Dashed, yellow line indicates the epidermal-dermal junction (blue = 8 

DAPI, green = Lucifer Yellow; scale bars = 75 µm). Note that due to limited availability of 9 

patient keratinocytes, the control experiments shown here (f iii and iv) were performed once 10 

and still require confirmation by further independent experiments.  11 
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Supplemental methods 

Probands 

Permission for the project was obtained from the Ethics Committees of the Medical 

University of Innsbruck, Austria, the Medical Faculty of the University of Cologne, Germany 

and the Charité Campus Mitte, Berlin (EA1/081/13). Samples were collected once written 

informed consent had been granted. 

 

Samples and mutation analysis 

Normal fibroblasts and keratinocytes were isolated from abdominal skin. Patient cells 

were obtained from upper arm skin biopsies. ARCI Patient 1 was 55 years old, male with 

compound heterozygous TGM1 mutations: c.1135G>C (p.Val379Leu), c.1414T>C 

(p.Cys472Arg). Patient 2 was 43 years old, male with homozygous TGM1 mutations: 

c.428G>A (p.Arg143His). Mutations were identified by Sanger sequencing of DNA extracted 

from peripheral blood samples and verified by DNA from patient keratinocytes. 

 

Thermoresponsive nanogel synthesis and protein loading 

Synthesis and characterization of dPG-pNIPAM tNGs were conducted as previously 

described (2:1 w/w, pNIPAM to dPG) (Cuggino et al. 2011; Witting et al. 2015). Rhodamine-

B labelling of tNGs was accomplished as follows: 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDCI, 21.5 mg, c = 88 mg mL-1) in dimethylformamide (DMF) / dichloro-

methane (DCM) (1:1.6) was added to a mixture of Rhodamine B (55 mg) and 4-dimethyl-

aminopyridine (DMAP; 1 mg) in 4 mL DMF. The mixture was cooled to 0°C and stirred for 

10 min. Then, tNG (26 mg) dissolved in 1 mL DMF was added to the solution and stirred for 
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24 h. Rhodamine-B–tNG was purified by dialysis against water/methanol 9:1 (molecular 

weight cut-off, MWCO = 50 kDa). 

Loading of functional TG1 (0.5, 1 or 2% w/w of tNG; Zedira, Darmstadt, Germany) or 

Alexa488-TG1 (1% w/w of tNG) was accomplished by swelling lyophilized tNG in the 

corresponding protein solution. Encapsulation efficiencies >99% were obtained in all instances 

 

Cell Culture 

Keratinocytes were cultured in KCM medium (Leigh et al. 1994) on a 3T3 feeder cell 

layer. Fibroblasts were cultured in DMEM (10% FCS, 2 mM glutamine, 100 IU/ml penicillin 

100 µg/ml streptomycin; Gibco, Thermo Fisher Scientific, Vienna, Austria). NHEKs for skin 

equivalent generation were obtained by freezing feeder-based NHEKs and re-plating these 24 

to 48 h later in low calcium, serum-free media (KGM, Lonza, Basel, Switzerland) and at a low 

density to ensure basal expression profiles. Cells were incubated at 37°C, 95% humidity, 5% 

CO2. TGM1 knockdown was induced as previously described (Eckl et al. 2011).  

 

Full-thickness skin model construction and characterization 

Skin equivalents were generated as previously described (Eckl et al. 2011) using high-

grade bovine collagen I (PureCol, Advanced Biomatrix, Cellsytems, Troisdorf, Germany) and 

donor-matched NHEK and fibroblasts. For characterization, skin equivalents were harvested 

on day 13 and were either embedded in paraffin or snap frozen. 5 µm sections were used for 

hematoxylin & eosin (H&E) staining, immunohistochemistry (IHC/P and IHC/F; staining 

performed according to standard procedures using antibodies listed in Table S1) and in situ 

TG1 activity assays. Alternately, epidermal sheets were separated from the underlying dermis 

for later RNA and protein extraction. 
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TG1 treatment of skin equivalents 

TG1 was applied in PBS (1, 5 or 10 µg/cm2 TG1) or loaded in tNGs (1, 5 or 10 µg/cm2 

TG1 in 500 µg/cm2 tNG) on days 5, 7, 9 and 11 of skin equivalent cultivation. Solutions were 

applied to the centre of each skin model covering an area of 1 cm2. Models were then exposed 

to a 3 h temperature ramp using incubators set at different temperatures (1 h 32°C, 1 h 34°C, 

return to 37°C).  

 

Assessment of in situ transglutaminase 1 activity 

Skin equivalent cryosections were blocked with 0.1% BSA, treated with 0.1 mM 

biotinylated-cadaverine (100 mM Tris-HCl, 5 mM CaCl2), washed twice in phosphate buffered 

saline (PBS) and treated with DTAF-streptavidin as previously described (Hennies et al. 1998). 

Cadaverine staining indicating TG1 activity was imaged using a fluorescence microscope 

(Leica DM4000 M; Leica, Wetzlar, Germany).  

 

TG1 uptake in NHEK monolayers  

Control NHEKs were seeded onto cell imaging chambers (1 cm2 surface area, 10,000 

cells; Nunc Labtek Chamber Slide system, Sigma-Aldrich, Munich, Germany) in KGM, 

incubated with Alexa488-labelled TG1 (0.01 mg/mL; Zedira, Darmstadt, Germany) or 

Alexa488-labelled TG1 loaded in Rhodamine-B–labelled tNGs (1 mg/mL tNG , 1% TG1 load) 

for 3, 6 or 24 h, washed, fixed (4% paraformaldehyde, 8 min) and counterstained with DAPI. 

Cells were then imaged by confocal microscopy (SP8, Leica, Wetzlar, Germany) and 

subsequent images analysed using FIJI, an ImageJ distribution (Schindelin et al. 2012).  
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Skin barrier function 

Skin-barrier function of treated and untreated skin equivalents was assessed on day 13 

of tissue cultivation by determining the permeation of radioactively spiked testosterone across 

skin equivalents held in Franz diffusion cells over 6 h (OECD 2004; Schäfer-Korting et al. 

2008). Samples (400 µL) were mixed with 4 mL Optiphase supermix (Perkin Elmer, Wellesley, 

MA, USA) scintillation cocktail and scintillation was measured on a Hidex 300SL liquid 

scintillation counter (Hidex, Turku, Finland).  

 

Lucifer Yellow and biotin penetration assays.  

200 µL of 1 mM Lucifer Yellow (LY; Sigma-Aldrich, St Louis, USA) was applied to 

the top of the skin equivalents on day 13 of tissue cultivation and incubated in the dark for 6 h 

at 37°C. After incubation, skin equivalents were fixed in formalin and embedded in paraffin. 

5µm sections were deparaffinised, counterstained with DAPI and imaged under a fluorescence 

microscope. Measurement of LY concentration in the culture media was performed as 

described by Pendaries et al. (2015) in a FLUOstar OPTIMA microplate reader (BMG Labtech, 

Ortenberg, Germany).  

50 µL of EZ-Link™ Sulfo-NHS-LC-Biotin (1mg/mL, Thermo Scientific, Rockford, 

USA) was applied to the top of the skin equivalents on day 13 of tissue cultivation and 

incubated for 1 h at 37°C. After incubation, skin equivalents were harvested and processed as 

previously described. 5 µm cryosections were incubated for 30 minutes in the dark with 1:100 

DTAF-streptavidin conjugate, counterstained with DAPI and imaged using a fluorescence 

microscope. 
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Biocompatibility studies in 2D and 3D 

NHEK were seeded into 96 well plates and treated with tNGs TG1 or TG1 loaded tNGs 

at matching concentrations. Cell viabilities were assessed 24 or 48 h later. Viability was 

determined by measurement of lactate dehydrogenase (LDH) release (CytoTox-ONE™ 

Homogeneous Membrane Integrity Assay, Promega, WI, USA) or MTT assays according to 

standard protocols (8,000 cells per well). Cell proliferation was assessed by 

bromodeoxyuridine (BrdU) cell proliferation assay according to the manufacturer’s 

instructions (BrdU Cell Proliferation Assay, Merck, Darmstadt, Germany) (5,000 cells per 

well, cell).  

Skin model viability was assessed on day 13 by a modified MTT assay: KGM 

supplemented with MTT (1 mg/mL) is added beneath the model and incubated for 3 h. 

Equivalents are then removed from inserts and lysed in 2 mL of 9:1 Isopropanol Triton-X100 

(0.1% HCl) under mild agitation for 3 h. Absorbance was then measured at 570 nm. 

 

Real-time, quantitative PCR 

RNA was extracted from NHEKs or epidermal sheets of skin equivalents following a 

freeze-thaw cycle and shredding (RNeasy Midi Kit, Qiagen, Hilden, Germany).  Subsequent 

cDNA (synthesized using the High-Capacity RNA-to-cDNA™ Kit, Thermo Fisher Scientific, 

Vienna, Austria) was mixed with pre-designed Taqman probes (Table S2) and  Fast Universal 

PCR Master Mix (Thermo Fisher Scientific, Vienna, Austria) on a QuantStudio 7 Real-Time 

PCR system (Thermo Fisher Scientific, Vienna, Austria). Data were analysed using the ΔΔCt 

method with GAPDH as a housekeeping gene.  
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Western blotting  

Fresh epidermal sheets were minced with ice-cold stainless-steel and stored in RIPA 

buffer (Sigma, Munich, Germany) plus protease inhibitor cocktail (Sigma, Munich, Germany) 

at -80°C. Protein was extracted following suppliers recommendations and was then subjected 

to standard protocols for Western blotting with antibodies (Table S1). 

 

Statistical Analysis 

Repeated-measures two-way analysis of variance (ANOVA) with Tukey’s correction 

for multiple comparisons was used to assess statistically significant differences within data-

sets testing two variables. One-way ANOVA with Dunnet’s correction for multiple 

comparisons was used with data-sets testing one variable to assess statistically significant 

differences against a single control (GraphPad Prism v5.03, GraphPad Software Inc., La Jolla, 

CA).  
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Supplemental tables 

Table S1.  Antibodies for IHC/P, IHC/F and Western blot (WB). 

Antibody Host Supplier Catalogue ID Dilution 

TG1 Mouse Santa Cruz SC-166467 1:100 (IHC) 

1:500 (WB) 

K14 Mouse Novocastra NCL-L-LC002 1:100 (IHC) 

K10 Rabbit Abcam ab53124 1:150 (IHC) 

Goat-anti-Rabbit 

Alexa488  

Goat Thermo Fisher 

Scientific 

A11008 1:400 (IHC) 

Goat-anti-Mouse 

Alexa488  

Goat Thermo Fisher 

Scientific 

A11001 1:400 (IHC) 

Beta-actin  Mouse Abcam  

 

Ab6276-100 

(AC-15 clone)  

 

1:5,000 (WB) 

Goat-anti-Mouse IgG 

HRP  

- Millipore 12-349 1:2,000 (WB) 

 

Table S2. Taqman assays. 

Gene Gene ID Assay ID Genbank ID Exons Position 

TGM1 7051 Hs01070310_m1  NM_000359.2 3-4 630 

GAPDH 2597 Hs04420632_g1 NM_001256799.2 8-8 1308 
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Supplemental figures 

 

a)      (b) 

 

Figure S1. TGM1 expression in knockdown skin equivalents. (a) TGM1 mRNA levels of 

TGM1 knockdown skin equivalents from days 7-13, (b) Western blot analysis of TG1 in TGM1 

knockdown skin equivalents from days 8-13 compared to control models and 1 ng of pure TG1.  
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Figure S2. Biocompatibility of Transglutaminase 1 (TG1) loaded thermoresponsive 

nanogel (tNG) in normal, primary human epidermal keratinocytes (NHEK). The viability 

of NHEK following 48 h incubation with TG1 loaded tNGs as assessed by three separate 

measures of cell viability. (a) From left to right, the LDH content of media taken from untreated 

NHEK and of NHEK exposed to a 100% lysis condition; the percentage LDH release from 

NHEK exposed to increasing concentrations of TG1, and the percentage LDH release from 

NHEK exposed to TG1 loaded tNGs*. (b) MTT reduction of NHEK exposed to TG1 alone 

(left) or TG1 loaded tNGs* (right), expressed as % of the untreated control. (c) BrdU 

incorporation into NHEK following incubation with TG1 alone (left) or TG1 loaded tNGs* 

(right), expressed as % of the untreated control. Statistical differences assessed by one-way 

ANOVA with Dunnet’s multiple comparisons (n = 3).  

*Legend shown at bottom, alongside a table outlining corresponding TG1 concentrations to 

each tNG concentration. 

  



Successful topical transglutaminase 1 replacement  13 

 



Successful topical transglutaminase 1 replacement  14 

Figure S3. Biocompatibility of Transglutaminase 1 (TG1) loaded thermoresponsive 

nanogels (tNG) in normal, primary fibroblasts (Fb). The viability of Fb following 48 h 

incubation with TG1 loaded tNGs as assessed by three separate measures of cell viability. (a) 

From left to right, the LDH content of media taken from untreated Fb and of Fb exposed to a 

100% lysis condition, the percentage LDH release from Fb exposed to increasing 

concentrations of TG1, and the percentage LDH release from fibroblasts exposed to TG1 

loaded tNGs*. (b) MTT reduction of Fb exposed to TG1 alone (left) or TG1 loaded tNGs* 

(right), expressed as % of the untreated control. (c) BrDU incorporation into Fb following 

incubation with TG1 alone (left) or TG1 loaded tNGs* (right), expressed as % of the untreated 

control. Statistical differences assessed by one-way ANOVA with Dunnet’s multiple 

comparisons (n = 3).  

*Legend shown at bottom alongside a table outlining corresponding TG1 concentrations to 

each tNG concentration. 
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Figure S4. Transglutaminase 1 (TG1) uptake into normal, primary keratinocytes 

(NHEK). NHEK were incubated with Alexa488-labelled TG1 (green; 0.01 mg/mL), alone or 

encapsulated within rhodamine B-labelled tNGs (red; 0.5mg/mL), for (a) 3, (b) 6 or (c) 24 h. 

Images are overlain with either a bright field image (grey) or DAPI staining (blue). Scale bar 

= 5 µm. 
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Figure S5. Skin barrier function of Patient 1 skin equivalents following repeated 

application of TG1-loaded thermoresponsive nanogels (tNGs). In grey, permeation of 

radioactively spiked testosterone through untreated normal skin models (Ctrl; UT) or untreated 

Patient 1 skin models (TG1Δ; UT) (central line represents the mean, shaded surrounding area 

shows SEM). In black, permeation of radioactively spiked testosterone through Patient 1 skin 

equivalents treated with (a) TG1 loaded tNGs or (b) TG1 in PBS (TG1 concentrations in 

µg/cm2 indicated). (c) In black, permeation of radioactively spiked testosterone through normal 

or Patient 1 skin equivalents treated with empty tNGs as indicated.  
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Figure S6. Skin barrier function in skin equivalents following TG1-loaded 

thermoresponsive nanogels (tNG) treatment. N-hydroxy-sulfosuccinimide-LC-biotin 

permeability was visualized with DTAF-streptavidin in (a) a normal skin equivalent, (b) a 

Patient 1 skin equivalent, and (c) Patient 1 skin equivalent treated with TG1-loaded tNGs 

(10 µg/cm2 TG1). The dashed, yellow line indicates the epidermal-dermal junction (blue = 

DAPI, green = DTAF-streptavidin; scale bars = 75 µm).  

 

 




