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Abstract

The layers in skin determine its protective and hemostasis functions. This layered microstructure 

cannot be naturally regenerated after severe burns; we aim to reconstruct it using guided tissue 

regeneration (GTR). In GTR, a membrane is used to regulate tissue growth by stopping fast-

proliferating cells and allowing slower cells to migrate and reconstruct specialized 

microstructures. Here, we proposed the use of keratin membranes crosslinked via dityrosine 

bonding. Variables from the crosslinking process were grouped within an energy density (ED) 

parameter to manufacture and evaluate the membranes. Sol fraction, spectrographs, and 

thermograms were used to quantify the non-linear relation between ED and the resulting 

crosslinking degree (CD). Mechanical and swelling properties increased until an ED threshold was 

reached; at higher ED, the CD and properties of the membranes remained invariable indicating 

that all possible dityrosine bonds were formed. Transport assays showed that the membranes allow 

molecular diffusion; low ED membranes retain solutes within their structure while the high ED 

samples allow higher transport rates indicating that uncrosslinked proteins can be responsible of 

reducing transport. This was confirmed with lower transport of adipogenic growth factors to stem 

cells when using low ED membranes; high ED samples resulted in increased production of 

intracellular lipids. Overall, we can engineer keratin membranes with specific CD, a valuable tool 

to tune microstructural and transport properties.
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1. Introduction

Severe skin burns are reported worldwide for over 11 million patients every year [1,2], 

including victims of violence (warfare [3], acid attacks [4,5], scalding [6]) and trauma [7] 

(flame, electrical, chemical). Skin is the first barrier against external mechanical and 

biochemical agents, and is composed of the epidermis, dermis, and hypodermis layers, each 

with its distinct composition and function. When burned, skin cannot regulate temperature or 

fluid transport, or stop bacterial infection [2,8]. Wound contraction after severe burns in 

adults is characterized by fast proliferation of fibroblasts that deposit random collagen to 

rapidly restore the skin barrier against external pathogens [9,10]. Depending on the size of 

the wound, as well as time and genetic factors, unsystematic deposition of extracellular 

matrix (ECM) and clotting can lead to scarred tissue [2]. This disorganized, fibrous tissue is 

characterized by lack of sensation and elasticity, hypertrophy, and flawed features; in effect, 

“natural healing” closes the wounds but does not restore skin function, layered 

microstructure, or aesthetic features [2,8–10]. Autologous grafting, the current gold standard 

[2,9,11,12], aims to restore the barrier using the patient’s skin but has the same limitations as 

wound contraction. It is imperative to develop strategies that restore the layered structure of 

native skin.

Toward this end, guided tissue regeneration (GTR) is a surgical technique developed for 

bone-related procedures in which a physical barrier is used to regulate tissue growth. 

Membranes are used to stop fast-proliferating fibroblasts and connective tissues from filling 

bone wounds, while allowing specialized cells (such as periodontal fibroblasts or bone cells) 

to migrate and correctly regenerate the osseous tissues[13–17]. Current GTR uses 

degradable membranes to restrict volumetric tissue growth and prevent cellular migration 

and unwanted deposition of ECM [15,16,18].

Here, we propose the use of crosslinked keratin membranes for GTR of skin. Keratins are a 

family of structural proteins that can be found either as a major cytoskeletal component of 

keratinocyte cells in the epidermis layers of skin (“soft” keratin) or as a fibrous extracellular 

protein in hair, wool, quills and horns (“hard” keratin) [19–21]. Keratin, particularly “hard” 

keratin, has been used in scaffolds and drug delivery carriers for skin [22], muscle [23], and 

nerve tissue engineering [23–29]. Furthermore, extracellular “hard” keratin has been 

successfully used in the treatment of dermal burn wounds on animal models (split-thickness 

burns in mice, rats [30], or pigs [31]) and on clinical patients (split-thickness burns <10% of 

total body surface area [22]). We previously reported a method for three-dimensional (3D) 

printing hair-derived keratin hydrogels using a riboflavin-sodium persulfate-hydroquinone 

(initiator-catalyst-inhibitor) photosensitive resin [32]. Ultra-violet (UV) light was used to 

form dityrosine bonds and photocrosslink keratin on a lithography-based 3D printer [32].

In this study we assessed the viability of UV-crosslinked keratin as a permeable membrane, 

particularly for the regulation of molecular transport. Under UV, the amount of energy 
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delivered to the resin volume (energy density, ED) defines the amount of dityrosine bonds 

formed and, correspondingly, the crosslinking degree (CD). As such, we hypothesize that 

ED could be used as a design parameter to control microstructural properties of the 

hydrogels, including swelling, degradation, mechanical properties, and transport across the 

network. First, we assessed if dityrosine bonding could be exploited to regulate the CD of 

keratin samples by controlling ED. We then quantified how CD affects properties dependent 

on the hydrogel microstructure, such as mechanical and swelling behaviors. As transport 

among dermal layers is fundamental for skin physiology, we were particularly interested in 

how the membranes can alter the diffusion rates of molecules towards a target cell 

population. As such, we studied the effect of CD on the partition coefficient and 

permeability of model molecules with varying molecular weights. Subsequently, we 

evaluated transport of growth factors and nutrients across the membranes and how 

engineered membranes can be used to regulate cellular functions, specifically adipogenic 

differentiation of mesenchymal stem cells.

2. Materials and methods

2.1. Keratin preparation

Keratin was prepared using a proprietary method by KeraNetics, LLC (Winston-Salem, NC). 

As described before [23,32], peracetic acid was used to oxidize human hair and keratin 

proteins were extracted using serial rinses with ultrapure water and Tris buffer, and purified 

by filtration and dialysis. Purified keratin was lyophilized, sterilized using gamma radiation, 

and stored at –20°C.

2.2. Keratin resin and curing

The keratin-based photocrosslinkable resin was prepared as previously reported [32]. 

Briefly, keratin was dissolved overnight in phosphate buffered saline (PBS, pH 7.4) at a 

concentration of 4% wt/vol, and then mixed with a photosensitive solution at a 4:1 ratio. The 

photosensitive initiator-catalyst-inhibitor solution consisted of 1 mM riboflavin (Sigma-

Aldrich Co., St. Louis, MO), 200 mM sodium persulfate (SPS, Sigma- Aldrich), and 0.001% 

wt/vol hydroquinone (Sigma-Aldrich), respectively. After thorough mixing the resin is 

curable under UV light by formation of dityrosine bonds as summarized in Fig. 1A. The 

crosslinking of keratin can be controlled with the UV light intensity (I) [mW/mm2], 

exposure time (t) [s], resin volume (V) [mm3], exposed area (A) [mm2], or sample thickness 

(h) [mm]. These are the parameters we routinely control during our casting or printing 

processes. Here, we used them to define a unifying parameter, energy density (ED) [mJ/

mm3], to produce, evaluate, and compare the hydrogels produced. The simplified function 

ED was defined as:

ED = (I × A × t)/V = (I × t)/h (1)

The resin was used to cast hydrogels using the ED parameter. For this, 3D printed molds 

were used, either with square (10 × 10 mm) or circular (8 or 13 mm diameter) holes passing 

through. A glass slide was clamped to the bottom of the mold, and the sealed molds were 
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then filled with resin as needed and exposed to UV at constant intensity [32] of 350 mW/

dm2, defining the thickness of the sample using a known resin volume (Fig. 1B). Samples 

were rinsed and stored in PBS at 4°C. Nomenclature was defined as exposure time-thickness 

(e.g. Sample 12–1.5 is a sample with thickness of 1.5 mm, UV exposed for 12 min) (Fig. 1C 

and D).

2.3. Initiator consumption

Cylindrical samples (13 mm diameter, 1.5 mm thick) were exposed to UV for 6, 12, 24, 48, 

and 96 min as described in the previous section, producing samples groups 6–1.5, 12–1.5, 

24–1.5, 48–1.5, and 96–1.5, respectively. These groups had ED values of 8.4, 16.8, 33.6, 

67.2, and 134.4 mJ/mm3, as presented in Fig. 2A (further combinations of thickness and 

exposure time, and the resulting ED values, can be found in this graph). Samples were 

collected after casting and immediately stored in 20 ml excess PBS at 4°C in the dark for 4 

days. Afterward, the conditioned PBS containing the uncrosslinked residues of the keratin 

resin was collected. 100 μl samples from each solution were set in 96 well-plates for 

absorbance reading of riboflavin at 450 nm using a SpectraMax M5 plate reader (Molecular 

Devices, Sunnyvale, CA). Control samples included unreacted resin, riboflavin, SPS, 

hydroquinone, and keratin, in PBS (n = 9). Absorbance of the samples was normalized 

against the unreacted resin control for quantitative comparison.

2.4. Sol fraction

Thick cylinder samples (8 mm diameter) 8–3, 24–3, 48–3, and 96–3 were prepared as 

described above. Samples were collected after casting and lyophilized without rinsing. Next, 

samples were weighed (unrinsed total mass) and stored in excess PBS at 4°C. The samples 

were then rinsed following our rinsing protocol (See Supplementary data Methods and Fig. 

S1). Briefly, sequential rinses using fresh PBS for 15 min, at room temperature, for a total of 

9 cycles; a final tenth rinse was a single, extended overnight rinse (14 h). All samples were 

then lyophilized again and weighed (rinsed mass), using a microbalance (Sartorius ME-5, 

Sartorius, Goettingen, Germany). The sol fraction [%] of the sample was calculated as the 

difference between the unrinsed total mass and the rinsed mass, over the total mass (n = 12).

2.5. Fourier-Transform infrared spectroscopy (FTIR)

Thin membrane samples (10 × 10 mm) 12–1.5, 24–1.5, 48–1.5, and 96–1.5 were prepared as 

described above. After completing the rinsing protocol in PBS and lyophilization, samples 

were mounted onto MirrIR Low-e Microscope Slides (Kevley Technologies, Chesterland, 

OH). FTIR measurements were performed on a Smiths IlluminatIR II, imaging under 

attenuated total reflection (ATR) mode. 100 × 100 μm sampling areas were scanned 128 

times per sample. Background was removed and the diamond contact probe cleaned with 

100% ethanol before each sample. Control samples included uncrosslinked keratin, PBS, 

and photosensitive solution only (n = 9). Quantification of the peaks was done by taking the 

area under the curve within the 1400 to 1650 cm–1 range and normalizing against the value 

for unreacted keratin. Variations in these results were used to assess alterations in the 

aromatic rings of tyrosine due to the formation of dityrosine bonds. Post-processing of FTIR 

spectra was done using Spectragryph – optical spectroscopy software [33].
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2.6. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)

Thin membrane samples (10 × 10 mm, 1.5 mm thick) 12–1.5, 24–1.5, 48–1.5, and 96–1.5 

were prepared as described above. Additional samples for 12–2 and 96–1 groups were 

prepared, representative of low and high ED, respectively. All samples were subjected to our 

standard rinsing protocol in PBS and then lyophilized. The 12–2 and 96–1 samples, and 

uncrosslinked lyophilized keratin, were subjected to thermogravimetric analysis (TGA, TA 

Instruments, New Castle, DE - Energy Research Center, University of Maryland) heating the 

samples up to 350 °C at 10 °C/min under 100% N2. TGA was performed to identify 

variations between crosslinked and uncrosslinked samples, and to determine the temperature 

ranges where these occurred. The 1.5 mm thick samples, and uncrosslinked keratin controls, 

were massed using a micro-balance (Sartorius ME-5, Gottingen, Germany) and sealed into 

differential scanning calorimetry (DSC) pans (10–15 mg per pan). DSC was performed on a 

Q100 differential scanning calorimeter (TA Instruments, New Castle, DE) by heating the 

samples from 30 to 300 °C at 10 °C/min under 100% N2. Resulting thermograms were 

compared to those of uncrosslinked controls to determine the crosslinking degree (CD) as 

previously reported in literature [34] (n = 9–15). Briefly, in DSC thermograms the area 

under the peak represents the maximum enthalpy change possible in the system. Changes in 

these areas are indicative of changes in the internal energy of the network and are used to 

quantify bond formation and CD. As such, enthalpy change was used to calculate CD [34], 

as:

CD(Sx)[%] = ΔH(S0) − ΔH(Sx)
ΔH(S0) × 100 (2)

where, ΔH (S0) is the reaction enthalpy of uncrosslinked reference (area under reference 

peak) and ΔH(Sχ)is the reaction enthalpy of the crosslinked sample (area under sample 

peak).

2.7. Swelling

Thin membrane samples (10 × 10 mm) were prepared for the combinations 12–2, 12–1.5, 

12–1, 24–2, 24–1.5, 24–1, 48–2, 48–1.5, 48–1, 96–2, 96–1.5, and 96–1. All samples were 

rinsed in PBS over 24 h following our standard protocol and then lyophilized. Initial dried 

mass was recorded. The samples were then rehydrated in 2 ml excess minimum essential 

medium (MEM, Life Technologies, Frederick, MD) at 37 °C. Rehydrated mass of the 

samples was recorded at 1, 3, 5, 10, 15, 20, 30, 45, and 60 min, 3 h, 6 h, 24 h, 2d, 3d, 5d, 7d, 

14d, 21d, and 28d. At each time point the sample was taken out of solution, gently blotted to 

remove excess MEM, weighed (swollen mass), and then returned to the solution. The 

volume of MEM was kept at 2 ml by refilling every 3 days. Swelling was calculated as the 

difference between swollen mass and dried mass, over dried mass (n = 9).

2.8. Mechanical properties

Thick cylinder samples (8 mm diameter) 8–4, 24–4, 48–4, and 96–4 were analyzed using an 

Instron 5565 (Instron, Norwood, MA). Mechanical compressive testing was done on the 

samples using a 50 N load cell at a compression rate of 1 mm/min until yielding. The 
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ultimate stress and strain values were taken from the stress–strain curves, and the linear 

regime of the curves was determined with a linear fit (R2 ≥ 0.95) to obtain the compressive 

modulus (n = 7).

2.9. Partition coefficient

Thin membrane samples (13 mm diameter), 12–1.5, 24–1.5, 48–1.5, and 96–1.5 were rinsed 

following our standard protocol and then equilibrated in PBS at room temperature for an 

additional 24 h. Separately, fluorescein isothiocyanate-dextran (FITCd, 10, 150, or 2000 kDa 

molecular weight (MW)) was dissolved at 10 mg/ml in PBS, and equilibrated under the 

same conditions. Samples from the initial FITCd solutions were taken and measured for 

fluorescence in the SpectraMax M5 plate reader. The mass of equilibrated hydrogels was 

also recorded. The hydrogels were then removed from the PBS and added to 0.5 ml of the 

equilibrated FITCd solutions. After 24 h, 10 μl samples were collected from the solutions 

and diluted with 90 μl of PBS. Samples were read for fluorescence alongside a FITCd 

concentration ladder, to calculate the concentration of the sampled solutions (n = 9). The 

partition coefficient (K) is the steady-state relation between the concentration of a solute in a 

gel (Cg) and the concentration of the solute in the solution (Cs) in which the gel is 

equilibrated in. As such, K between crosslinked keratin and the FITCd solutions was 

obtained using the mass balance of the FITCd between the hydrogel and the solution [35], 

which results in:

K =
Cg
Cs

=
Vs Ci − C f

VgC f
(3)

where Ci is initial concentration of FITCd in solution; Cf is stable final concentration of 

FITCd in solution; Vs is volume of solution; and Vg is volume of the hydrogel, which is 

assumed equal to the equilibrated mass of the hydrogel as it is over 95% PBS (density ~1 g/

ml).

2.10. Permeability

Thin membrane samples (13 mm diameter), 12–1.5, 24–1.5, and 96–1.5 were prepared as 

described above, rinsed following the protocol, and equilibrated in PBS at room temperature 

for over 24 h. Thickness and diameter of the equilibrated membranes was recorded before 

setting them in Transwell inserts (FalconR Permeable Support for 12 Well Plate with 8 lm 

transparent polyethylene terephthalate (PET) membrane, Thermo Fisher Scientific, 

Waltham, MA). The PET membrane of the Transwell was punctured five times using a 22G 

1½ needle to guarantee that any barrier effect was due to the keratin membrane. 3D printed 

stoppers are used to weigh down the membrane and assure sealing. The well (receiver side) 

was filled with 1.3 ml of PBS and allowed to re-equilibrate with the membrane for 12 h. 

After, 1.3 ml of 10 mg/ml FITCd solution (10, 150, or 2000 kDa MW) in PBS was be added 

to the Transwell (donor side) at room temperature. At 0, 5, and 30 min, and 1, 2, 3, 6, and 24 

h, a 5 μm sample was collected from the donor and receiver sides and diluted with 95 μl of 

PBS. Three samples were tested per FITCd solution, alongside a FITCd concentration ladder 

(n = 9). Volume loss in the wells was 5.4 to 8.1%, thus we assumed constant volume and 

Navarro et al. Page 6

Acta Biomater. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentrations throughout the test. We further assumed that the donor had known initial 

concentration while the receiver concentration was zero, and that flux across the membrane 

quickly reaches steady state and does not change over time. As such, we used a pseudo-

steady state model, in which the concentration profile across the membrane is assumed 

invariant, to calculate the permeability (P) of the hydrogels to each type of FITCd by 

plotting [36]:

−ln
Cd − Cr

Cd0 − Cr0
= PtA

L
1

Vd
+ 1

Vr
(4)

where Cd is donor concentration at time t; Cr is receiver concentration at time t; Cd0 is initial 

donor concentration; Cr0 is initial receiver concentration; t is time; A is membrane area; L is 

membrane thickness; Vd is donor volume; and Vr is receiver volume.

2.11. Transport of adipogenic molecules across keratin membranes

Thin membrane samples (13 mm diameter), 12–1.5, 24–1.5, and 96–1.5 were cleaned 

following our protocol for sequential PBS rinses and equilibrated in PBS at room 

temperature for over 24 h. The membranes were used in Transwell inserts with stoppers 

using the same methodology described above. Human mesenchymal stem cells (hMSCs, 

Lonza, Walkersville, MD) were seeded in 12-well cultures plates at a density of 5000 

cells/cm2 and expanded to total confluence, as suggested by the provider for successful 

adipogenesis, by feeding them every 3 d with hMSC growth media (Dulbecco’s Modified 

Eagle Medium (DMEM) with 10% fetal bovine serum (FBS), 1% non-essential amino acids 

(NEAA), and 1% penicillin/streptomycin 100 U/100 mg (P/S)). Once at total confluence, the 

Transwell-membrane setups were set on the culture wells. The Transwell donor side was 

filled with 0.5 ml of hMSC adipogenic media (DMEM with 10% FBS, 100 U/100 mg P/S, 1 

mM sodium pyruvate, 1 μM dexamethasone, 10 mg/ml insulin, 0.5 mM 3-isobutyl-1-

methylxanthine (IBMX), and 200 mM indomethacin) [37,38], while the receiver side with 

the cells was filled with 0.5 ml hMSC growth media. Media on both sides was replenished 

every 3d for 21d. As positive controls, wells with Transwell only or no Transwell were fed 

with 1.5 ml of adipogenic media, while negative controls without Transwell or membrane, 

were fed hMSC growth media to avoid differentiation. Adipogenic differentiation of hMSCs 

was assessed after 21d using AdipoRed™ Assay Reagent (Lonza) to quantify intracellular 

lipid accumulation (n = 9).

2.12. Statistics

Statistics for quantitative tests were performed using ANOVA and Tukey’s multiple pairwise 

comparison (significance using p < 0.05) for multi-group comparisons. Differences between 

individual groups and references were assessed with two-sample t-test for the mean 

(significance using p < 0.01 (+) and p < 0.05 (*)).
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3. Results

The goal of this work was to prove that dityrosine bonding chemistry could be used to 

engineer keratin membranes and to regulate molecular transport. As hypothesized, the 

energy density during the curing process was used as a design parameter to control the 

hydrogel’s physicochemical properties, including permeability across the membrane. As 

illustrated in Fig. 1, the keratin photosensitive resin and the tyrosine available in oxidized 

keratin were successfully exploited to produce hydrogels. The ED parameter proposed (Eq. 

(1)) was used to produce a variety of crosslinked samples by combining different thicknesses 

and exposure times. As shown in Fig. 2A, samples ranged from low ED (6.3 mJ/mm3 

minimum) to high ED (201.6 mJ/mm3 maximum). Samples within this range were used to 

assess how the crosslinking density (CD) of keratin could be regulated using the ED 

parameter.

The extent of crosslinking of the resin was assessed by quantifying the uncrosslinked 

tyrosine residues within the hydrogels, and by measuring the CD of the samples. Unreacted 

riboflavin content was found to decrease as the ED increased (Fig. 2B), indicating that the 

chemical initiation does occur. For the lowest ED sample (8.4 mJ/mm3) the initiator residue 

was 72% the initial amount, while the highest ED sample tested (134.4 mJ/mm3) had 

residues as low as 1.4%. The riboflavin initiator is mostly consumed when crosslinked with 

a 67.2 mJ/mm3 ED (12% of the initial riboflavin is left unreacted) and close to absolute 

consumption with 134.4 mJ/mm3. The sol fraction of the samples was also decreased in a 

non-linear trend as the ED increased (Fig. 2C); here, the decrease in sol fraction fell within a 

narrow range (73.2–68.6%), yet the differences between groups were significant (p < 0.05). 

Both sets of data were acquired on samples that had thoroughly completed the rinsing 

protocol, after which no leachable products should be left in the hydrogels (See 

Supplementary data and Fig. S1). All subsequent sets of data were rinsed following the same 

protocol to avoid soluble leaching confounding in the results. FTIR spectra (Fig. 2D) 

showed four characteristic peaks at 1400, 1450, 1525, and 1650 cm−1 which are 

representative of C = C stretch patterns in the rings of aromatic compounds (Fig. 1A); the 

comparison between groups and the uncrosslinked control showed significant changes 

dependent on the ED (Fig. 2E).

TGA (Fig. 2F) performed on representative samples of low and high ED showed that 

profiles of crosslinked samples differed from the unreacted reference within a temperature 

range of 150 to 275 ºC. DSC showed a characteristic peak (around 200 ºC) in the 

uncrosslinked keratin profile; for crosslinked samples the peak shifts to 220–230 ºC and 

changes in magnitude depending on the ED (Fig. 2G). All samples present a defined peak, 

but as the ED increases the peak progressively disappears. As described in the Methods and 

Eq. (2), the changes in potential energy, enthalpy, were used to calculate a DSC CD for the 

samples. As illustrated in Fig. 2H, there is non-linear relation between ED and CD; the CD 

increases as ED increases at lower values until it reaches saturation point between 33.6 and 

67.2 mJ/mm3, after these values all samples have a maximum CD close 60%. From this, it 

was determined that samples with ED of 16.8, 33.6, 67.2, and 134.4 mJ/mm3 had a CD of 

19.6, 46.9, 54.6, and 59.5%, respectively.
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The swelling of crosslinked samples in MEM was studied over the period of 1 month. As 

presented in Fig. 3A, keratin hydrogels had a swelling capacity that varies around 1500% 

and was heavily determined by the ED of the sample. Swelling profiles showed a rapid 

increase during the first day and then a period of relative stability during the first 5 days. 

Stable swelling was determined at day 3, the point where most groups present either stability 

or a maximum peak (Fig. 3A and B). For the early time points, the low ED samples had a 

higher swelling degree, quickly reaching peak values 2117 ± 148, 1969 ± 43, and 1735 

± 99% (25.2, 16.8, and 12.6 mJ/mm3 groups, respectively). The high ED groups (above 67.2 

mJ/mm3) took longer to hydrate but remained consistently stable at their peak values 

throughout the 28 d. Here, we considered that the system reached the maximum CD with 

67.2 mJ/mm3 of ED, the level at which the swelling capability no longer increased (p < 

0.05). After 5d rehydrating, Fig. 3B shows how low ED groups had a significantly relevant 

drop in the swelling capacity (p < 0.01 and p < 0.05), registering drops as steep as −81 

± 10% (16.8 mJ/mm3) and −40 ± 13% (33.6 mJ/mm3). On the other hand, high ED groups 

with at least 67.2 mJ/mm3 had no reduction in their swelling capacity (changes are not 

significant or increasing, p < 0.05), indicating that these groups remained stable after 28d. 

The effects of lyophilization on the rehydration process of keratin-based hydrogels were 

studied to assess changes in diameter, thickness, and mass uptake. These studies showed 

some degree of irreversible frustration due to the drying process, which is the reason all 

subsequent studies were performed on samples that were always kept hydrated in PBS (See 

Supplementary data and Fig. S2).

The stress–strain curves for the crosslinked keratin samples (Fig. 3D) showed different 

behaviors dependent on the ED of the groups. As exposure time increases and sample 

thickness decreases, the materials become stiffer. This observation was further confirmed by 

quantifying the compressive modulus as a function of ED (Fig. 3D, inset). Additionally, as 

ED increases the ultimate stress increases and the ultimate strain decreases until both trends 

reach plateau levels (Fig. 3E). The trends here confirm that the hydrogel networks keep 

changing with ED up to 67.2 mJ/mm3; after that threshold, the mechanical properties 

measured reach their maximum values. Using the plateau of the plots, the ultimate stress 

registered for these groups was 18 ± 2 kPa, while the ultimate strain was 59 ± 3%.

Transport properties were studied to assess the viability of crosslinked keratin as 

membranes. The relation between ED and the partition coefficient (K) and permeability (P) 

of the hydrogels was studied using FITCd as a model molecule (Fig. 4A). For high MW of 

FITCd (150 and 2000 kDa) there was minimal or no variation of K as ED increased, while 

the low MW 10 kDa solution presented a sharp increase and subsequent increments of K as 

ED increased (Fig. 4B, p < 0.05). On the other hand, the relation between ED and P had 

different trends. For the low MW (10 kDa) solutions, changes in the ED cause no significant 

variations in the P of the system (p < 0.05); differently, for the high 150 and 2000 kDa MW 

samples there is continuous increase of K as ED increases (Fig. 4C). The overall increase in 

P between the low (16.8 mJ/mm3) and high (134.4 mJ/mm3) EDs was 28% (not significant), 

289%, and 2576% for the 10, 150, and 2000 kDa solutions, respectively.

The transport of physiologically relevant molecules was studied with the diffusion of 

adipogenic media across the membranes. As observed in Fig. 4D, feeding the cells through 
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membranes with 20 and 47% CD resulted in sparse production of intracellular lipid vesicles 

in comparison with the more homogeneous production of populations fed through 

membranes with 55 and 59% CD. Quantification of these production levels (Fig. 4E) shows 

that all membrane groups allowed adipogenic differentiation of hMSCs. Within the study 

groups, membranes with 55 and 59% CD were linked to increased lipid deposition, 5–8 

times greater than the non-differentiated controls, in comparison to the 20 and 47% CD (p < 

0.05).

4. Discussion

Membranes have been used in guided tissue regeneration (GTR) to regulate tissue growth. 

This technique is based on the idea that a physical barrier is needed to stop fast-proliferating 

cells (such as fibroblasts) from colonizing open wounds, while giving time to the slower 

specialized cells to migrate and regenerate particular microstructures of native tissues [13–

17]. This is a common strategy in the treatment of periodontal diseases and enossal dental 

implants [13], as well as the treatment of critical-sized bone defects [15] and the 

preservation of empty sockets [14]. Current membranes provide biocompatibility, prevention 

of cell migration, integration to the surrounding tissues, clinical manageability, and 

structural strength in the case of stronger tissues (e.g. bone) [15,18,39–46]. As in other GTR 

approaches, the inclusion of a membrane could be conducive to the organized regeneration 

of layers in skin. The membrane should act as a physical barrier for cells, maintaining two 

populations separated by inhibiting migration from one layer to the other. Simultaneously, 

the membrane should still be permeable to allow transport of biomolecules such as growth 

factors, hormones, or nutrients between the two sides. To this end, we proposed the use of 

keratin-based crosslinked membranes (Fig. 1) and we aimed to prove that dityrosine bonding 

could be used to engineer their microstructural and transport properties.

4.1. The effects of energy density (ED) on the crosslinking density (CD) of keratin 
membranes

As illustrated in Fig. 1A, riboflavin activation (and formation of reactive species) occurs in 

the presence of UV light. The tyrosine amino acids in keratin have a susceptible hydroxyl 

group that can lose its hydrogen to free radical environments, especially in a persulfate 

radical catalyst like SPS. The tyrosil radicals formed can bind in pairs forming dityrosine 

bonds, bridging two keratin chains. When the resin combination is exposed to UV light, 

riboflavin initiates free radical reactions mediated by the SPS that result in dityrosine 

crosslinking [32,47,48]. Hydroquinone is an inhibitor of radical-initiated polymerizations, as 

it is a reducing agent. By using it, the crosslinking reaction is controlled and occurs only 

when riboflavin initiates under UV.

This chemical sequence was confirmed with the consumption of riboflavin as ED increased 

(Fig. 2B); sol fraction changes indicated that the structures were being crosslinked to 

different extents (Fig. 2C). The riboflavin consumption data indicates that there is enough 

initiator to keep the reaction occurring with at least 134.4 mJ/mm3, yet the sol fraction plot 

shows that the structure seems to reach crosslinking saturation between 33.6 and 67.2 mJ/ 

mm3. These independent sets of data suggest that the limiting reagent in our crosslinking 
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scheme is not the photoinitiator riboflavin but rather the amount of tyrosine content present 

in the keratin chains. Even with a wide range of ED, close to 70% of the mass of the 

hydrogel remained uncrosslinked; this limitation is indicative of the low tyrosine 

concentration and the amount of bonds available.

Knowing that crosslinking was occurring, FTIR analyses (Fig. 2D) were performed to 

confirm changes in chemical bonds according to the reaction shown in Fig. 1A. The spectra 

showed peaks representative of C = C stretch patterns in aromatic rings, such as those found 

in tyrosine and dityrosine bonds (Fig. 1A). The quantification of the peak magnitudes, which 

correlates to the amount of dityrosine bonds present, increased with ED until it reached a 

plateau value at 67.2 mJ/mm3 (Fig. 2E). These results corroborate the findings of Fig. 2B 

and C and allow us to determine that i) the dityrosine crosslinking reaction is occurring as 

designed; ii) the reaction is dependent on the ED, and iii) there is an ED threshold at 67.2 

mJ/mm3 after which crosslinking is maximized because of the limited quantity of tyrosine 

bonds available. Furthermore, the data indicates that the hydroquinone inhibitor works; 

without it the free radical reaction would continue in the absence of UV light and all 

samples would display the same CD.

We were further interested in obtaining a range of CDs that could be tested for molecular 

transport and a method that can standardize the production of keratin membranes with 

designed CDs. To this end, we used the thermal method used by Hirschl et al. [34] to 

measure CD using DSC. In a preliminary calorimetric assessment, TGA profiles of 

crosslinked samples differed from the unreacted reference; the higher temperatures reached 

without mass changes are indicative of the formation of bonds that require higher amounts 

of thermal energy to break (Fig. 2F). The temperature range where these differences 

occurred was used for DSC testing. The DSC profiles showed a peak characteristic to keratin 

samples (crosslinked and uncrosslinked). The reduction of this peak as ED increased is 

indicative of the reduction of available bonding sites as ED increases; available bonding sites 

are less stable and have higher potential energy than bonded sites, which are portrayed in 

higher and wider peaks in the thermogram (Fig. 2G and H). The relation between ED and 

CD is non-linear and mirrors the saturation behavior shown by FTIR data in Fig. 2E. 

Furthermore, Fig. 2H not only illustrates the ranges and variations of CD for keratin-based 

hydrogels, but further confirms the threshold ED between 33.6 and 672. mJ/mm3. 

Comparison of CD data to other biologically-derived hydrogels is limited as indirect 

quantifications are generally reported or calculated as theoretical crosslink density (in terms 

of molarity) [48–50], an approach we had previously reported for the photosensitive resin 

[32]. Other approaches in literature generally use indirect assessments of the CD degree 

(using swelling or degradation data, sol fraction, mechanical testing, chemical spectra, etc.) 

[47,49–54] or crosslinking kinetic models [55,56] to evaluate the CD of biologicallyderived 

polymers. The non-linear relation between CD and ED can be further exploited as a design 

criterion; using Fig. 2H we can now design the CD of a keratin hydrogel by knowing the 

required ED. This latter can be then achieved by various combinations of the manufacturing 

parameters UV intensity (I), exposure time (t), resin volume (V), exposed area (A), and 

sample thickness (h).
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4.2. Characterization of membrane properties dependent on the network microstructure

Having determined the relation between ED and CD, we proceeded to engineer keratin 

membranes with different physicochemical properties, such as swelling, degradation, and 

mechanical behaviors. As presented in Fig. 3A, keratin hydrogels exhibited an initial 

swelling inversely proportional to the ED of the sample. After 5 days the different groups 

started diverging and losing their swelling capacities at different rates (Fig. 3A and B). 

These changes are indicative of ongoing degradation within the keratin network. The high 

ED groups (over 67.2 mJ/mm3) showed slower swelling kinetics than groups with low ED, 

likely due to the higher CD. Swelling was no longer ED-dependent in high ED groups, 

consistent with the other data sets and the constant CD above 67.2 mJ/mm3 of ED (Fig. 2H). 

As the assay is mass-based, mass loss due to degradation would cause the swelling values to 

drop. Based on these variations and macroscopic observations, degradation started to occur 

much faster for low ED groups. This is an important set of data for the engineered 

membranes; eventually, when subjected to physiological aqueous conditions the hydrogels 

will undergo “four stages of degradation, namely hydration, strength loss, loss of mass 

integrity, and solubilization via phagocytosis”[15]. Excluding the last cell-mediated stage, 

the swelling profiles compiled here provide a clear picture of the behavior that different ED 

samples would eventually undergo in vivo. Low ED groups will likely undergo higher 

hydration but also fall into strength loss and loss of mass integrity stages much faster than 

higher ED groups; furthermore, this can be an indication that low ED groups will be 

solubilized by phagocytosis faster that their higher ED counterparts. This set of data further 

proves our bonding threshold identified by sol fraction, riboflavin consumption, FTIR, and 

DSC assays. Here, we considered that the system reached the maximum CD with 67.2 

mJ/mm3 of ED, the level at which the swelling capability no longer increased and remained 

stable at the 1500–2000% range. In comparison, we previously reported the swelling 

capacity for printed keratin scaffolds at 1581.9% [32], and in both studies it improves the 

behavior of other similar protein-based hydrogels formed by conventional casting including 

casted gelatin [57], keratin-collagen scaffolds [58], keratin scaffolds [48], silk fibroin-

chitosan scaffolds [50], or DTBP-modified chitosan [49].

Swelling profiles were also used to assess the accuracy of the ED equation proposed (Eq. 

(1)), by comparing the behavior of duplicated ED samples produced with different 

combinations of thickness and UV exposure time (Fig. 3C). For example, samples with ED 

of 25.2 mJ/mm3 were produced with combinations 12–1 and 24–2; same for groups 50.4 

mJ/mm3 (24–1 and 48–2) and 100.8 mJ/mm3 (48–1 and 96–2), as highlighted in Fig. 2A 

with the paired columns. Fig. 3C shows that duplicated groups behave similarly, following 

very close trends but presenting statistically significant differences. They are close, yet not 

equal. The ED approach to the production of crosslinked membranes is limited to five 

variables. These variables were chosen because they are the parameters that we routinely 

fine-tune during a simple casting process or in stereolithography-based 3D printing. The 

simplified ED equation proposed adequately incorporates the broader parameters involved in 

the crosslinking process, but variations in the duplicated groups could be tracked back to 

more complex properties of the resin. The equation could be further optimized by including 

parameters such as the optical properties, homogeneity of the material, the penetration and 

attenuation of UV light through the keratin resin, and the UV absorption by the constituent 
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molecules of the resin. Other publications have detailed on the effect of various complex 

parameters in light-based crosslinking, particularly for 3D printing purposes, including the 

critical energy required to initiate polymerization, the penetration depth of the curing light 

[59,60], and UV absorption [61]. These reports focused on one or two variables and involved 

synthetic materials that have been extensively characterized. Other parameters such as 

initiator concentration, keratin concentration, the shapes and resolution, or cytotoxicity, had 

been previously studied during the formulation of the resin [32]. The ED parameter 

proposed does not depend on properties specific to the material but on variables involved in 

the curing process, and has been proven to be consistent using a highly complex protein-

based material such as keratin. Based on the consistency of our results and the cross-

examination with a variety of chemical and mechanical assays, the energy density parameter 

ED can be reliably used to characterize the physicochemical properties of crosslinked 

membranes (<3 mm thick). It is worth highlighting that any attempts to produce thicker 

samples (anything thicker than 4–5 mm) should consider expanding the ED equation to 

include exponential decay parameters that account for the decay of UV light intensity with 

increasing penetration depth during crosslinking, according to the Beer-Lambert’s law. For 

instance, intensity parameter I could be replaced by < I>, given by averaged integration of 

the Beer-Lambert’s law over the film thickness.

Furthermore, the swelling profiles provide preliminary information on the degradation of the 

hydrogels and highlight a potential release limitation of the system. Saul et al. [28] 

previously discussed the considerable effects of diffusion- and degradation-mediated release 

from self-assembled keratin hydrogels. As observed in Fig. 3A, decreases in swelling 

potential could be indicative of degradation and of degradation-mediated release. In this 

study, the primary goal was to understand the degree of diffusion-mediated release of 

uncrosslinked components (both uncrosslinked keratin and unreacted chemical resin 

components), as studied with data such as Fig. 2B and C and 3A and C. Diffusion-mediated 

release could potentially impact diffusion transport across the membrane; understanding this 

phenomenon provided a testing time frame when the membranes had no uncrosslinked 

components leaching or major degradation. This was addressed by implementing a 

consistent rinsing protocol (Supplementary data and Fig. S1) to remove the bulk of the 

uncrosslinked components and by using the swelling profiles (Fig. 3A) to determine a time 

frame (3–5 days) before any ED group presented a significant drop in mass (quantified as 

swelling degree). With time, which depends on biochemical cues and environmental factors, 

there will be degradation-mediated release. This scenario will release (1) crosslinked 

components that are breaking down or are released by bond cleavage, and (2) additional 

uncrosslinked components trapped within the crosslinked mesh.

Mechanical assessment of the membranes revealed the effect of ED on the compressive 

moduli and ultimate stress and strain of the keratin materials. The data correlates to the 

crosslinking dynamics of the system. Even if the energy delivered can keep increasing, the 

crosslink bonds are dependent on the available tyrosine, and thus it reaches a maximum CD 

and maximum structural properties. On one hand, swelling data indicates that the system is 

reaching the maximum capacity with 67.2 mJ/mm3 of energy, a level at which swelling is 

significantly more stable (Fig. 3A and B). On the other, the elastic moduli and ultimate 

stress and strain registered for samples with ED below 67.2 mJ/mm3 show a significantly 
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increasing trend, indicating they are within a range of variable CD (Fig. 3D and E). Overall, 

the swelling and mechanical profiles and the data compiled from them confirm our 

expectations of the UV-photosensitive chemistry and its saturation, and again confirm the 

ED threshold. We discussed the limitations of the ED parameter proposed, but the behavior 

in swelling and mechanical properties indicate that the keratin membranes can be fine-tuned 

over wide ranges using our simplified ED approach. It is worth highlighting again that the 

goal of this section was to prove that the ED parameter, which defines CD, can be used to 

produce keratin membranes with a variety of properties, including a wide range of swelling 

profiles, degradation behaviors, mechanical properties, and diffusion capabilities. Here, we 

present a range of options to our fellow researchers with the interest of showing the 

versatility of our ED approach and the membranes produced. Hydrogels produced with low 

ED might be suitable for applications interested in fast release, such as the studies of Saul et 

al. [28] for the sustained release of bioactive ciprofloxacin from keratin hydrogels, while we 

expect to use the high ED hydrogels for sustained use as membranes that should have lower 

effects on diffusion applications.

4.3. The effects of crosslink degree (CD) on transport phenomena across keratin 
membranes

The use of the keratin-based crosslinked hydrogels as membranes was proposed based on 

the criteria that it should 1) act as a physical barrier for cells so that two populations can 

grow adjacently without mixing; 2) be permeable to allow transport of biomolecules to allow 

cross-talk between the two layers; and 3) it should be able to degrade as the layers form, 

without leaching cytotoxic by-products or having major impact on skin properties such as 

water transport, elasticity, or scarring. Here, we focused on studying the second criterion 

using membranes with a range of CD that would impact molecular transport of model 

molecules, growth factors, and nutrients across the hydrogel (Fig. 4A).

Hydrogels were successfully implemented as membranes using Transwell inserts with the 

addition of 3D printed stoppers, which allowed sealing and ensured that all diffusion 

occurred through the membrane. K was determined by the size of the FITCd molecules in 

solution, but it was further affected by the ED of the membranes. As defined in Eq. (3), K is 

the ratio between the concentrations of solute in the hydrogel and in solution. In a balanced 

gel-solution system, half of the solute would theoretically localize in the gel and half in the 

solution. The smaller 10 kDa groups resulted in an unbalanced system where most of the 

solute was uptaken by the hydrogel (K > 0.5); the larger 2000 kDa groups were also 

unbalanced, although the majority of the FITCd molecules remained in solution (K < 0.5). 

The 150 kDa molecules seemingly reached a balanced state of equilibrium, were the solute 

was closely equally distributed between gel and solution (K ≈ 0.5). This indicates that 

smaller molecules are uptaken and retained within the membranes even against a 

concentration gradient.

The partition coefficient and permeability studies using FITCd elucidated on the effect of 

membrane design properties, mainly ED and CD, on the transport of different-sized 

molecules (Fig. 4B and C). In general, taking the increasing trends between K and ED for all 

MWs, the higher ED allows higher uptake of solutes into the hydrogel. At any particular 
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time the low MW samples are more uptaken by the hydrogels (K of up to 0.8) than the 

higher MW samples (maximum 0.3 and 0.5) no matter the ED. On the other hand, P 

increases as ED increases for the high MW. K is the property in equilibrium, while P is the 

product of the equilibrium (how much solute is uptaken and remains in the gel) and the 

dynamic transport (how much solute moves across the hydrogel). When pairing both sets of 

data we can conclude that for the low MW higher amounts of solute are accumulated within 

the keratin gel, a trend that does not change with increasing ED. This indicates the low MW 

samples remain within the membranes. On the other hand, larger molecules present higher P 

and lower K values through the gels which are indicative of transport across the barrier. For 

these, the effect of the ED of the membranes is clearer. As the ED of the membrane 

increases the P and K values also increase, indicating that increasing ED does represent 

better diffusion rates through the membrane. In terms of molecule size and shape, the 

Stoke’s radii for FITCd 10, 150, and 2000 kDa is reported as approximately 23, 85, and 270 

Angstroms, respectively [62,63]. Low MW FITCd (below 2 kDa) is rod-like, while chains 

with 2 to 10 kDa behave like flexible coils. FITCd larger than 10 kDa behaves as highly 

branched polymers and become increasingly symmetrical [62,63]. The size and shape 

indicate that the smaller molecules might be interacting chemically or electrostatically with 

the networks or are trapped within the smaller pores of the hydrogel. The larger molecules, 

due to their size and flexibility, are probably crossing the hydrogel via the larger pores, 

slower but without interaction or entrapment. Low CD membranes, which present lower 

values of P, may have unreacted portions within their chains that can be responsible of 

reducing transport; as the CD increases, interaction between the chains and the molecules is 

reduced, allowing higher transport rates.

The transport of molecules across the membrane was further studied with the diffusion of 

adipogenic molecules for the differentiation of a target hMSC population. The healthy 

development of the adipose layer (hypodermis) in severe burn wounds is of particular 

interest. This is a rich layer of adipocytes and stem cells that synthesize adipose-specific 

ECM (mostly collagen types I, III, IV, V, and VI [64]) and growth factors (highlighting 

leptin [21,65] and adiponectin [66,67] hormones, and basic fibroblast growth factor [68]) 

key players in re-epithelization, wound healing, and angiogenesis [64]. If the hypodermis is 

producing all these factors in vivo, diffusion through the tissues is transporting them to the 

adjacent dermis layer. Ensuring the transport of biomolecules across keratin membranes will 

further help us to eventually replicate the transport between stratified hypodermis and 

dermis to prove its benefits in regeneration of skin. As presented in Fig. 4D and E, the 

membranes with higher CD (55, 59%) allowed transport of molecules involved in 

adipogenic differentiation that resulted in higher lipid deposition, in comparison to the 20 

and 47% CD groups. Formation of intracellular lipid droplets are evidence that adipogenic 

factors were transported; some combination of the growth factors, hormones, amino acids, 

vitamins, sugars, and steroids found in the DMEM, FBS, P/S, sodium pyruvate, 

dexamethasone, insulin, IBMX, and indomethacin that make up the adipogenic media, were 

able to cross the membrane and reach the cells to induce adipogenic differentiation. Similar 

to behavior observed in the P and K experiments, some fraction of the adipogenic molecules 

is always transported as no membrane proved to fully inhibit molecular transport, a fact 

backed by all membranes allowing differentiation of the cells (as compared to a 
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nomembrane scenario). Considering that the differentiation of hMSCs is a delicate process 

that requires a very specific combination of the components mentioned before, we can 

assume that the differentiation observed is the result of all, or most, molecules being able to 

cross the membranes. Based on our characterization (FTIR, DSC crosslinking density, and 

the quantification of structural and diffusion properties), there is a marked difference with 

membranes produced with ED below the 67.2 mJ/mm3 threshold. At that ED level, all 

results indicate that the membranes have reached a maximum level of crosslinking (CD of 

55–59%); over this ED threshold, the membranes allow better transport of growth factors 

that result in improved adipogenic differentiation of hMSCs.

5. Conclusions

The goal of this work was to develop a GTR-based membrane with engineered 

microstructural and transport properties for future use in the development of stratified 

tissues. We introduced an energy density (ED) parameter that incorporates simplified casting 

and printing parameters for the sequential production of thin keratin-based membranes. Our 

keratin-based resin has been optimized for the reproducible manufacture of membranes with 

defined CD and physicochemical properties, which correlate to the ED level selected. 

Keratin membranes allow diffusion of molecules such as media nutrients and growth factors, 

and the ED of the crosslinked network can be used to regulate the transport profiles. Further 

studies are warranted to quantify the cross-talk between cell populations across the 

membrane, evaluate the barrier effect of the membranes on cell migration, and the in vivo 
development of dermal layers. Overall, we can now engineer and manufacture our 

membranes and conclude that fine tuning the CD is valuable to control several 

microstructural properties of the hydrogels, including swelling and degradation profiles, 

mechanical properties, and transport across the network.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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6. Statement of significance

GTR is a widely used technique for the surgical reconstruction of periodontal and bone 

defects which relies on membranes that regulate cellular migration and allow the 

regeneration of complex, specialized tissue microstructures. Here, we developed a 

method for the production and assessment of protein-based degradable membranes based 

on the energy delivered to the membranes during crosslinking. We can now engineer the 

crosslinking density of our membranes and thus their mechanical, swelling, and transport 

properties. The keratin membranes presented here will allow us to implement the GTR 

approach to the regeneration of the layered microstructure of skin, a technique that 

provides physiological regeneration of skin functions as well as aesthetical 

reconstructions of complex features.
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Fig. 1. 
Photocrosslinking of keratin membranes. A) Chemical mechanism for dityrosine bonding in 

oxidized keratin: i) keratose contains tyrosine within their peptide chains; ii) tyrosine has a 

susceptible hydroxyl group that be deprotonated upon interaction with free radicals formed 

between SPS and riboflavin upon UV exposure; iii) unbalanced terminals bond and 

recombine with unbalanced terminals in adjacent chains; iv) final chemical equilibrium is 

reached via keto-enol tautomerism when dityrosine bonds between keratin chains are stable; 

the crosslinking reaction is terminated once removed from a UV source due to the reducing 

effect of the hydroquinone photoinhibitor. B) Dityrosine chemistry was used to cast keratin 

membranes: i) a translucent sheet was covered with a thin layer of resin; ii) the casting mold 

was then laid over the flat sheet and the two were clamped together. The clamped setup was 

then crosslinked under UV to seal them together; iii) the sealed molds were filled with 

keratin resin as needed and exposed to UV; iv) the cured mold can be cut from the base sheet 

using fine thread. C) Examples of crosslinked circular samples 13 mm in diameter with 

different thicknesses (1, 1.5, or 2 mm). D) Final crosslinked samples 12–1.5 (exposure time 

12 min, thickness 1.5 mm) stored in PBS
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Fig. 2. 
The effects of energy density (ED) on the crosslinking density (CD) of keratin membranes. 

A) The ED parameter was used to produce a wide range of samples by combining 

thicknesses and exposure times at a fixed UV intensity of 350 mW/dm2. Bars that share the 

same color were produced with different parameter combinations but have the same ED 

(listed on top on each bar). The consumption of riboflavin (B) and the sol fraction of the 

hydrogels (C) confirmed that the crosslinking reaction (Fig. 1A) occurs and is ED-

dependent. D) FTIR spectra shows four peaks between 1400 and 1650 cm–1, indicative of 

changes in aromatic structures, that increasing for the higher ED samples. E) The area under 

the FITR peaks for the samples was normalized against the area under the peaks for 

unreacted keratin; this quantification shows the change in aromatic C = C stretch between 

samples and its relation to ED. F) TGA profiles for comparison of crosslinked and 

uncrosslinked keratin, indicating the formation of bonds and changes in the profiles between 

150 and 275 °C. G) DSC thermograms for keratin presents a characteristic peak at 210 °C 

which changes in magnitude in crosslinked samples (blue region). Organized curves can be 

further compared to show how the peak shifts to 220–230 °C and varies depending on the 
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ED of the sample; low energy samples present a defined peak, which progressively 

decreases as the energy density increases. H) Quantification of these peaks can be related to 

changes in the enthalpy of the system, indicative of the formation of bonds and the 

crosslinking degree of the network dependent on the ED. For all plots, samples that do not 

share the same letter are significantly different (p < 0.05). (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Fig 3. 
Characterization of membrane properties dependent on the network microstructure. A) 

Swelling profiles of keratin hydrogels in MEM as a function of ED, showing how low ED 

samples reach their swelling saturation capacity faster than high ED groups yet they also 

start a process of degradation at earlier timepoints. B) The drop in swelling capacity between 

days 3 and 28 are indicative of degradation for low ED groups; high ED samples were 

proven to be highly stable when crosslinked with at least 67.2 mJ/mm3. C) Different 

combinations of thickness and exposure time were used to produce duplicated ED values to 

assess the viability of the ED parameter as proposed in Eq. (1). Even if the duplicates follow 

close trends, statistical differences indicate that higher complexity in the equation is required 

(statistical significance p < 0.01 (+) or p < 0.05 (*)). D-E) Mechanical characterization of 

the hydrogels shows the relation between ED and elastic modulus, ultimate stress, and 

ultimate strain., Higher ED samples have higher mechanical properties, following non-linear 

trends that show a saturation profile that further elucidates on the crosslinking limitations 
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and maximum capacities. For all plots, samples that do not share the same letter are 

significantly different (p < 0.05).
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Fig. 4. 
The effects of crosslink degree (CD) on transport phenomena across keratin membranes. A) 

Transport phenomena across the keratin membranes were studied using simplified models of 

the partition coefficient, permeability, and diffusion transport of adipogenic molecules. B) 

The partition coefficient of keratin hydrogels in equilibrium state with 10, 150, and 2000 

kDa FITCd solutions; ED had greater significant effect on the coefficient for smaller 

molecules. C) Permeability, on the other hand, is the dynamic interaction of the gel with the 

solute and was affected by ED for the high MW molecules. D-E) Adipogenic differentiation 
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of hMSCs was significantly affected by the variation of the CD of the membranes used. 

Imaging and quantification of intracellular lipids determined that membranes with higher 

CD allow better transport of nutrients and adipogenic molecules after 28 d. For all plots, 

samples that do not share the same letter are significantly different (p < 0.05).
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