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Abstract 

Human hair keratin (HHK) has been successfully exploited as raw materials for three-

dimensional (3D) scaffolds for soft tissue regeneration owing to its excellent biocompatibility 

and bioactivity. However, most HHK scaffolds are not able to achieve the anisotropic 

mechanical properties of soft tissues such as tendons and ligaments due to lack of tuneable, 

well-defined microstructures. In the present study, directed ice templating method is used to 

fabricate anisotropic HHK scaffolds are characterized by aligned pores (channels) in between 

keratin layers in the longitudinal plane. In contrast, pores in the transverse plane maintain a 

homogenous rounded morphology. Channel widths throughout the scaffolds range from ~5 to 

~15 µm, and are tuneable by varying the freezing temperature. In comparison with HHK 



 

 2 

scaffolds with random, isotropic pore structures, the tensile strength of anisotropic HHK 

scaffolds is enhanced significantly by up to 4 folds (~200 to ~800 kPa) when the tensile load 

is applied in the direction parallel to the aligned pores. In vitro results demonstrate that the 

anisotropic HHK scaffolds are able to support human dermal fibroblast adhesion, spreading 

and proliferation. The findings suggest that HHK scaffolds with well-defined, aligned 

microstructure hold promise as templates for soft tissues regeneration by mimicking their 

anisotropic properties. 
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  Keratin is an intermediate filament protein which is distributed in epithelial cells as a 

cytoskeleton network that not only provides structural support but also carries out 

mechanotransduction functions.[1] It is also found abundantly as extracellular protective 

structures in the forms of epidermal appendages such as hair, wool, horns, hooves and feathers, 

making them one of most ubiquitous biological materials in nature.[2, 3]Keratin extracted from 

renewable human hair has drawn much attention for biomedical applications for various 

reasons.[4-11] Firstly, human hair keratins (HHKs) present reduced risks of immunogenicity due 

to the absence of genetic elements, while other practical sources of natural proteins such as 

collagen and fibrin elevate such risks and also increase possibilities of inter-species pathogen 

transfer since they are of animal origin.[12] Secondly, HHK contains the cell-binding 

motif leucine- aspartic acid-valine (LDV), which could promote integrin-mediated cell 

adhesion both in vitro and in vivo.[13] Many studies have demonstrated that HHK biomaterials 

have good biocompatibility, bioactivity, and integration ability with host tissues.[14-16] 

Additionally, HHK could be fully degraded in vivo by enzymes without causing toxic effects 

owing to their protein characteristics.[2] Last but not least, HHK has abundant functional 

moieties including carboxyl, amino or sulfhydryl groups, owing to their high content of 

cysteine- and sulfhydryl-rich domains, which allow ready functionalization to improve its 

stability, bioactivity etc.[17,18] 

  Given the above, HHK represents one significant biomaterial with great potential in wound 

healing,[19] drug/cell delivery,[20] and tissue engineering etc.[21] Most often, HHK has been 

fabricated into 3D scaffolds such as hydrogels and sponges for soft tissue regeneration.[16,22,23] 

3D scaffolds can be loaded with cells and growth factors that are required to restore and 

maintain tissue functions.[24] Besides that, 3D scaffolds can provide the microenvironment in 

which cells can interact with their surroundings.[25] In addition, the microstructure of 3D 

scaffolds can be adjusted to guide cell behaviours such as attachment, proliferation, and 
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differentiation as desired.[26, 27] De facto, HHK scaffolds have been used as temporary support 

matrices in tissue engineering or as substitutes of damaged tissues to enhance regeneration. For 

example, Bhardwaj et al. fabricated HHK-based scaffolds and used them as dermal substitutes 

for skin. The authors showed that HHK scaffolds had good cyto-compatibility with 

enhancement of cell adhesion and proliferation.[13] Hartrianti et al. developed an HHK/alginate 

sponge for soft tissue regeneration. In vivo implantation suggested that this HHK-based sponge 

could support cellular infiltration, neo-tissue formation, and vascularization.[16] Wang et al. 

developed a cell-encapsulated hydrogel prepared from HHK under near physiological 

conditions. This hydrogel was proved to be comparable to collagen hydrogels in supporting the 

proliferation of murine fibroblasts.[22] While HHK scaffolds have exhibited promising 

biological functions for tissue regeneration, most of them are not able to achieve the anisotropic 

properties of soft tissues (e.g., muscle, tendon and ligament) as they lack delicate 

microstructure designs. A number of techniques such as electrospinning,[28] freeze drying,[29] 

crosslinking,[18] self-assembly method etc.[30] have been applied to the fabrication of various 

keratin scaffolds. However, these approaches mainly produced keratin scaffolds with isotropic 

microstructures, being limited by the lack of control over material assembly during fabrication. 

Over the past decades, directed ice templating has drawn much attention since it could achieve 

well-designed microstructures of scaffolds via controlling ice crystal growth.[31-34] Additionally, 

this method  has the advantages of conventional freeze drying method such as easy control of 

porosity, simplicity, and low cost. Indeed, ice templating method has been applied to many 

inorganic materials and polymers including hydroxyapatite,[35,36] alumina,[37] graphene,[38] 

chitosan,[39] and collagen[40] etc. The resultant scaffolds possess anisotropic properties, 

characterized by aligned layers that are not only able to enhance directional mechanical 

properties but also guide cell behaviour.[35,39] The potential of directed ice templating to 

produce anisotropic HHK scaffolds has yet to be demonstrated. 
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  In the present study, keratin is extracted from human hair and engineered into 3D scaffolds 

with well-defined microstructures using the directed ice templating method. Anisotropic pore 

structure was realized, with highly aligned pore channels and consequent enhancement of 

mechanical strength in the direction of the aligned channels. These HHK scaffolds proved to 

be biocompatible and bioactive through their ability to support cell adhesion, spreading and 

proliferation in vitro. This study could extend the biomedical application potential of keratin 

biomaterials for the regeneration of soft tissues with anisotropic properties, including tendon 

and ligament.  

  The fabrication process of HHK scaffolds via directed ice templating method is illustrated in 

Figure 1. In the present study, keratin was extracted from human hair using a “two-step” 

reduction method as reported in the literature.[41] With this method, keratin associated proteins 

(KAP), the matrix proteins that bind keratin intermediate filament bundles together and have 

low molecular mass of 6-30 kDa, were first removed. Keratins were then extracted from KAP-

free hair during the second reduction step followed by dialysis to remove all residual chemicals. 

The HHK extraction was first analyzed using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) to determine protein fractions. The obtained results (Fig. S1, 

Supporting Information) displayed two dense bands located at around 40 and 60 kDa 

corresponding to keratins type I and II polypeptides, respectively, in alignment with the 

previously published data.[41]. The absence of bands below 30 kDa suggests that KAPs were 

successfully removed from the keratin extraction. Other than a large number of α-helices, HHK 

extraction also contained random coils of keratin and small aggregates that were formed by the 

reformation of disulfide bonds in keratin solutions.  

  To fabricate HHK scaffolds with anisotropic microstructures, unidirectional ice templating 

was employed to control the direction of ice crystal growth, as according to established protocol 

described in the literature.[42] As shown in Figure 1a, HHK solution was cast into a plastic mold 
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after its concentration was determined by the bicinchoninic acid assay (BCA) protein assay kit. 

The mold containing the HHK solution was placed on a thin copper plate in contact with low-

temperature ethanol bath as the cold source. This set-up creates a steep temperature gradient 

allowing the HHK solution to be frozen from bottom-up, along the axial direction of the mould, 

causing the keratin molecules to be condensed around the ice crystals as they grow along the 

temperature gradient. Close proximity of the keratin molecules significantly encouraged 

crosslinking primarily through disulphide linkages, thus forming keratin networks.[43] Once the 

frozen sample was subjected to lyophilization that sublimes the ice crystals, HHK scaffolds 

with lamellar structure (aligned channels present between keratin layers) were obtained. 

Additionally, HHK sponges could be fabricated into various shapes and sizes using different 

molds, as the cylindrical and sheet-like HHK sponges presented in Figures 1b and c show, 

respectively. This suggests that HHK scaffolds could be adapted to the requirements of 

damaged tissues. SEM images obtained in the longitudinal plane showed that the resultant 

channels were aligned throughout HHK scaffolds in a long range (Figure 1d, and Fig. S2 

Supporting Information) with a constant width of ~5 μm. Correspondingly, pores in the 

transverse plane remained rounded or elliptical as displayed in Figure 1e. Anisotropic HHK 

scaffolds were thus successfully fabricated using the directed ice templating method. 

  As an ideal matrix for tissue engineering, the microstructure of HHK scaffolds should be 

tunable in terms of pore size, shape, and porosity since these parameters could have significant 

impact on cell behaviors such as migration, differentiation and adhesion.[26,27,35] In the present 

study, we have adjusted the microstructure of HHK scaffolds by varying keratin concentrations 

as well as the freezing temperatures as observed by the SEM images shown in Figure 2. Figure 

2a-f demonstrates how HHK concentrations affect the microstructure. As analyzed, the channel 

widths were constant (~5 µm) throughout the scaffolds for all samples with different HHK 
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concentrations. Interestingly, pore walls became mostly fibrous within HHK scaffolds 

produced with keratin concentrations below 20 mg/ml, which significantly increased 

interconnectivity of the pores. When keratin concentration was decreased to 10 mg/ml, the 

resultant HHK scaffold became completely fibrous without any layered or sheet structures (Fig. 

S3, Supporting Information). However, these fibrous scaffolds were also significantly 

compromised in terms of mechanical integrity. The microporous structure of isotropic HHK 

scaffold is also presented in the Figure 2j. As shown, these isotropic scaffolds had random and 

rounded pores completely different from that of anisotropic scaffolds. To further adjust the 

microstructure of HHK scaffolds, freezing temperatures of cold source were also varied and 

evaluated. As studied, freezing temperature has significant effect on pore structures when using 

freeze drying methods to fabricate porous scaffolds. Ice crystals grow slower at higher freezing 

temperature, leading to larger ice crystals as well as larger pores.[44] As shown in Figure 2g-i, 

the channel width increased from ~5 μm to ~15 μm when the freezing temperature was 

increased from -80 to -20 °C while the lamellar structure did not change. Additionally, the 

porosities of all samples were determined by the liquid replacement method.[45] As calculated, 

the porosities of the HHK scaffolds decreased from ~92 % to ~77 % as the HHK concentration 

increased from 15 to 35 mg/ml (Fig. S4, Supporting Information). The porosities of the 

scaffolds with 25 mg/ml HHK were ~85 % across the different freezing temperatures tested. 

The highly porous structure combined with aligned channels would aid cell penetration and 

promote nutrients/metabolism product transportation throughout each scaffold. Above all, the 

HHK anisotropic scaffolds that were fabricated in the present study could have potential for 

soft tissue regeneration since they could guide desired cell behaviors by tuning microstructures.  

   Fourier transform infrared (FTIR) spectroscopy was used to confirm whether the HHK or 

scaffolds were chemically altered by varying concentrations and freezing temperatures during 
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fabrication. These results are shown in Figure 3, where the characteristic bands of all samples 

can be assigned to the vibrational modes of peptide bonds including amide A (3302 cm-1), 

amide I (1656 cm-1), amide II (1535 cm-1), and amide III (1241 cm-1). Amide I, the most intense 

absorbance band in proteins, is governed by the stretching vibrations of the C=O and C-N 

groups. The amide II band derives from in-plane N-H bending as well as the C-N and C-C 

stretching vibrations. The amide III band is associated with the in-phase combination of the N-

H bending and the C-N stretching vibration together with small contributions from in-plane 

C=O bending and the C-C stretching vibration.[13,46] It is noteworthy that there appears to be a 

weak band centered at ~2560 cm-1 in the spectra of the HHK scaffolds. This band should be 

attributed to the free thiol groups of keratin as reported in the literature.[18] Importantly, no new 

signature peaks in IR spectra were detected, indicating that both concentration and freezing 

temperatures did not alter the chemical structure of HHK during fabrication. Deconvolution of 

the amide I band in FTIR spectra of HHK scaffolds was performed to analyze the secondary 

structure of HHK within the scaffolds (β-sheet: 1612-1630 cm-1, random coils: ~1635 cm-1, α-

helix: 1642-1660 cm-1, β-turns: 1665-1685 cm-1).[47-49] As calculated, the fractions of secondary 

structures were ~52%, ~6%, ~22% and ~20% for α-helices, random coils, β-sheets and β-turns, 

respectively (Fig. S5, Supporting Information). Moreover, the low freezing temperature of -

80 °C did not alter the secondary structure of the HHK within the resultant scaffolds 

significantly, compared with the relatively high freezing temperature of -20 °C.  

  The structure is the determinant of mechanical properties of materials. Thus, the anisotropic 

microstructure of the HHK scaffolds should impart anisotropic mechanical properties. To 

verify this, tensile tests were carried out in two directions – parallel and perpendicular to the 

aligned channels. HHK scaffolds were fabricated into the sheet-like sponge with ~2 mm 

thickness to conduct the tensile tests. Firstly, the effect of keratin concentration on mechanical 
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properties of HHK scaffolds was evaluated. The representative stress-strain curves and the 

average tensile strength of HHK scaffolds were shown in Figures 4a and b, respectively. As 

revealed, the tensile strength of HHK scaffolds, in the direction parallel to the channels, 

increased from ~200 kPa to ~1200 kPa when the concentration of keratin was increased from 

10 to 35 mg/ml. This pronounced enhancement of mechanical property should be attributed to 

the compacted keratin layers that was assembled by the concentrated keratins during 

fabrication. The tensile load was then applied on the perpendicular direction of keratin layers 

to verify the anisotropic property of scaffolds. The obtained stress-strain curves and the average 

tensile strength values are shown in Figure 4c and d, respectively. As anticipated, the tensile 

strength decreased greatly to ~10 kPa in the direction perpendicular to the pore channels, while 

the tensile strength in the direction parallel to the channels is ~800 kPa. These two values 

demonstrated statistically significant differences (p < 0.05) indicating the prominent 

anisotropic properties of HHK scaffolds. The significant decrease in tensile strength in the 

direction perpendicular to the channels results from the presence of channels between keratin 

layers which is unable to bear the tensile loads. Similarly, the HHK scaffolds demonstrated 

anisotropic behaviour during compression tests (Fig. S6, Supporting Information), where HHK 

scaffolds exhibited lower compressive strength when the parallel compressive load was applied 

as compared to perpendicular load. Additionally, the tensile strength of anisotropic HHK 

scaffolds (~800 kPa) at the parallel direction was also enhanced significantly by about 4 times 

in comparison with that of isotropic HHK scaffolds having random pores (~200 kPa).  

  The ability to support initial cell adhesion/spreading and subsequent proliferation is an 

important requirement of scaffolds for tissue engineering. In the present study, human dermal 

fibroblasts (HDFs) were seeded onto HHK anisotropic scaffold to investigate its influence on 
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cell spreading and proliferation. As the fluorescence images of Live/Dead staining on day 1 

and 7 days post-culture showed in Figures 5a and b, HDFs can readily adhere to HHK scaffolds 

having typical spindle-like morphology. The significantly increased cell numbers with green 

fluorescence from day 1 to 7 indicate that HHK scaffolds are able to support HDFs proliferation 

without obvious toxic effects. These observations were further supported by the AlamarBlue 

assay, which was conducted to evaluate the metabolic activity and proliferation of cells on 

HHK scaffolds. The increased cell metabolic activity (shown in Figure 5d) over the culture 

period indicated that anisotropic HHK scaffolds can successfully support cellular proliferation. 

Most notably, anisotropic HHK scaffolds with 15 and 25 mg/ml content showed higher cell 

viability (p < 0.05) than the conventional tissue culture polystyrene (TCPs) plates. This could 

result from the enhanced cell adhesion ability of keratins, due to the presence of LDV ligands 

that play a significant role in facilitating cell adhesion via integrin according to previous 

studies.[13] It is also worthwhile to note that, HDFs proliferated along the directional cues in 

the anisotropic scaffolds when compare with the positive controls and isotropic scaffolds. Cell 

orientation might be induced by the aligned keratin layers of anisotropic scaffold (the surface 

morphology with aligned feature was shown in Fig. S7 under fluorescence microscope, 

Supporting Information). To examine cell spreading, F-actin and nuclei of the cells were 

stained (Figure 5e). As shown, the HHK anisotropic scaffolds appeared to support better cell 

elongation with spindle-like morphology. Cells on anisotropic scaffold demonstrated a 

unidirectional oriented spindle shape when compared to the TCPs and isotropic scaffold. 

Overall, these assays confirmed that HHK anisotropic scaffold has favorable biocompatibility 

and ability to support fibroblast proliferation without toxicity. Moreover, HHK scaffolds with 

anisotropic structure are able to induce HDFs alignment which could mimic the living soft 

tissues. 
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In conclusion, we successfully fabricated HHK scaffolds with well-defined microstructure 

and enhanced mechanical properties via a directed ice templating method to mimic the 

anisotropic properties of soft tissues such as tendon and ligament. These tissues have 

anisotropic structures and properties owing to the alignment of protein fibers. The obtained 

scaffolds have lamellar structure with aligned channels and keratin layers throughout the 

scaffolds. Tensile tests demonstrated that the strength of these anisotropic HHK scaffolds was 

enhanced up to 6 times in comparison with isotropic scaffolds. Biocompatibility and bioactivity 

analysis with human skin fibroblasts indicated that the HHK scaffolds can support cell adhesion, 

spreading, as well as proliferation. Overall, the HHK scaffolds developed in the present study 

could be suited for anisotropic soft tissue regeneration by mimicking the structure-property 

relationship of living tissues. Future work will exploit the potential of these anisotropic HHK 

scaffolds for soft tissues regeneration including tendon, ligament, and skin. 

Experimental Section 

Materials. Ethanol, thiourea (≥ 99%) were purchased from Sigma-Aldrich. Methanol and 

SnakeSkin dialysis tubing (10K MWCO) were obtained from ThermoFisher Scientific. Urea 

(99.5 - 100.5%), 1,4-Dithio-DL-threitol (DTT, ≥ 99%) were purchased from Chem-Impex. 

Extraction of human hair keratin (HHK). HHK was extracted from human hair and purified 

using a “two step” reductive method as reported in the literature.[41] Briefly, the hair fragments 

were incubated in a solution consisting of 25 mM Tris-HCl (pH 9.5), 25% ethanol, 200 mM 

DTT, and 8 M urea for 72 h at 50 °C for removing keratin associated proteins (KAPs). Then 

keratin was extracted from the KAPs-free hair by incubating them in another 25 mM Tris-HCl 

(pH 8.5) solution containing 200 mM DTT and 8 M urea for 24 h at 50 °C. Finally, HHK 

extraction was filtrated and dialysed against deionized water, using SnakeSkin™ Dialysis 
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Tubing (10K MWCO). The content of HHK was determined by Bicinchoninic Acid (BCA) kit 

before use.  

Fabrication of HHK sponge using ice templating method. The HHK scaffolds with aligned 

pores were fabricated by ice templating method as the protocol in literature.[42] Briefly, HHK 

solution was casted into a mold on a copper plate which was connected to low temperature 

ethanol bath as the cold source. HHK solution was then freeze-casted from the bottom area. 

The frozen HHK sample was further collected and submitted to sublimation process in a freeze-

drier for more than 48 h at -50 °C under 0.1 mbar pressure. The freeze temperatures of cold 

sources were varied from -80, -40, -20 °C to tune the pore size of sample. 

Morphology of HHK scaffold under scanning electron microscope (SEM). The morphology of 

HHK scaffolds was observed using a field-emission SEM (FESEM, JEOL, JSM-6340F) at an 

acceleration voltage of 5 keV, after samples’ cross-section was coated with gold by sputtering 

at 20 mA for 45 s. To view the keratin layers along the sample height, SEM images of 

horizontal cross-sections were taken at multiple locations. 

Micro-porosity measurement. To characterize micro-porosity, we used a liquid displacement 

method as established in the literature.[45]  Cylindrical keratin scaffolds (n = 3) were fabricated 

and the dimensions were measured using a digital vernier calliper to calculate scaffold volumes 

(Vs). The dry weight (Wd) of each HHK scaffold was measured using an electronic analytical 

balance. The scaffolds were immersed in 25 mL of isopropanol with density (ρi) of 0.786 g/mL 

under vacuum overnight to fill pores with isopropanol. The saturated scaffold was weighed (Ws) 

and the porosity was calculated using the following equation: 

Porosity =
(𝑊𝑠 −𝑊𝑑)/ρ𝑖

𝑉𝑠
× 100% 
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Fourier transform infrared spectroscopy (FTIR). The spectra of freeze-dried HHK sponges 

were determined using FTIR (Perkin Elmer Spectrum GX, Waltham, MA, USA). Samples 

were mixed with potassium bromide (KBr) powder and compressed to form a pellet before 

measurement. Measurement of the FTIR spectrum was carried out between a range of 4000 

and 400 cm-1 and a resolution of 2 cm-1. 

Mechanical property test on HHK scaffolds.  

Tensile test. The tensile strength of a sample was measured using Instron Mechanical Tester 

5567 (Instron Co. Norwood, MA, USA). The HHK scaffolds used for measurement were sheet-

like with ~2 mm thickness, 5 mm wide and 15 mm long. The sample was pulled at a constant 

speed of 5 mm/min until failure. Results were only accepted when failure was observed within 

the gauge length. The strength was determined by the peaks of stress-strain curves, the 

elongation was determined by the strain at the failure point. Each sample has six duplicates.  

Compression test. The compression strength of a sample was measured using an Instron 

Mechanical Tester 5567 (Instron Co., Norwood, MA, USA) until it reached 80% strain. The 

samples used for measurement were 10 mm thick and 16 mm in diameter. The loading speed 

was set at 1 mm/min. Each sample has six duplicates to get the average strength. 

In vitro cell culture study. 

Culture of human dermal fibroblasts (HDFs) on HHK scaffolds. HDFs were cultured in DMEM 

(Sigma) with 10% FBS (Hyclone) and 1% Pen/Strep (Hyclone) until they became confluent 

before being harvested from a sub-confluent culture using 0.25% trypsin. 20 000 cells/ml were 

seeded on top of HHK scaffolds that were placed in 24-well plates. The HHK scaffolds were 

fabricated into a sheet-like sponge with a thickness of ~2 mm. The sponge was customized 

into similar size of the well to cover the surface and soaked in PBS for 24 h before cells seeding. 
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Proliferation study by Alamar Blue assay. At each time point of cell culturing (1, 3, 7 days), 

the medium in the wells was removed, and the cells were washed twice with 1 × PBS. Fresh 

medium containing 10% Alamar Blue was added into the wells, and the cells were placed into 

an incubator at 37 °C and 5% CO2 for 3 h. Aliquots of the medium were subsequently 

transferred in triplicate to a 96-well plate, and absorbance was measured at 570/600 nm using 

a Microplate Reader (Synergy H1, BioTek, Singapore). Six distinct replicates were tested for 

each group at all time points.  

Cytotoxicity was determined by Live/Dead Viability Kit (Life Technologies, NY). Calcein AM 

and ethidium homodimer-1 were diluted in PBS at concentrations of 1: 2000 and 1:500, 

respectively, to prepare the live/dead staining solution. At each time point of culture, samples 

were washed 3x in PBS and incubated with staining solution for 30 min at 37 °C. All samples 

were then observed immediately using a Olympus fluorescence microscope (Olympus, Japan). 

The green color represents live cells and red color represents dead cells. 

Cell nucleus and F-actin staining. Briefly, the scaffolds after 7 days-culture were washed with 

PBS, fixed by 10% paraformaldehyde for 15 min, and then permeabilized by 0.1% triton-X100 

in PBS for 15 min. Afterward, samples were incubated in the mixed solution of iFluor488 

phalloidin (YEASEN) and 4,6-diamidino-2-phenylindole DAPI (Beyotime Biotechnology) for 

30 min. Finally, fluorescent images were taken by Olympus fluorescence microscope 

(Olympus, Japan) after the samples were washed 3x with PBS. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Schematic illustration of the fabrication process and morphology of HHK scaffolds 

fabricated via the ice templating method. (a) Keratin solution was extracted from human hair, 

cast into molds, frozen from the bottom up via contact with a cold plate and lyophilized. 

Aligned pores were obtained after sublimation of ice. (b) Thick sheet and (c) cylindrical HHK 

scaffolds were fabricated based on the respective molds. Microarchitecture of cylindrical 

scaffolds in the (d) transverse and (e) longitudinal directions were observed under scanning 

electron microscope (SEM). 
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Figure 2. Tuning of microarchitecture of HHK scaffolds by varying HHK concentration and 

freezing temperatures. The morphologies of HHK scaffolds fabricated at -80 °C with different 

concentrations were shown in both low and high magnification SEM images: (a, d) 35 mg/ml 

HHK, (b, e) 25 mg/ml HHK, (c, f) 15 mg/ml HHK. The morphologies of HHK (35 mg/ml) 

scaffolds fabricated at different freezing temperatures of (g) -80 °C, (h) -40 °C and (i) -20 °C 

were shown. (j) The morphology of an isotropic HHK scaffold fabricated using non-directional 

freeze drying method at the freezing temperature of -20 °C. 
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Figure 3. FTIR spectra of freeze-dried scaffolds made from various HHK concentrations, 

plotted over a (a) wide (400-400 cm-1) and (b) narrow (2000-400 cm-1) range of wavenumbers. 

Sample legend: (1) 35 mg/ml, (2) 25 mg/ml and (3) 15 mg/ml fabricated at -80 °C; (4) 25 

mg/ml HHK fabricated at -40 °C and (5) -20 °C. 

 



 

 22 

 

Figure 4. Tensile properties of HHK scaffolds. (a) Representative stress-strain curves and (b) 

plot of average ultimate tensile strength (UTS) of the HHK scaffolds fabricated across varying 

keratin concentrations. (c) Representative stress-strain curves and (d) plot of average UTS of 

HHK scaffolds loaded in directions parallel and perpendicular to the aligned pore channels, in 

comparison with keratin scaffolds with an isotropic pore structure. * p < 0.05, n=6, based on 

Student’s t test with two-tailed distribution. 
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Figure 5. Cytocompatibility of the HHK scaffolds. Cell viability of primary human dermal 

fibroblasts (HDFs) was determined by (a, b, c) live (green)/dead (red) imaging while metabolic 

activity was measured using the (d) AlamarBlue assay. (e) F-actin and cell nuclei staining on 

days 3 and 7 post-culture provide qualitative assessment of cell morphology and spreading on 

HHK scaffolds, in comparison with conventional tissue culture polystyrene (positive control) 

and isotropic HHK scaffolds made with non-directed ice-templating.  *p < 0.05, n=6, based on 

Student’s t test with two-tailed distribution. 
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In the present study, directed ice templating method is used to fabricate anisotropic human hair 

keratin (HHK) scaffolds with aligned microstructures, enhanced mechanical strength and 

excellent cells adhesion/spreading. This study suggests that HHK scaffolds with well-defined 

microstructure hold promise as templates for the regeneration of soft tissues by mimicking their 

anisotropic properties. 
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Fig. S1. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) of analysis 

of human hair keratin (HHK)
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Fig. S2. Morphology of anisotropic HHK scaffolds observed via SEM in the long range. 

 

 

 

 

 

 
Fig. S3. Morphology of scaffolds that contain 10 mg/ml HHK under SEM
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Fig. S4. Porosities of HHK scaffolds fabricated over freezing temperatures of -20, -40 and -

80 °C, using HHK concentrations of: 15, 25 and 35 mg/ml. * p < 0.05, n = 3, based on Student’s 

t test with two-tailed distribution. 
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Fig. S5. Secondary structures of keratin for two HHK scaffolds fabricated at -20 and -80 °C 

were evaluated by deconvolution of the amide I region (1600-1700 cm-1) using Origin 8.0 

software. The black and dash lines in a and b represent the experimental peak and the sum of 

the calculated peaks, respectively, whereas the grey lines correspond to the single calculated 

peaks. (c) Fraction of secondary structure of keratin was calculated based on the area of grey 

peak.  
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Fig. S6. Compression test on anisotropic HHK scaffolds. 

 

 

 

 

 

 

Fig. S7. The surface morphology of anisotropic scaffolds under fluorescence microscope. The 

sheet-like scaffolds were stained with ethidium homodimer-1 (red) after they were incubated 

in cell media for 3 days. As shown, the surface of anisotropic HHK scaffold in wet condition 

displayed an aligned feature which was created by ice templating method in comparison with 

isotropic scaffolds.  

 


