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Biocasting of an Elastin-Like Recombinamer and Collagen Bi-
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The development of vascular wall models will foster the development of preventive and therapeutic therapies for treating 

cardiovascular diseases. However, the physical and biological complexity of vascular tissue represents a major challenge, 

especially for the design and the production of off-the-shelf biomimetic vascular replicas. Herein, we report the development 

of a biocasting technique that can be used to replicate the tunica adventitia and the external elastic lamina of the vascular 

wall. Type I collagen embedded with neonatal human dermal fibroblast (HDFn) and an elastic click cross-linkable, cell-

adhesive and protease-sensitive elastin-like recombinamer (ELR) hydrogel were investigated as layers to the envisaged 

model. Mechanical characterization confirmed that the viscous and elastic attributes predominated in the collagen and ELR 

layers, respectively. In vitro maturation confirmed the collagen and ELR cytocompatibility, while histology revealed the wavy 

and homogenous morphology of the ELR and collagen layer respectively, the cell polarization towards the cell-attachment 

sites encoded on the ELR, and the enhanced expression of glycosaminoglycan-rich extracellular matrix and differentiation 

of the embedded HDFn into myofibroblasts. As a complementary assay, 30 % by weight of the collagen layer was substituted 

with the ELR. This model proved the possibility to tune the composition and confirm the versatile character of the technology 

developed, while revealing no significant differences with respect to the original construct. On-demand modification of the 

model dimensions, number and composition of the layers, as well as the type and density of the seeded cells, can be further 

envisioned, thus suggesting that this bi-layered model may be a promising platform for the fabrication of biomimetic 

vascular wall models.

Introduction 

Cardiovascular failure has the largest incidence worldwide 

among non-communicable diseases (NCDs). Indeed, whereas 

cancer, diabetes and chronic respiratory diseases together are 

estimated to be responsible for one third of NCD-related deaths 

in the elderly population (70 years and older), cardiovascular 

diseases alone account for 48 %1, with approximately half of 

these conditions corresponding to coronary artery disease2. 

This situation translates into an urgent need to develop 

biomimetic vascular models that provide the means to 

accelerate the investigation of novel therapies for 

cardiovascular complications from the laboratory bench3. 

Although bioengineered vascular wall models have evolved to 

mimic the native vascular conduits4, imitate the proper 

biological clues, elastic behavior and ability to remodel and 

growth still remains a challenge5. The ubiquitous mechanical 

and biological behavior exhibited by the vascular wall is 

reflected in its layered composition6. Thus, the tunica intima 

encompasses a minimal basal lamina supported on a thin elastin 

layer known as the internal elastic lamina (IEL). The IEL lumen 

acts as the substrate for the anti-thrombogenic monolayer of 

endothelial cells (ECs) while preventing migration of the 

contractile smooth muscle cells (SMCs) distributed across the 

tunica media7. This collagen-based layer is further enclosed by 

the external elastic lamina (EEL), which defines the beginning of 

the tunica adventitia, where fibroblasts (FBs), embedded in a 

collagen matrix, are found8. 

Strategies inspired by the ability of vascular cells to express their 

own extracellular matrix (ECM) and form tissue sheets when 

cultured in vitro have been exploited to design tubular vascular 

wall models. In this sense, FB-expressing and devitalized tubular 

sheets have been wrapped with cellularized layers prepared 

from SMCs (tunica media)9, FBs (tunica adventitia)10 and both11, 

and, in the latter two cases, subsequently luminally coated with 

a monolayer of ECs. Although these models intimately 

reproduced the vascular wall structure and composition, their 

long manufacturing process (several months) represents a 

significant limitation for their production and study on a large 

scale. 

Alternatively, use of ECM components, in combination with 

synthetic polymers, has been suggested to manufacture 

representative tubular models within a reasonable time. Thus, 

non-cellularized collagen and elastin models have been 

electrospun with crosslinking agents12, poly(caprolactone) 

(PCL)13 or silk fibroin14, and cellularized collagen models have 

been cast and reinforced with Dacron15, 16 or substituted with 

photo-crosslinked gelatin17. Although these approaches 

afforded vascular-like structures, their lack of cells or need to 

substitute or add non-ECM proteins constitutes a major 

handicap as regards recapitulation of the vascular wall. 

Herein we report a versatile approach for the manufacture of 

cellularized bi-layered elastin and collagen constructs as a 

model for the EEL and tunica adventitia. Neonatal human 

dermal fibroblasts (HDFn) were selected as the cell load for the 

collagen matrix of the bi-layered model envisaged. Their 

availability, inherent presence in the tunica adventitia and 

spatiotemporal remodelling activity on their host matrix18-20 
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were considered to be appealing features for the intended 

vascular design. Isolated and reconstituted type I collagen was 

then chosen as the building block for the outer layer21. This 

protein offers intrinsic biodegradability22-24 and cell-interactive 

properties25 while, as is the case for the tunica adventitia, 

working synergistically with the HDFn to enhance the 

mechanical response of the construct26, 27. 

Bioengineered elastin-like polypeptides based on the repetitive 

hydrophobic and elastic-conferring sequences of natural 

tropoelastin28 were selected for the inner layer of the model. 

These recombinantly produced polypeptides, also known as 

elastin-like recombinamers (ELRs), preserve the native 

hydrophobic phase-transition and elastic recoil in water29 while 

allowing the encoding and tethering of bioactive sequences 

such as cell-adhesive30, 31 and proteolytic sites32, 33. In addition, 

physically34, 35 or covalently crosslinkable domains36, 37 can be 

incorporated into their backbone to guide the formation of 

tunable and stable hydrogels without requiring initiators or 

releasing potentially cytotoxic by-products during the 

manufacturing stage. In this light, an elastin layer comprising 

two ELR versions, namely RGD-ELR, which contains the cell-

binding Arg-Gly-Asp tripeptide38, 39, and GTAR-ELR, which bears 

the proteolytic Gly-Thr-Ala-Arg tetrapeptide from the urokinase 

plasminogen activator system (uPA enzyme)40, 41, was chosen. 

In addition, in-situ click-crosslinkable domains were tethered to 

each ELR to provide a stable and elastic matrix when 

combined37. 

A bi-layered tubular model comprising an inner ELR and an 

outer HDFn-loaded collagen layer was produced upon 

subsequent addition of each component into a simple and 

versatile tubular mold. In addition, a model recapitulating the 

presence of elastin in the collagen-based tunica adventitia (30 % 

of ELR by weight) as well as a mono-layered ELR and collagen 

models as controls have been produced. Evolution of the 

viscoelastic properties, cell-mediated remodelling, in terms of 

matrix compaction and expression of ECM components, cell 

response and cell viability were examined after maturation in 

vitro for 3, 7 and 14 days. 

Materials and methods 

Cell culture 

Neonatal human dermal fibroblasts (HDFn, C0045C, Gibco, 

Thermo Fisher Scientific, Waltham, MA, USA) were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM, Gibco) 

supplemented with 10 % fetal bovine serum (FBS, Gibco), 1 % 

Penicillin-Streptomycin solution (Pen-Strep, Gibco), 5 µg/mL 

human insulin (Santa Cruz Biotechnology, Dallas, TX, USA), 

2 ng/mL Fibroblast Growth Factor-basic (FGFb, Gibco) and 

0.5 ng/mL Epidermal Growth Factor (EGF, Invitrogen, Thermo 

Fisher Scientific) at 37 °C in a humidified atmosphere under 

constant 5 % CO2. The experiments were performed with 

passages between 8 and 10. 

 

 

 

Fabrication of the mono- and bi-layered ELR-collagen model 

The two ELRs, namely RGD and GTAR, were expressed in E. coli 

bacteria and functionalized with azide and cyclooctyne groups, 

respectively. DNA recombinant techniques, bioproduction, 

modification, purification and characterization are described in 

detail elsewhere32, 42, 43. Type I collagen was extracted from rat 

tail tendons, sterilized and processed according to a reported 

protocol21. A 1:1 mixture (v/v) of the click-modified ELRs 

dissolved at 40 mg/mL in phosphate buffered saline (PBS) at 

4 °C was prepared and poured directly (1 mL) into a custom-

made 48 multiwell plate (Corning REF 353078, Corning, NY, 

USA) containing a polypropylene mandrel in the center (Ø = 

3.8 mm; Figure 1A). The plate was kept at 4 °C for 40 minutes 

and then at 37 °C for 40 minutes, thus allowing time for click 

crosslinking of the ELR chains in their solvated state37 while 

ensuring the subsequent phase transition of the ELR-hydrogel, 

respectively (Figure 1B). The hydrogel was gently detached from 

the well to obtain the ELR mono-layered model (Figure 1C). For 

the ELR mono-layered model, the expelled PBS was replaced 

with growth factor-free culture medium (DMEM supplemented 

with 10 % FBS and 1 % Pen-Strep, hereafter referred to as 

DMEM+) (Figure 1D), whereas for the bi-layered models, the 

PBS phase was immediately substituted by the outer HDFn-

cellularized collagen-based layer. 

The second layer was prepared containing either 0 % (Figure 1E) 

or 30 % of the ELR (%w/w) in collagen (Figure 1F). Thus, click-

complementary ELRs were mixed in a 1:1 proportion (v/v) at 

4 mg/mL in PBS at 4 °C and added directly, in the desired 

proportion (0 % and 30 % ELR %w/w), to a type I collagen 

solution prepared at 4 mg/mL in 0.02 N acetic acid. This solution 

was mixed with a neutralizing buffer solution (3.5× DMEM 

supplemented with 10 mM HEPES and 60 mM NaOH) and a 

suspension of HDFn (at 6 × 106 cells/mL) in DMEM+ in a 2:1:1 

proportion, respectively. A volume of 0.91 mL (2 mg 

protein/mL, pH 7.2 and HDFn density of 1.5 × 106 cells/mL) was 

poured around the ELR layer contained in the custom-made 48 

multiwell plate and kept at room temperature (r.t.) for 30 

minutes to form the outer collagen layer. The hydrogel formed 

was gently detached from the wall and DMEM+ medium was 

added to fill the well (Figure 1G and 1H), thus obtaining the bi-

layered models referred to as ELR-Col and ELR-Col70%ELR30%, 

respectively. Physical interactions may be established between 

the collagen and ELR layers during this stage. As described 

previously44, direct and water-mediated hydrogen-bonding 

interactions can arise between the peptide bonds and side 

groups present in both protein-based scaffolds, thereby 

triggering integration of the layers. 

The same volume of the solution used to prepare the 0 % ELR 

(%w/w) outer collagen layer (0.91 mL) was poured into the 

custom-made 48 multiwell plate (containing a Ø = 3.8 mm 

mandrel in the center) and kept at r.t. for 30 minutes (Figure 1I). 

Subsequently, the hydrogel formed was detached from the well 

and covered with DMEM+, thus giving the Col mono-layered 

model (Figure 1J). 

 



  

  

Please do not adjust margins 

Please do not adjust margins 

Figure 1. Schematic representation of the steps followed to manufacture the mono- and bi-layered models. Custom-made 48 multiwell plate containing a mandrel (Ø = 3.8 mm) in 

the center (A). Steps followed to prepare the ELR (B-C-D), ELR-Col (B-C-E-G), ELR-Col70%ELR30% (B-C-F-H) and Col (B-I-J). PBS: phosphate buffered saline; ELR: 1:1 mixture (v/v) of 

the click-modified RGD and GTAR; ELR-col: type I reconstituted collagen; HDFn: neonatal human dermal fibroblasts; NaOH: sodium hydroxide. 

 

The mono- and bi-layered ELR, Col, ELR-Col and ELR-

Col70%ELR30% models were matured at 37 °C and 5 % CO2 for 

3, 7 and 14 days, during which time the ELR and collagen layers 

acquired a reddish and whitish color, respectively. Four replicas, 

consisting of two samples for each condition and time point, 

were employed for the study. The culture medium was changed 

every two days. 

Macroscopic characterization 

A Leica DMS1000 B TL5000 microscope (Leica Biosystems, 

Wetzlar, Germany) was used to visualize the macroscopic 

evolution of the mono- and bi-layered models on days 3, 7 and 

14 during maturation in vitro. 

 

Histology: Histochemistry and immunohistochemistry 

The biocast models were rinsed in PBS and fixed in 3.7 % 

formaldehyde (Sigma-Aldrich, St Louis, MO, USA) at r.t. for 1 

hour. Samples were dehydrated and soaked in paraffin using an 

automatized tissue processor (Tissue-Tek VIP, Sakura, Torrance, 

CA, USA) prior to block-paraffin embedding and cutting into 

circumferential cross sections with a thickness of 5 µm using a 

rotary microtome (Leica RM 2125 RTS, Leica Biosystems). Slices 

were deparaffinised with xylene and rehydrated by successive 

washing with ethanol in deionized water at decreasing 

concentrations (100 %, 95 %, 80 %, 70 % and 0 %). For 

histological characterization, a modified Verhoeff Van Gieson 

Elastic Stain Kit (HT25A, Sigma-Aldrich), Papanicolaou’s solution 
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1a Harris hematoxylin (1.09253, Sigma Aldrich) and eosin Y 

solution (318906, Sigma Aldrich) were used according to 

standard protocols. In addition, Alcian blue 8GX (A5268, Sigma 

Aldrich) solution in acetic acid was employed to examine the 

polysaccharides content. For immunohistochemistry, slices 

were rinsed three times in PBS 1X, permeabilized with 0.1 % 

TritonTM X-100, introduced in a humidified chamber and 

incubated for 1 h at r.t. in 5 % bovine serum albumin (BSA). 

Subsequently, slices were rinse twice (PBS 1X) and incubated 

individually with anti-α-smooth muscle actin (anti-α-SMA, 

A5228, 1:400, Sigma Aldrich) and anti-focal adhesion kinase 

(anti-FAK, SAB4502498, 1:400, Sigma Aldrich) in 1 % BSA (in PBS 

1X) at 4 °C overnight. Slices were subsequently rinsed three 

times with PBS 1X and incubated with goat anti-mouse IgG H&L 

conjugated to Alexa Fluor 568 (ab175473, 1:500, Abcam) and 

goat anti-rabbit IgG H&L conjugated to Alexa Fluor 488 

(ab150077, 1:500, Abcam) secondary antibodies in 0.2 % BSA (in 

PBS 1X) for 2 h at r.t., respectively. Fluoroshield Mounting 

Medium with DAPI (ab104139, Abcam) was used to 

counterstain the samples from immunostaining prior to 

observation. Images were acquired using a Nikon Eclipse 80i 

microscope and an inverted Nikon Eclipse Ti-E epifluorescence 

microscope coupled to a DS-2MBWc camera, using the NIS-

Elements AR software package (Nikon Corporation, Minato, 

Tokyo, Japan). The distribution of cells in the cellularized 

collagen layer of the Col, ELR-Col and ELR-Col70%ELR30% 

models was evaluated quantitatively by selecting three 

randomly chosen internal, middle and external areas of the 

hematoxylin and eosin (H/E) stained samples. 

Compaction characterization 

As previously reported45, contraction of the tubular models was 

evaluated by measuring the length with a caliper and the 

external and internal diameters with a scanning laser 

interferometer (LaserMike 136, Series 183B, NDC Technologies, 

Dayton, OH, USA). The mean and standard error of the mean for 

four different experiments are shown. 

Cellular metabolic activity 

The metabolic activity of the cellularized models was evaluated 

using the AlamarBlue Cell Viability assay (Thermo Fisher 

Scientific). Thus, culture medium was removed at the selected 

time points (3, 7 and 14 days) and replaced with 0.8 mL of 

resazurin solution in DMEM (1:10). After incubation at 37 °C and 

5 % CO2 for 4 hours, HDFn reduced the resazurin to fluorescent 

resorufin by aerobic respiration, thus allowing the metabolic 

activity to be measured. A multi-well plate spectrophotometer 

(Bio-Rad Model 450, Mississauga, ON, Canada) was employed 

to measure the fluorescence (λex = 560 nm; λem = 590 nm) 

normalizing the obtained values against the Col model at day 3 

for each condition. The mean and standard error of the mean 

for four different experiments are shown. 

Mechanical characterization 

The biocast models were mechanically characterized using an 

Instron E1000 (Instron Corporation, Norwood, MA, USA) 

equipped with a 5 N load cell. In order to approximate the 

measurement conditions to a physiological environment, ring-

shaped samples with a length of 4-5 mm were immersed in PBS 

at 37 °C and conditioned to a 5 % circumferential strain with the 

help of two custom-made L-shape grips. The strain value (ε) was 

calculated as follows (Equation 1): 

𝜀 =
𝑙−𝑙0

𝐷𝑖𝜋
2⁄
 (Eq. 1) 

where l-l0 corresponds to the gap between the positions after 

mounting the specimen at zero force (l0) and once the load has 

been applied (l), and Diπ/2 corresponds to half the 

circumference of the sample, i.e. Di represents the internal 

diameter. From the applied 5 % strain, five progressive stress-

relaxation cycles, each consisting of 10 % strain ramps (5 %/s 

strain rate) and 600 seconds of relaxation at constant strain, 

were performed. Once the last cycle (55 % strain) was 

complete, a uniaxial test to failure was performed at a 5 %/s 

strain rate. The coefficient between the measured force and the 

initial cross-sectional area of the sample defined the stress (σ) 

(Equation 2): 

𝜎 =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑓𝑜𝑟𝑐𝑒

2 · (𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) ·(𝑊𝑖𝑑𝑡ℎ)
  (Eq. 2) 

Elongation and stress values up to 45 % strain, were fitted to the 

Maxwell-Wiechert model (Equation 3)46 using MATLAB 

(MathWorks, Natick, MA, USA), thus providing the initial (E0) 

and equilibrium elastic modulus (EE) for the biocast models: 

𝜎(𝑡) = 𝜀0𝐸𝐸 + 𝜀0𝐸1 ∙ exp (−
𝑡

𝜏1
) + 𝜀0𝐸2 ∙ exp (−

𝑡

𝜏2
) (Eq. 3) 

Herein, the stress at a given time in each relaxation cycle is 

represented by σ(t), the applied strain by ε0, the elastic 

components by Ei and the relaxation times by τi = ηi/Ei (i = 1 and 

2). The initial elastic modulus (E0) results from the sum of E1, E2 

and EE, while the test to failure determines the corresponding 

tensile strength and strain at break. The mean and standard 

error of the mean for four different experiments are shown. 

Statistical analysis 

GraphPad Prism 7 (GraphPad software, La Jolla, CA, USA) was 

employed to compare the gathered data using a two-way 

ANOVA with post-hoc Tukey test (level of significance of 0.05). 

Statistical significance was represented with the following code: 

ns p > 0.05; *p ≤ 0.05 and **p < 0.001. 

Results 

Manufacture of mono- and bi-layered models: Biocasting 

technique 

Mono- and bi-layered models imitating the EEL and tunica 

adventitia of the vascular wall47, 48 have been fabricated by 

sequentially combining an ELR and an HDFn-cellularized 

collagen solution using a biocasting technique. The use of a 

cylindrical container (48 multiwell plate) with a mandrel in the 

central position (Ø = 3.8 mm) served as the tubular mold. 

Preliminary designs for the mold involving the use of one or two 

tubular pieces between the mandrel and the wall of the well 

were investigated to fabricate the bi-layered model. However, 

these preliminary approaches increased the number of steps 

and sample handling in detriment to the sterility and 

reproducibility of the technique. Indeed, the inherent ability of 

the ELR to hydrophobically fold in response to a change in 

temperature49, and the ability of the collagen to self-assemble 
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and remodel upon embedding with cells20, 50, made use of the 

tubular pieces dispensable. As such, the gelation time was 

optimized for each layer, thus ensuring the integrity of the 

crosslinked ELR matrix prior to the addition of the external 

collagen layer and manufacture of the bi-layered model. 

As detailed, the ELR solution was added to the tubular mold first 

and then left at 4 °C for 40 minutes to allow homogeneous 

gelation of the solvated and unfolded ELR chains (Figure 1B). 

The mold was then heated to 37 °C for 40 minutes, thus 

inducing the phase transition and favoring detachment of the 

ELR hydrogel from the well prior to the addition of the HDFn-

cellularized collagen (Figure 1C). The expelled solvent (PBS) was 

removed and the second HDFn-cellularized layer, containing 

0 % or 30 % ELR (% w/w) in collagen, was injected directly 

(Figure 1E-F). The mold was kept at r.t. for 30 minutes to allow 

the gelation of the collagen layer and formation of the bi-

layered model (Figure 1G-H). 

As seen in the macroscopic view, the mono-layered ELR model 

exhibited an intense orange to red color, whereas a whitish 

appearance prevailed for Col over time (Figure 2A-B). In 

addition, a wavy morphology was observed for the ELR, which 

contrasts with the smooth appearance displayed by Col. 

Manipulation of these mono-layered models further evidenced 

their different mechanical properties, showing that Col sections 

(≈ 3 mm height) were unable to remain in a vertical position at 

the studied time points (Figure 2B). 

The morphological features displayed by the mono-layered 

models remained unaffected upon fabrication of the bi-layered 

ELR-Col (Figure 2C), with a reddish and undulating pattern being 

observed for the inner ELR layer and a whitish and homogenous 

layer for the outer collagen. No differences were noted when 

substituting 30 % of collagen for ELR (ELR-Col70%ELR30%), 

finding a similar morphology, color and ability to remain vertical 

for both bi-layered models (Figure 2C-D). 

Histology 

Cross sections of the models stained with the Elastic Stain Kit 

allowed the morphology and compaction of the mono- and bi-

layered models upon maturation in vitro to be examined in 

greater detail with time (Figure 3). 

The ELR model showed an irregular wavy pattern that 

experimented a slight reduction in wall thickness with time 

(Figure 3A). On the other hand, a homogeneous disc that 

progressively decreased in thickness was found for Col (Figure 

3B). These layers appeared detached in the bi-layered models, 

with a thinner thickness being observed for the collagen layer 

than for the mono-layered Col at the time points studied (Figure 

3C-D). 

 

Figure 2. Macroscopic view of the biocast mono- and bi-layered models. Except for the Col models, which are unable to stand vertical, representative top and side views of the (A) 

ELR, (B) Col, (C) ELR-Col and (D) ELR-Col70%ELR30% at days 3, 7 and 14 are shown in each column. Scale bar: 2 mm. 
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Compaction and HDFn metabolic activity 

The dimensions of the fabricated models allowed the evaluation 

of the compaction with time. ELR showed twice the residual 

volume when compared to Col at day 3 (p < 0.001, Figure 4A). 

This difference was maintained over time, with a slight 

compaction being observed for both mono-layered models at 

days 7 and 14. A drastic reduction in initial volume was also 

observed for ELR-Col at day 3 (Figure 4A). This bi-layered model 

reproduced the trend reported for ELR and Col, showing a slight 

decrease and stabilization of the residual volume at days 7 and 

14, respectively (Figure 4A). 

Figure 3. Evolution of the ELR and collagen layers in the mono- and bi-layered models upon maturation in vitro for two weeks. Representative images of (A) ELR, (B) Col, (C) ELR-Col 

and (D) ELR-Col70%ELR30% stained with the elastic stain kit at days 3, 7 and 14. 
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The 30 % substitution of collagen for ELR resulted in a slight 

higher compaction, with no significant differences at day 3 (p > 

0.05, Figure 4A). Nevertheless, this effect approximated the 

ELR-Col70%ELR30% residual volume to that of Col (p > 0.05), 

with the significant difference observed between Col and ELR-

Col disappearing at the time points studied (p ≤ 0.05). 

Splitting the residual volume into residual length and wall 

thickness further contrasted the behavior of the ELR and 

collagen matrix in these models. Figure 4B shows a marked 

reduction in the length of the Col model when compared to ELR 

(p < 0.001). However, this gap was not replicated for the wall 

thickness (Figure 4C), with no significant differences being 

found between ELR and Col (p > 0.05). As suggested in previous 

studies51, 52, Col exhibits a stronger compaction in the cross 

section than in the longitudinal direction, with this effect also 

being observed for the ELR model but to a lesser extent. The bi-

layered models studied reproduced the response displayed by 

ELR (p > 0.05), whereas the opposite effect was observed when 

compared with Col (at least p ≤ 0.05). 

The cytocompatibility of the ELR-Col model was then evaluated 

using the Col model as control, since this property has been 

extensively studied for cellularized collagen gels53. As seen in 

Figure 4D, although a slight reduction in metabolic activity was 

observed for ELR-Col at day 3, no significant differences were 

found at the time points studied (p > 0.05). This response was 

replicated by ELR-Col70%ELR30% confirming that the collagen 

matrix and the click-crosslinked ELR provide an appropriate 

environment for in vitro maturation of the embedded HDFn32, 

36. 

Mechanical characterization: Elastic modulus 

Circumferential tensile stress-relaxation tests were performed 

to determine the mechanical response of the models. The initial 

(E0) and equilibrium (EE) elastic moduli were obtained 

immediately after application of the load and at the end of the 

relaxation process respectively, allowing the short- and long-

term response of the models to the subjected strain to be 

evaluated. 

At day 3, the ELR exhibited an equilibrium elastic modulus (EE) 

three times higher than that for Col (p < 0.001), thus revealing 

the higher mechanical response of the ELR matrix. 

Nevertheless, this difference decreased from p < 0.001 to p ≤ 

0.05 after maturation in vitro for two weeks (Figure 5A). 

Figure 4. Evolution in the dimensions of the mono- and bi-layered models accompanied by the metabolic activity of the HDFn upon maturation in vitro for two weeks. (A) Residual 

volume (% with respect to day 0), (B) length and (C) wall thickness of ELR, Col, ELR-Col and ELR-Col70%ELR30% at days 3, 7 and 14. (D) Cell metabolic activity of HDFn embedded in 

the collagen layer of Col, ELR-Col and ELR-Col70%ELR30% (relative to Col at day 3) measured using the AlamarBlue assay at days 3, 7 and 14. (n=4, ^ p ≤ 0.05 for ELR-Col vs Col; $ p ≤ 

0.05 for ELR-Col vs Col; # p ≤ 0.05 for ELR-Col and ELR-Col70%ELR30% vs Col; p > 0.05 was found for the comparisons not represented in the graphs). ** stands for p < 0.001. 
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No statistically significant differences between ELR-Col and ELR 

model were found at any time point (p > 0.05), whereas the 

opposite result was found for Col (p < 0.001). ELR-

Col70%ELR30% replicated the behavior displayed by ELR-Col 

(p > 0.05), thus showing the predominant effect of the inner ELR 

layer over the mechanical response in the bi-layered models 

(Figure 5A). 

As seen in Figure 5B, no significant differences were found 

between the E0 values of the mono-layered models (p > 0.05), 

with a progressive increase being observed for Col with time 

(Figure 5B). This increase was reproduced in the bi-layered 

models, with ELR-Col and ELR-Col70%ELR30% being found to be 

essentially indistinguishable at the time points studied (p > 

0.05). 

The coefficient between the equilibrium and initial elastic 

modulus (EE/E0) evidenced the higher elasticity displayed by ELR 

when compared to Col (p < 0.001). Despite this, whereas the 

EE/E0 ratio remained virtually unaltered for ELR, exhibiting a 6 % 

increase after two weeks, a 23 % increase was found for Col 

(Figure 5C). ELR-Col replicated the EE/E0 ratio exhibited by the 

ELR, and also reproduced the increase observed for Col at day 

14 (Figure 5C). Similarly, partial substitution of the collagen 

layer for 30 % ELR by weight (ELR-Col70%ELR30%) resulted in 

essentially the same EE/E0 evolution and range of values as 

found for ELR-Col (p > 0.05). 

Mechanical characterization: Tensile strength and strain at break 

A circumferential uniaxial test to failure allowed the tensile 

strength and strain at break for the models to be determined at 

days 3, 7 and 14. 

For ELR, a progressive increase in tensile strength at break was 

observed with time (Figure 5D), differing significantly from Col 

at days 7 and 14 (p ≤ 0.05). The ELR response and range of 

values was replicated by ELR-Col, with no significant differences 

being found over time (p > 0.05). Substitution of 30 % of the 

collagen layer for ELR by weight resulted in a slight but 

statistically insignificant increase after two weeks (p > 0.05), 

thereby corroborating the dominating character of the ELR layer 

over the strength at break of the bi-layered models. 

Figure 5E shows strain at break values seven times larger for ELR 

than for Col at days 3, 7 and 14 (p < 0.001). As for the strength 

at break, bi-layered ELR-Col and ELR-Col70%ELR30% preserved 

the behavior displayed by the ELR (p > 0.05), thus reproducing a 

slight increase and stabilization of the elongation at break 

values over time. 

Figure 5. Evolution of the mechanical properties displayed by the mono- and bi-layered models measured by performing a circumferential tensile stress-relaxation and uniaxial 

tensile test to failure upon maturation in vitro for two weeks. (A) Tensile equilibrium elastic modulus (EE), (B) tensile initial elastic modulus (E0), (C) EE/E0 ratio, (D) tensile strength 

and (E) tensile strain at break for ELR, Col, ELR-Col and ELR-Col70%ELR30% at days 3, 7 and 14. (n=4, # p < 0.001 for ELR, ELR-Col and ELR-Col70%ELR30% vs Col; $ p ≤ 0.05 for ELR 

and p < 0.001 for ELR-Col and ELR-Col70%ELR30% vs Col; ^ *p ≤ 0.05 for ELR, ELR-Col and ELR-Col70%ELR30% vs Col; ns p > 0.05 was found for the comparisons not represented in 

the graphs). ** stands for p < 0.001. 
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Histochemistry and immunohistochemistry 

H/E staining confirmed the progressive contraction observed 

for Col and revealed HDFn polarization towards the external 

surface in contact with the culture medium with time (Figure 

6A). Significant differences between the number of cells in the 

external and internal regions of this model were found at day 3 

(p ≤ 0.05), with this polarization becoming more pronounced at 

days 7 and 14 (p < 0.001, ESI, Figure ES1). In contrast, the cells 

contained in the collagen layer of the bi-layered models 

exhibited a preferential distribution towards the internal 

surface in contact with the ELR (Figure 6A). Again, statistically 

significant differences were found between the external and 

internal regions of the collagen matrix at days 3, 7 and 14 (p < 

0.001).  

Alcian blue staining showed the presence of sulfated glucose-

amino-glycan-rich extracellular matrix54, 55 in the collagen 

matrix of Col and the bi-layered models, and supported the 

observed polarization towards the external and internal 

surfaces, respectively (Figure 6B). 

Immunofluorescence suggested the presence of α-SMA and FAK 

in Col at day 3, and further revealed the observed cell 

polarization towards the external surface at days 7 and 14 

(Figure 6C-D). α-SMA and FAK were also detected in the 

cellularized collagen layer in the ELR-Col and ELR-

Col70%ELR30% models at days 3, 7 and 14 (Figure 6C-D). In 

addition, as reported by H/E staining, cells showed a 

preferential arrangement towards the internal surface in 

contact with the ELR layer. 

Discussion 

A versatile biocasting technique for the manufacture of tubular 

bi-layered models replicating the EEL and tunica adventitia of 

the vascular wall is reported herein. Specifically, HDFn, ELR and 

collagen proteinaceous scaffolds have been explored, thus 

replicating the native composition and structure of the vascular 

wall in a reproducible and reduced time period of around 2 

hours. 

Figure 6. Evolution of cells, polysaccharides, α-SMA and FAK in the cellularized collagen layer upon maturation in vitro for two weeks. Representative images of the HDFn embedded 

collagen matrix for Col, ELR-Col and ELR-Col70%ELR30% stained with (A) hematoxylin and eosin, (B) Alcian blue, (C) α-SMA and DAPI, and (D) FAK and DAPI at days 3, 7 and 14. The 

left side of the section corresponds to the internal surface of the cellularized collagen layer in contact with the mandrel (Col) or ELR layer (ELR-Col and ELR-Col70%ELR30%), whereas 

the right side corresponds to the external surface in contact with the culture medium. 
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In addition to the simplicity and efficiency of the manufacturing 

process, the reported technique offers the possibility to adjust 

some of the parameters of the sample, such as the length, 

internal and external diameter, composition of the layers, and 

the cell type and density. Indeed, these features vary 

extensively along the vascular tree56, thus suggesting that the 

technique developed herein may be a suitable approach for the 

design and manufacture of specific vascular wall models on 

demand. 

The designed bi-layered model, referred to as ELR-Col, has a 

physiological-like appearance (Figure 2C). This finding can be 

related to the hydrophobic and hydrophilic character of the ELR 

and collagen matrix employed, respectively. The hydrophobic 

phase transition occurring between the ELR chains may tightly 

compact the ELR matrix 57, thus resulting in the undulating EEL 

morphology6, 7 and intensifying red color, presumably due to 

absorption of phenol red from the culture medium with time 

(Figure 2C). In contrast, the hydrophilic character and hydrogen-

bonding interactions governing self-assembly of the collagen 

matrix58, 59 may produce the observed homogeneous pattern, 

thus imitating the smooth tunica adventitia instead6, 7. 

Substitution of 30 % of the collagen for ELR by weight was found 

to be insufficient to confer a red color on the collagen layer 

while preserving the macroscopic features displayed by the 

original model (Figure 2D). 

Histological characterization offered a better view of the matrix 

morphology of the ELR and collagen layers during maturation in 

vitro for two weeks. Wavy and fenestrated conformations 

became more evident in the ELR layer of the mono- and bi-

layered models over time (Figure 3A,C-D). This pattern, which is 

characteristic of the internal and external elastic laminae6, 

arises due to the bioinspired composition of the ELR, thus 

conferring a native morphogenetic response upon maturation 

in the biological incubator (37 °C and 5 % CO2). As described 

previously47, this conformation contributes to the mechanical 

response of the vascular wall, providing the elastic fibers with 

the ability to extend and store strain during the cyclic loading 

and unloading stages. As mentioned above, the compaction 

observed for the cross sections appears to arise from the 

hydrophobically folded state of the ELR chains at 37 °C, which 

favors progressive aggregation of the ELR chains in the 

crosslinked matrix49, 60. 

In contrast, the collagen layer exhibits a smooth conformation 

accompanied by a pronounced volume compaction over time 

(Figure 3B-D). This morphology resembles the native 

appearance of the tunica media and adventitia61, whereas the 

progressive reduction in volume was assigned to HDFn cell 

attachment and remodeling activity over time20, 62. As described 

previously63, 64, the arrangement of collagen fibers is highly 

sensitive to the presence of cells and, in this regard, the 

embedded HDFn cells in this system are thought to exert 

traction forces that compact the protein chains in the short 

term65, 66. Whereas, the presumed packed and matured state of 

the collagen fibrils may prevent enzymatic degradation while 

favoring ECM deposition with time67. 

Histological characterization shed further light on the 

integration between the two layers in the designed models. 

Although a number of non-covalent interactions may be 

established between the ELR and collagen layers44, they are 

unable to preserve the integrity of the construct once subjected 

to the automatized tissue processing step. This treatment, 

which comprises several washings in EtOH/aqueous phases, 

toluene, and melted paraffin may influence the ELR and 

collagen matrix differently, thereby provoking the delamination 

between layers prior to microtome cutting and staining (Figure 

3). As reported previously68, a synergic interplay between 

chemistry (covalent and non-covalent interactions), topology 

and mechanics is required to achieve strong interfacial 

adhesion. Although traditional approaches, such as surface 

modification or the incorporation of artificial adhesives, can be 

considered as an effective solution, is not ideal as regards 

biomimicry of the vascular wall. Instead, cohesion of the 

collagen and ELR chains should be addressed at a molecular 

level. One possibility may involve reducing the ELR crosslinking 

time, thus facilitating penetration of the collagen molecules and 

inter-layer integration at the interface. Alternatively, 

topological adhesion technologies involving pH-responsive 

polymer coatings between the layers69 may serve to 

interconnect the proteinaceous networks at the molecular 

scale. Here, the reconstituted collagen solution can be used in 

the same way, serving as a liquid coating at acid pH that diffuse 

and entangle the ELR and collagen layer as the pH equilibrates 

and gelation takes place. In addition, the unreacted click 

domains exposed on the ELR layer surface can be further 

exploited as anchoring sites for the collagen. The use of 

azidoproline-substituted70 or click catalyst-free conjugated 

collagens71 may provide a powerful covalent crosslinking 

approach, thereby strengthening the interfacial adhesion and 

overall cohesion of the biocast models. 

Mechanical characterization by way of circumferential stress-

relaxation cycles, followed by a uniaxial test to failure, allowed 

the response of the designed models to be evaluated under 

similar vasodilation and constriction events to those 

experimented in the vascular wall72. As can be seen, ELR-Col 

showed an equilibrium elastic modulus (EE) resulting from a 

combination of the behaviors exhibited by ELR and Col 

individually (Figure 5A). Thus, the ELR layer may confer high EE 

values as a result of the crosslinked and hydrophobically coiled 

chains29. In contrast, in vitro maturation of the collagen-

embedded cells may exert cohesive and alignment forces on the 

collagen fibers64 as they progressively express their own ECM73, 

74 reinforcing the mechanical properties at day 14. Similarly, this 

response was replicated for the E0 and EE/E0 values (Figure 5B-

C), further revealing the reduced viscous and predominantly 

elastic behavior of ELR-Col75. Indeed, the intrinsic elasticity of 

the elastin protein plays a key role in the vascular wall. During 

loading cycles, the elastic fibers share the increased blood 

pressure with the relatively stiff collagen by undergoing a 

deformation in the circumferential direction. At this point, the 

elastic fibers permit the accumulation of strain while preventing 

slippage of the collagen. Tension is released at the end of each 
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pulse, thus resulting in recovery of the wall morphology and 

preparing the conduit for the following loading stage76, 77. 

As reported for the elastic moduli, the contribution of the ELR 

layer prevailed over the ELR-Col in terms of tensile strength and 

strain at break (Figure 5D-E). This response corroborated the 

inherent ability of the crosslinked and hydrophobically 

assembled ELR matrix to elongate and store energy while 

delaying the failure of the model with increasing strain. As such, 

the ELR layer may assist the outer collagen during the uniaxial 

test, thus explaining the slight reduction in the strain at break 

seen upon comparison with the mono-layered ELR (Figure 5E). 

This observation appears to be supported by collagen-based 

models where lower elongation at break values have been 

reported74. 
Interestingly, the ELR-Col70%ELR30% model showed no 

significant differences in terms of EE, E0, tensile strength and 

strain at break when compared with ELR-Col (p > 0.05). This 

result confirms the versatile nature of the technique developed 

as regards selection of the ELR composition of the outer layer, 

up to a 30 %, without compromising the mechanical response. 

This ability can be further envisaged for addressing the reduced 

elastogenesis achieved by cellularized collagen-based models64, 

73, 78, biomimicking the vascular elastic fibers and approaching 

the native physiology7. 

As found, the mechanical properties displayed by the designed 

bi-layered model differ markedly from those reported for the 

native coronary artery (elastic modulus and strength at break 

values of the order of 1.4 MPa)79-81. The ECM in vascular walls, 

which mainly comprises mature collagen and elastic fibers, 

appears to display a tightly organized and aligned structure 

along with cells, namely ECs, SMCs and FBs6. This synergic 

arrangement provides the unique mechanical behavior of the 

vascular wall, thus preventing a direct comparison between our 

bi-layered model and the native tissue. Selection of the cell type 

and cell density may be a powerful tool for modulating the 

mechanical properties of the model developed herein. 

According to related studies found in the literature, the 

substitution of HDFn for SMCs should induce a stronger 

compaction of the collagen matrix64, while a higher cell density 

can complement this effect by intensifying ECM expression and 

matrix remodeling in a shorter maturation time82. Both these 

modifications may result in reinforcement and approximation 

to the vascular wall mechanics in an elegant and controlled 

fashion. 

In contrast, the ELR-Col and ELR-Col70%ELR30% models 

withstood elongations at break ten times larger than the native 

coronary artery (ca. 54 %)80. Indeed, these models further 

exceeded the strain at break exhibited by the elastic fibers of 

ligaments (≈200 %)83. The presence of microfibrils intertwined 

with the elastin84, along with the accompanying cells, collagen 

and the thin conformation found for the internal and external 

elastic laminae6, seems to compromise the extensibility of the 

native tissue, thus resulting in the large difference found with 

the bi-layered models manufactured herein. 

The ELR layer not only serves for reproducing the commonly 

overlooked ELL85-87 but also offers a tailorable scaffold for 

including bioactive domains able to modulate the cell behavior 

towards a physiological-like vascular wall model. Here, 

embedded HDF appear to respond to the cell-adhesive and 

proteolytic sites encoded in the ELR matrix. As described 

previously51, the impaired diffusion of oxygen and nutrients 

from the culture medium to the internal surface of the collagen 

matrix can trigger cell polarization towards the external surface 

of Col (ESI, Figure ES1). Nevertheless, this tendency appears to 

be counteracted in the bi-layered models, where the cell-

adhesive clues encoded in the ELR layer reverse this 

polarization, thereby stimulating migration towards the vicinity 

of the ELR-Col interface. Moreover, the protease-sensitive 

sequences included in the ELR matrix can also be considered to 

be promoters of the cell polarization observed. However, no 

signs of cells penetrating the ELR layer were found (ESI, Figure 

ES2) proving that degradation and cell-infiltration of the ELR 

matrix during the time studied is negligible. This result is in 

accordance with previous studies32, in which a period of three 

weeks was required to trigger enzymatic digestion of an ELR 

matrix implanted subcutaneously in mice. In addition, fibroblast 

cells have also been shown to maintain an activated state during 

maturation in vitro for two weeks74, thus suggesting a 

preferential expression of ECM components and reduced 

biodegradable activity that preserves the protease-sensitive 

ELR layer. 

This hypothesis was supported by Alcian blue staining, which 

revealed the presence of acid (carboxylated and sulphated) 

polysaccharides in the cellularized collagen layer of the mono- 

and bi-layered models (Figure 6B)88. These molecules, which 

conform the glycosaminoglycans (GAGs) and proteoglycans 

(PGs) responsible for cell attachment and migration in the 

ECM89, 90, are abundantly produced and focally secreted by the 

HDF when behaving as myofibroblasts91. These cells, which are 

characteristic of wound-healing processes92, display 

contractile93, adhesive94, mechanosensory95 and migratory 

properties96 as a result of their active expression of α-SMA and 

FAK, amongst others. As can be seen in Figure 6C and 7D, both 

components were detected in the collagen layer of the Col, ELR-

Col and ELR-Col70%ELR30% models, thus indicating the 

differentiation of HDFn into myofibroblasts. It is believed that 

the interplay between cells and the collagen matrix can induce 

this effect. HDFn reorganize and align the collagen fibrils parallel 

to the mandrel, thereby contracting the matrix and generating 

mechanical stress97. This environment is sensed by the cells, 

which begin to differentiate into myofibroblasts and to remodel 

the ECM98 by de-novo expression of stress fibers and adhesion 

complexes99. Positively, this adaptative process that resembles 

the events occurring during coronary repair100 may result in 

cellular and ECM arrangements closer to those found in the 

native vascular wall. 

In summary, the biomimetic character of the ELR and 

cellularized collagen layers, along with the high versatility of the 

biocasting technique, in terms of cell type, cell density, layer 

dimensions and composition, highlights the potential of the 

technology described herein for the manufacture of novel 

vascular wall replicas for cardiovascular applications. 
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Conclusions 

A biocasting technique for the manufacture of EEL and tunica 

adventitia bi-layered models has been developed using an ELR 

and an HDFn-cellularized collagen layer. The selected click 

catalyst-free covalent approach, along with the hydrophobically 

folded state of the ELR matrix at r.t., confers elastic properties 

to the inner ELR layer while mimicking the wavy morphology 

found in the native elastic lamina. On the other hand, the 

cellularized collagen matrix exhibits a more viscous character 

with a smooth morphology similar to that displayed by the 

tunica adventitia. Maturation in vitro revealed the ability of the 

cell-adhesive domains, encoded in the ELR sequence, to 

preserve the cytocompatible character of the collagen model 

and reverse the HDFn polarization from the outer surface, in 

contact with the culture medium, to the ELR-collagen interface. 

Histology studies showed the enhanced expression of ECM 

components, such as α-SMA, FAK, and acid polysaccharides 

conforming GAGs and PGs, thus indicating the differentiation of 

HDFn into myofibroblasts and the cell-remodelling activity over 

the collagen matrix. The partial substitution of collagen for ELR 

(30 % by weight) was found to preserve the mechanical and 

biological features of the bi-layered model, highlighting the 

versatile character of this biocasting technique for tuning the 

composition of the layers. This technology may be applicable to 

the design of novel biomimetic tubular models for the study of 

vascular wall biomechanics and cardiovascular diseases. 
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