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Abstract Elastin-like recombinamer click gels (ELR-

CGs) for biomedical applications, such as drug delivery or

tissue engineering, have been developed by taking advan-

tage of the click reaction (CuAAC) in the absence of tra-

ditional crosslinking agents. ELRs are functionalized with

alkyne and azide groups using conventional chemical

techniques to introduce the reactivity required to carry out

the 1,3-dipolar cycloaddition under mild biocompatible

conditions, with no toxic by-products and in short reaction

times. Hydrogels with moduli in the range 1,000–10,000 Pa

have been synthesized, characterized, and tested in vitro

against several cell types. The cells embedded into ELR-

CGs possessed high viability and proliferation rate. The

mechanical properties, porosity and swelling of the resulting

ELR-CGs can easily be tuned by adjusting the ELR con-

centration. We also show that it is possible to replicate

different patterns on the hydrogel surface, thus allowing the

use of this type of hydrogel to improve applications that

require cell guidance or even differentiation depending on

the surface topography.

1 Introduction

New biomaterials are currently required to satisfy the

needs and expectations of researchers in the bioscience

and biotechnology fields. The desirable features of such

materials include biocompatibility, specific mechanical

properties, cell-friendly behaviour, non-toxic degradation

products, and ease of handling. The development of

functional materials often involves the generation of well-

defined micro- and nanopatterned surfaces. The design

and development of systems with a well-defined topo-

graphical biochemical activity and controlled mechanical

properties is a hot research topic due to their potential

biomedical applications [1, 2]. Cell behaviour can be

conditioned by a specific and well-defined topography of

the material surface, either alone or in combination with

specific bioactivity, thus leading to a promising strategy

for controlling cellular organization and function in tissue

engineering [3, 4]. For instance, topographical patterns

have been used to facilitate cell adhesion [5], direct cell

migration [6], enhance cell proliferation [7], and control

cell differentiation [8], and, according to the work of

Engler et al. [9], surface stiffness can also be used to

modify the cell phenotype.

Elastin-like recombinamers (ELRs) are protein-based

polymers obtained by recombinant DNA technologies, thus

allowing the bioproduction of protein polymers with well-

defined, complex and controlled sequences. ELRs can in-

clude different bioactive sequences [10], such as those for

cell adhesion and proliferation or sequences sensitive to

enzymes [11]. These materials are based on the repetition

of short peptides considered to be building blocks in nat-

ural elastin [12]. The wide range of interesting properties

exhibited by this family of polymers, for instance their

extraordinary biocompatibility, excellent mechanical
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properties (similar to those of natural elastin), acute self-

assembly and thermosensitive behaviour, should be high-

lighted [10–13]. The latter is characterized by a critical

temperature, known as the transition temperature in aque-

ous solution (Tt), which is associated with the occurrence

of a conformational reorganization in this material. Thus,

whereas the polymer chains are soluble in water below Tt,

above this temperature they form nano- and micro-aggre-

gates and become insoluble in a completely reversible

process.

The Cu(I)-catalysed 1,3-dipolar cycloaddition reaction

(CuAAC) between azides and alkynes, which is probably

the most prominent example of ‘‘click chemistry’’ [14, 15],

was discovered independently in 2002 by the groups of

Meldal [16], and Sharpless [17] and is compatible with

most functional groups present in proteins and peptides,

thereby ruling out the need for protecting groups. This

Hüisgen reaction combines high specificity with quantita-

tive yield, a lack of side reactions and toxic by-products,

short reaction times, and high tolerance towards other

functional groups present in the molecule. As alkynes and

azides are remarkably stable within biological systems,

click chemistry has been widely employed in drug dis-

covery [18], bioconjugation with proteins [19] and DNA

[20], cell surface labelling [21], surface modifications with

ELRs [22], amongst other molecules, and for hydrogel

synthesis [23, 24]. Some studies have provided evidence of

the potential use of ELR-based hydrogels as a scaffold to

promote tissue regeneration in vitro due to their low en-

dotoxicity [24], low cytotoxicity and absence of antigenic

properties upon implantation [25–27]. In particular, in the

field of cartilage tissue engineering, the synthesis and ac-

cumulation of a cartilaginous matrix for both encapsulated

cartilage cells [28] and human adipose tissue-derived stem

cells [29] in vitro has been reported.

In this paper elastin-like recombinamer-click gels (ELR-

CGs) are obtained under mild, physiological conditions by

exploiting the advantageous properties of the click reac-

tion. Specifically, two modified ELRs including azide or

alkyne groups in their structure are processed to obtain

chemically covalently cross-linked hydrogels, which are

characterized by scanning electron microscopy (SEM),

porosity, equilibrium swelling ratio, and rheological prop-

erties. The porous structure and favourable thermorespon-

siveness of the resulting ELR-CGs are also evaluated.

Topographically micropatterned structures with different

features are processed by a biocompatible, simple and

straightforward method known as the replica moulding

[30–32] procedure, which opens up the future possibility of

controlling cellular organization and function in tissue

engineering as well as the development of cell-based bio-

medical systems. Finally, the cytocompatibility of these

new ELR-CGs will be demonstrated by way of viability

assays with several cell lines (HFF-1, MSCs and

HUVECs). This cytocompatibility will be demonstrated

using both surface and 3D cultures.

2 Materials and methods

All reagents used were of analytical grade. They were

purchased from Aldrich Co. and used as received.

2.1 ELR bioproduction

The ELRs used herein were constructed using standard

genetic-engineering techniques. Thus, they were produced

using cellular systems for genetically engineered protein

biosynthesis in Escherichia coli and purified using several

cycles of temperature-dependent reversible precipitations

[33]. The purity and molecular weight of the ELRs were

verified by sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) and matrix-assisted laser

desorption/ionization time-of-flight (MALDI-TOF) mass

spectroscopy using a Voyager STR apparatus from Applied

Biosystems. Amino acid composition analysis was also

performed. Additional characterization of ELRs was ac-

complished using infrared spectroscopy, differential scan-

ning calorimetry (DSC) and nuclear magnetic resonance

(NMR) techniques.

The two ELRs employed were VKVx24, a structural

polymer lacking a bioactive sequence and with the amino

acid sequence:

MESLLP VG VPGVG [VPGKG(VPGVG)5]23 VPGKG

VPGVG VPGVG VPGVG VPGV, and HRGD6, a polymer

containing the adhesion sequence (RGD) and with the amino

acid sequence [34]:

MGSSHHHHHHSSGLVPRGSHMESLLP [(VPGIG)

2(VPGKG)(VPGIG)2]2AVTGRGDSPASS[(VPGIG)2

(VPGKG)(VPGIG)2]2.

2.2 Chemical modification of ELRs

The ELRs were chemically modified by transformation of

the e-amine group present in the lateral chain of the lysine

residue to bear the groups required for hydrogel formation

using click chemistry techniques. The specific modifica-

tions are described below.

2.3 Synthesis of azide-bearing ELRs

A substitution reaction was carried out using triflic azide as

nucleophile. Triflic azide solution was freshly prepared

in situ prior to each reaction as previously described by

Lundquist et al. [35] NaN3 (5 eq.) was dissolved in 14 mL

of Milli-Q water and 17.5 mL of CH2Cl2 added. The
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reaction mixture was cooled in an ice-water bath and a

solution of triflic anhydride (1 eq.) added dropwise at 4 �C

while stirring. The resulting mixture was stirred vigorously

at 0 �C for 1 h and then at room temperature for another

hour. The crude reaction mixture was decanted and the

aqueous phase washed with dichloromethane (2 9 10 mL).

The combined organic phases were then washed with

saturated Na2CO3 solution (10 mL). The resulting azide-

containing solution was employed directly without further

purification. A solution containing triflic azide was added

dropwise to a solution of the ELRs (2 g,VKVx24 or

HRGD6, 1 eq.) in 24 mL of milli-Q water with sodium

carbonate (1.5 eq) and copper(II) sulfate (0.01 eq) at 0 �C.

Methanol (4 mL) was then added and the reaction allowed

to run overnight at room temperature. The organic solvents

were subsequently eliminated under reduced pressure and

the polymer purified by dialysis at 4 �C, followed by

lyophilisation to yield a white solid. The transformation

was corroborated by MALDI-TOF, IR spectroscopy,

amino-acid composition determination, and DSC (Data not

shown).

2.4 Synthesis of acetylene-bearing ELRs

Chemical modification of the ELR (VKVx24 or HRGD6)

was carried out to obtain an ELR with a pendant alkynyl

group. Thus, pentynoic anhydride was synthesized from

pentynoic acid (2 eq.) in a 1:1 mixture (v/v) of dichlor-

omethane and diethyl ether in the presence of dicyclo-

hexylcarbodiimide (1 eq.). Ten equivalents of pentinoic

anhydride and five equivalents of ethylendiaminecarbodi-

imide (EDAC) were added to a solution of ELR (1 eq.) in

5 mL of trifluoroethanol (TFE). The reaction mixture was

stirred for 3 days at room temperature. After this time the

functionalized polymer was precipitated into diethyl ether,

washed with additional diethyl ether fractions, and dried

under reduced pressure. The modified ELR was solubilized

in cold water, purified by exhaustive dialysis against water

(3 9 25 L), and lyophilized to yield a white product

(89 %). Chemical characterization of the polymer by

MALDI-TOF and 1H NMR spectroscopy confirmed total

conversion of the free amine group of the biopolymer (data

not shown).

2.5 ELR-CHG formation

Different amounts of ELR-alkyne and modified ELR-azide

were dissolved in milli-Q water to a final polymer con-

centration of 25, 50, 100 and 125 mg/mL with an alkyne/

azide molar ratio of 1:1. After mixing the above aqueous

solutions, sodium ascorbate and aqueous copper(II) sulfate

(CuSO4) solution were added as reagents to initiate the

crosslinking reaction between the alkyne and azide groups

at 4 �C. An azide: copper(II): ascorbate molar ratio of

12:1:3 (optimization process not shown) was used for all

reactions. The mixture was vigorously stirred and injected

into moulds (diameter: 13.5 mm; height: 2 mm) at 4 �C for

5 min, and then 1 h at r.t., in order to finish the gelification

process. Finally, all hydrogels were carefully removed and

washed with milli-Q water.

The chemical process for obtaining ELR-CG hydrogels

from ELRs is summarised in the scheme shown in Fig. 1. It

should be noted that covalent crosslinking is based on the

reaction between azide and alkyne groups. Three replicates

for each concentration of each hydrogel were prepared for

analysis using any of the instrumental methods reported in

this work. A preliminary characterization based on IR

spectroscopy and DSC was performed (data not shown).

2.6 Micropatterned hydrogels fabricated by replica

moulding

The replica moulding method was carried out using mi-

cropatterned polydimethylsiloxane (PDMS) substrates as

moulds. The PDMS prepolymer and curing agent were thor-

oughly mixed at a 10/1 (w/w) ratio then degassed for 1 h. The

mixture was then cast onto different patterned silicon masters

with different topographical features. Specifically, hexagonal

pillars [width (w) = 100 lm, spacing (s) = 100 lm], square

pillars (w = s = 40 lm and w = s = 100 lm), and grooves

(w = 20 lm, s = 100 lm). The step height of the micro-

features was 5 lm for the pillars and grooves. The mixture

was cured at 65 �C for 1 h, then the PDMS was carefully

peeled off from the silicon wafer and used as a mould. Mi-

cropatterned hydrogels were obtained in a one-step process by

pouring the mix of aqueous polymer solutions (concentra-

tion = 50 mg/mL) with sodium ascorbate and CuSO4 solu-

tion, in the proportions previously described, on top of the

PDMS mould, at 4 �C. After heating the system from 4 to

25 �C, then leaving it at this temperature for 1 h, the hydrogels

were peeled off. Their surface topography was observed, with

no prior treatment or manipulation, by optical microscopy,

using a Nikon ECLIPSE 80i light microscope, and by scan-

ning electron microscopy (SEM) in low vacuum mode.

2.7 Cell culture

Paraformaldehyde (ref. P6148) and Triton X-100 (ref.

T9284) were purchased from Sigma-Aldrich. Normal Hu-

man Adipose-Derived Mesenchymal Stem Cells (hMSCs,

ref R7788-115) basal medium Dulbecco’s modified Eagle’s

medium (DMEM, ref 31966-021), fetal bovine serum (FBS

ref. 16000-044), penicillin streptomycin solution (ref.

SV30010), trypsin–EDTA (ref. SV30010), DPBS (ref.
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14190-136), HEPES (ref. 15630049), Trypan Blue stain

0.4 % (ref. 15250061), Alexa Fluor 488 phalloidin (ref.

A12379), LIVE/DEAD� Viability/Cytotoxicity Kit for

mammalian cells (ref. L3224), Alamar Blue� (ref.

DAL1025) and DAPI (ref. D21490) were supplied by In-

vitrogen. Human umbilical vein endothelial cells

(HUVECs; cat. no. cc-2517) and endothelial growth

medium (EGM; Clonetic, cat. no. cc-3124) were purchased

from Lonza (Lonza Walker). Human foreskin fibroblasts

HFF-1 (SCRC-1041) were purchased from the American

Type Culture Collection (ATCC, USA). All cell culture

plastic-ware and consumables were acquired from NUNC.

hMSCs and HFF1 were cultured in DMEM supple-

mented with 100 U mL-1 penicillin, 0.1 mg mL-1 strep-

tomycin and 10 or 15 % FBS. HUVECs were grown in

complete endothelial growth medium. Cells were incubated

at 37 �C in a 5 % CO2 humidified environmental chamber

and their medium was replaced every 2 days.

2.8 Cell viability assays

2 9 105 HFF1 and 5 9 104 MSCs/mL were embedded

inside ELR-CGs at a concentration of 50 mg/mL, as de-

scribed previously. Metabolic activity was evaluated using

the Alamar Blue� assay. The relative number of

metabolically active cells was evaluated using the Alamar

Blue� assay according to the manufacturer’s guidelines.

Twenty-four hours after seeding the cells, the hydrogels

were washed twice with DPBS and incubated in 10 %

Alamar Blue solution in DMEM for 2 h at 37 �C and under

a 5 % CO2 atmosphere. Subsequently, 70 lL of the re-

duced medium was transferred to a 96-well plate. The

hydrogels were washed twice with DPBS, and the corre-

sponding growth medium added and incubated again in

order to determine the cell number at different times.

Fluorescence (excitation: 560 nm; emission: 590 nm) was

measured using a SpectraMax M5e (Molecular Devices)

microplate reader. The fluorimetric reduction of 10 %

Alamar Blue� reagent in the culture medium by the cells

expressed as fluorescence emission intensity units, was

measured at regular time intervals.

Samples for phase-contrast epifluorescence or SEM

were fixed in 4 % paraformaldehyde for 40 min. The

staining was carried out before permeabilization of the

samples with 0.2 % Triton X-100, and stained with the

fluorescent dyes Phalloidin-Alexa Fluor488R and DAPI, as

indicated in the text.

2.9 Microstructural morphology

SEM in low vacuum mode (*1 torr) and with water

vapour as working gas was used to investigate the mor-

phology of both hydrogels and micropatterned hydrogels.

ELR-CG hydrogels were immersed in milli-Q water below

(at 4 �C) and above (at 37 �C) the Tt for 1 day, instanta-

neously plunged into liquid nitrogen, physically fractured,

and immersed in liquid nitrogen again. Finally, the hy-

drogels were freeze-dried. Images of lyophilized hydrogels

were obtained by SEM (FEI Quanta 200 FEG) without any

coating procedures. Hydrogel microstructural details, such

Fig. 1 Scheme showing ELR-CG formation as bi-component system
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as pore size and pore wall thickness, were quantitatively

evaluated using the ZEN software (Blue Edition, 2012)

from Carl Zeiss Microscopy based on the micrographs.

Structured hydrogels were peeled off from the mould

after gelification and their surface topography observed

without any treatment or manipulation.

2.10 Porosity and swelling ratio calculations

The following equation [36, 37] was employed to estimate

hydrogel porosity:

Porosity %ð Þ ¼ W1�W2ð Þ=q waterð Þ � 100=Vhydrogel

ð1Þ

where W1 and W2 are, respectively, the weight of swollen

and lyophilized gel, qwater is the density of pure water,

and Vhydrogel is the measured volume of the gel in the

swollen state (Vhydrogel = pr2h, where r and h are, re-

spectively, the radius and height of the cylindrical sample).

Excess surface water was removed with a filter paper be-

fore each measurement.

The equilibrium swelling ratio by weight, Qw, was used

to quantify the volume change related to the phase transi-

tion of the hydrogels in aqueous solution.

Qw %ð Þ ¼ W1�W2ð Þ=W2ð Þ � 100 ð2Þ

Both porosity and equilibrium swelling ratio were

measured at 4� and 37 �C. All measurements were taken

24 h after soaking the hydrogel in MQ water at the chosen

temperature. Equilibrium was defined as the steady state at

which there was no change in volume of the ELR-CG.

Lyophilization or freeze-drying was performed with hy-

drogels previously frozen in liquid nitrogen and swollen in

water at the corresponding test temperature.

2.11 Rheological measurements

Rheological experiments were performed using a strain-

controlled AR-2000ex rheometer (TA Instruments) with

the hydrogel immersed in water. Cylindrical swollen gels

were placed between parallel, nonporous stainless-steel

plates (diameter = 12 mm) and the gap between the plates

adjusted using a normal force of around 0.2 N in order to

prevent slippage. A gap higher than 1,000 lm was always

reached after the sample relaxed until equilibrium. Mea-

surements were carried out at 4 �C and at 37 �C. Two types

of measurements were performed in shear deformation

mode. First of all, the range of strain amplitudes for which

gels exhibit a linear region of viscoelasticity was deter-

mined. A dynamic strain sweep (with amplitudes ranging

between 0.1 and 20 %) was carried out at a frequency of

1 Hz to measure the dynamic shear modulus as a function

of strain. Second, in order to measure the dependence of

the dynamic shear modulus and loss factor on frequency,

dynamic frequency sweep tests were accomplished.

Specifically, a frequency sweep between 0.01 and 10 Hz at

a fixed strain (corresponding to the hydrogel linear region)

was selected. Thus, the storage modulus, G0, the loss

modulus, G0
´
, the complex modulus magnitude, |G*|

(|G*|2 = (G0)2 ? (G00)2), and the loss factor, tan d (tan

d : G00/G0, where d is the phase angle between the applied

stimulus and the corresponding response) as a function of

strain amplitude or frequency were obtained.

2.12 Statistical analysis

Data are reported as mean ± SD (n = 3). Error bars rep-

resent the standard deviation calculated from tests of tripli-

cate measurements for each hydrogel at each recombinamer

concentration. Statistical analysis was evaluated by a one-

way analysis of variance using the Holm-Sidak method. A

P value lower than 0.05 was considered to be statistically

significant. ** P \ 0.001, * P \ 0.05, and P [ 0.05 indi-

cates no significant differences (n.s.d.).

3 Results and discussion

3.1 SEM measurements

SEM micrographs of ELR-CG hydrogels at 37 �C have

been included in Fig. 2. A homogeneous 3D structure with

high interconnectivity and a thin pore wall is observed for

the lowest polymer concentration. Interconnectivity pro-

vides a noticeable advantage in tissue engineering appli-

cations, thereby favouring cell migration and nutrient

delivery. The structure becomes denser and more compact,

with a thicker pore wall, with increasing polymer con-

centration. As a consequence, porosity qualitatively de-

creases. A predominantly closed-pore structure is observed

at higher concentrations, whereas an open-pore structure is

found for low polymer concentrations. Both the mean pore

size and mean pore wall thickness were evaluated and the

results at 37 �C are included in Table 1. Pore geometry is

predominantly circular or ellipsoidal, with pore size de-

creasing as ELR concentration increases. The pore wall

thickness tends to increase as the recombinamer concen-

tration increases. Both effects affect the porosity of the gels

as defined in Eqs. 1 and 2 as will be demonstrated below.

3.2 Porosity and swelling ratios

The dependence of the ELR-CG hydrogel porosity on

polymer concentration is plotted in Fig. 3a. In agreement

with the SEM micrographs, hydrogel porosity decreases at

both temperatures (37 and 4 �C) as concentration increases.
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Porosity is higher at 4 �C than at 37 �C for a given con-

centration, although a high porosity is found at both tem-

peratures. Specifically, a porosity value of around 70–75 %

is found at 4 �C for a recombinamer concentration of

50 mg/mL. Furthermore, these results show that the hy-

drogel matrix retains the thermoresponsive nature of the

original ELR. As can be seen from Fig. 3b, the equilibrium

hydrogel swelling ratio at a given temperature decreases as

the concentration increases. Although this trend is similar

at both temperatures, in agreement with the literature [38]

it is more evident at 4 �C. As the concentration increases,

the number of polymer chains and the number of cross-

linked chains also increases. Consequently, the ability of

the hydrogel to swell is reduced.

Porosity and equilibrium swelling of the 125 mg/mL

ELR-CG hydrogel at both temperatures are quite similar to

the values found for the 100 mg/mL hydrogel. Covalent

crosslinking requires both the presence of the reactive

groups responsible for chain crosslinking and their acces-

sibility. Moreover, a Cu(I) ion must be present to catalyse

the ELR-CGs formation. At the highest concentration,

where the number of polymer chains is very high, steric

hindrance may limit the interaction between the groups that

take part in the crosslinking process.

3.3 Rheological measurements

The viscoelastic mechanical properties of hydrogels have

been determined by rheological measurements in the linear

viscoelastic range using a strain of 1 %. The evolution of

G0, G00, and tan d with frequency at 4 and 37� C has been

also obtained, and both G0 and G00 are frequency-dependent

(data not shown). A similar frequency-dependence has

been reported for biological tissue (e.g., liver [39] and

uterus [40]) and newly synthesized materials [41, 42].

Table 1 Mean pore size and mean pore wall thickness at 37 �C for

the ELR-CG hydrogels evaluated using the ZEN software (Blue

Edition, 2012) from Carl Zeiss Microscopy. Thirty measurements

taken in three different sample regions were averaged to calculate the

mean and standard deviation values. P \ 0.05 for pairwise multiple

comparison between different concentrations

ELR-CG (mg/mL) Pore size (lm) Pore wall thickness (lm)

25 3.3 ± 0.7 0.4 ± 0.1

50 2.7 ± 0.3 0.5 ± 0.2

100 2.4 ± 0.3 1.1 ± 0.6

125 1.7 ± 0.4 2.1 ± 1.1

Fig. 2 Representative SEM micrographs for several polymer concentrations of ELR-CG hydrogels: 25 mg/mL (a), 50 mg/mL (b), 100 mg/mL

(c), and 125 mg/mL (d) at 37 �C. Scale bar 20 lm
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The values of G0, G00, and tan d as a function of polymer

concentration are plotted in Fig. 4 at a fixed frequency of

f = 1 Hz. As G0 is much larger than G00, the storage

modulus is the dominant contribution to |G*|. The value of

G0 at 1 Hz is in the range 1–10 kPa, tending towards the

higher end of this range at the highest concentrations used.

As such, the hydrogel exhibits a high degree of elasticity

and the material can therefore be included in the category

of ‘‘hard hydrogel’’. G0 and G00 increase with polymer

concentration at both temperatures. However, the G0 value

for the highest concentration shows some saturation

(Fig. 4a). The same trend is observed at 4 and 37 �C. The

porosity and swelling ratio results showed similar be-

haviour for this specific concentration.

Relatively similar values of G0 are found at both tem-

peratures. Specifically, almost identical values are obtained

at 4 and 37 �C for concentrations of 25 and 50 mg/mL. For

higher concentrations, G0 is higher at 37 �C. These results

can be explained by taking into account the high porosity

observed for these samples [37]. Biomaterials with elastic

moduli in the 1–10 kPa range are of widespread interest as

many native tissues, for instance pig adventitial layer

(4.7 ± 1.7 kPa) [43], canine kidney cortex and medulla

(*10 kPa), and nucleus pulpous and eye lens (*1 kPa)

[44], have moduli in this range. The moduli of isolated

chondrocytes without cell-associated pericellular matrix

have been reported to be in the range 0.6–4 kPa [45]. As far

as the loss factor is concerned, no noticeable dependence on

polymer concentration at a given temperature is observed

from Fig. 4c. Tangent values of around 0.02 (at 4 �C) and

0.06 (at 37 �C) correspond to phase angles of about 1� and

3�, respectively. These values agree with the values for

human bone (typically between 0.02 and 0.04) at physio-

logical frequencies (around 10-2–103 Hz) [46]. Very low

phase angles are characteristic of highly elastic, energy-

storing hydrogels. At 4 �C these angles suggest low contact

between the polymer chains. At 37 �C the hydrogels are

contracted and shed water, thus meaning that far less water

is present to lubricate chain reorientation in response to an

applied strain. Values of tan d at this temperature suggest

that some portion of the load is transferred between inter-

acting ELP chains by friction [38]. Our experimental results

agree with the literature [47, 48] as, in general, tan d does

not correlate with either porosity or pore size.

3.4 Micropatterning of the ELR-CGs

It is well known that surface topography induces and

controls cell behaviour [49, 50] and organization. As such,

spatial control of the surface of materials for cell applica-

tions is a crucial factor to be taken into consideration when

designing a device that will emulate the natural cell envi-

ronment [51]. In light of this, several micropatterned gels,

obtained by the replica moulding method, have been pre-

pared for a recombinamer concentration of 50 mg/mL.

Optical micrographs of the four different patterns obtained

at 37 �C, as described previously, are shown in Fig. 5. The

replication quality with respect to the original silicon

masters is high, and the homogeneity over the whole area is

remarkable. In light of these results, we can conclude that

total control of the surface topography of these ELR-CHGs

is possible using the simple replica moulding method.

3.5 Bioactivity

To evaluate the cytocompatibility of these new ELR-CGs,

a polymer concentration of 50 mg/mL was chosen to form

hydrogels with storage modulus values similar to those

Fig. 3 Evolution of porosity (a) and equilibrium swelling ratio (b) as a function of polymer concentration for the ELR-CHG hydrogels at 4 and

37 �C. Data are reported as mean ± SD (n = 3)
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found in many natural tissues, as mentioned above.

Moreover, at this concentration the hydrogel combines

high porosity, which is important for a good cell

colonization of the material, with easy handling.

With the aim of determining the influence of the

bioactive sequences in the backbone structure of the ELRs

that form the ELR-CGs on cell adhesion and proliferation,

two kinds of ELR-CGs were prepared: one lacking a

bioactive sequence (VKV-CG) and the second including

the well-known RGD cell-adhesion sequence (RGD-CG).

SEM pictures of the RGD-CGs surfaces after fibroblast

seeding showed that the presence of RGD in the ELR

backbone results in a strong adhesion of seeded cells that

spread well on the hydrogel surfaces, as can be seen from

Fig. 6. These findings corroborate those previously ob-

served for films or nanofibre RGD-ELR scaffolds [22, 52,

53]. The first picture shows the gel surface prior to cell

deposition, whereas pictures B and C show details of the

surface after cell adhesion. Cells can be observed as a soft

tissue covering the RGD-CG surface. ELR-CGs would

allow the co-seeding of cellular and polymeric suspensions

to form a hydrogel with embedded cells within a few

minutes. In order to corroborate the viability of this pro-

cess, gels were prepared and HFF-1 cells embedded inside

the ELR-CGs as described previously. Metabolic activity

tests were performed every 3 days for 18 days with the aim

of evaluating the viability and proliferation of the embed-

ded cells. As can be seen in Fig. 7, the viability of the

HFF1 cells in RGD-CGs is clearly higher than in VKV-

CGs for the whole culture time. The cells cultured in

control CGs showed a lower metabolic activity that did not

increase substantially during the experimental time. In

contrast, fibroblasts embedded in RGD-CGs showed a

sigmoidal growth, with slow growth in the first eight days,

logarithmic growth between days nine and twelve, and

stabilization until the end of the experiments. Although the

presence of RGD in the molecule backbone of these scaf-

folds has no influence on the number of cells as they are

encapsulated in the CGs, it is well known that binding

between cell-surface receptors and ECM protein motifs

activates the intracellular signalling pathways that strongly

influence a cell’s behaviour and fate [54]. In order to assess

the ability of ELR-CGs to sustain different cell types, the

development and phenotype of human primary cell cultures

Fig. 4 Evolution of G0 (a), G0 0 (b), and tan d (c) as a function of

hydrogel polymer concentration at a fixed frequency of 1 Hz at 4� and

37 �C. Data are reported as mean ± SD (n = 3). Statistical analysis

was performed using an analysis of variance with the Holm-Sidak

method. **P \ 0.001, *P \ 0.05
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in click-hydrogels was evaluated. Primary cells were cho-

sen as the model as they produce more physiologically

relevant data than other cell lines. A one-week ELR-CGs

culture of fibroblast, endothelial and mesenchymal stem

cells was evaluated by optical fluorescent microscopy after

hydrogel fixation and specific staining of the cytoskeletal

actin (green) and nucleus (blue). As can be seen in Fig. 8,

the embedded cells present in different focal planes have

the typical morphology of their respective cell types, in

other words large mesenchymal stem cells, extended,

elongated and fibrous fibroblasts that can provide long

cytoplasmic processes, and a polyhedral morphology for

HUVECs. MSCs are pluripotent cells that are able to dif-

ferentiate into multiple cells types widely utilized in both

tissue engineering and regenerative medicine. Long-term

culture studies were carried out with MSCs embedded in-

side RGD-CGs obtained as described previously, with cells

seeded on standard polystyrene cell culture being used as

controls. The metabolic activity of these cells was mea-

sured for 60 days. As can be seen from Fig. 9, cell growth

shows a sigmoidal behaviour, with slow growth for the first

10–15 days. This first phase is followed by a logarithmic

growth phase from day 20 onwards. The delayed growth in

the ELR-CG observed in the first phase is compensated in

Fig. 5 Optical micrographs of micro-structured ELR-CGs at 37 �C

(recombinamer concentration: 50 mg/mL) after demoulding.

a 100 lm periodic grooves with w = 20 lm, b 100 lm periodic

hexagonal pillars with w = 100 lm, c 100 lm periodic square

pillars with w = 100 lm. d, e, and f SEM details of the micropat-

terned gel obtained in low vacuum mode for 100 lm periodic grooves

with a width of 20 lm, and a step height (h) of 5 lm

Fig. 6 SEM details of RGD-CGs prior to (a) and after (b, c) HFF-1 cell colonization
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this second phase and is followed by a higher metabolic

stability of the cells in the last stationary phase in the ELR-

CG than for the control. Figure 10 shows a morphological

analysis of the MSCs embedded in the three-dimensional

structure. Although the texture, consistency and thickness

of the gel partially hinder viewing, embedded cells can be

analysed in different focal planes in which we can see

extended and elongated cells with long cytoplasmic pro-

cesses. Colonization of the hydrogel is almost complete

after 60 days, thus indicating that the scaffolds are capable

Fig. 7 Dependence of viability of HFF-1 cells on two different

substrates containing or lacking the bioactive sequence RGD (VKV-

CGs and RGD-CGs) over 18 days. Error bars represent standard

error (n = 4)

Fig. 8 Human primary fibroblasts (HFF1), human primary umbilical vein endothelial cells (HUVEC) and human adipose-derided tissue

mesenchymal stem cells (MSC) embedded inside RGD-CGs after 7 days of culture

Fig. 9 Dependence of MSC viability in RGD-CGs over 60 days.

Comparison of growth on standard plastic tissue culture and cells

embedded inside ELR-CGs. Error bars represent standard error

(n = 4)
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of supporting the long-term culture of embedded cells. The

protein nature of the ELR-CGs could allow the cell-me-

diated remodeling of the artificial scaffold due to the pro-

teases action during the new extracellular matrix synthesis,

permitting the cell proliferation, and thus, a quite total

colonization of the scaffolds. Cells showed a well-spread

morphology, with large extensions and numerous pseu-

dopodia, and their cytoskeleton actin filaments (green

stained) were well organized in stress fibres, thereby indi-

cating a strong adhesion.

In this paper two ELRs, namely a structural ELR

(VKVx24) and an ELR containing the RGD cell-adhesion

sequence (HRGD6) have been chemically modified at the

amino groups of the lysine residues to bear azide and alkyne

groups that react in the presence of Cu(I) to yield novel and

highly biocompatible elastin-like recombinamer-click

hydrogels (ELR-CGs). These ELR-CGs have been de-

signed, synthesized, and characterized, and their cytocom-

patibility has also been tested. Special attention has been

paid to their microstructural morphology and mechanical

properties, and the correlation between SEM micrographs,

porosity, swelling ratio, rheological measurements and

concentration has been determined. We have reported a

simple, fast, water-based method for obtaining micropat-

terned ELR-CGs under mild, physiological conditions by

replica moulding. This ELR-CGs system enables the highly

reproducible fabrication of different microstructured sur-

faces and can be used as a substrate with a well-controlled

microtopography for studying spatially controlled cell be-

haviour. Injectable hydrogels present several important

therapeutic advantages as regards the minimally invasive

implantation technique, reducing the pain associated with

Fig. 10 Optical microscope pictures of RGD-CG colonization by MSCs in several focal planes for up to 60 days. Scale bars 100 lm
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conventional surgical procedures. The possibility of co-in-

jection of cells as therapeutic agents that remain embedded

and confined at the administration site is another great

benefit of this approach.

Studies of the medium- and long-term viability have

revealed a good cytocompatibility with respect to several

human primary cell types (HFF-1, MSCs and HUVECs) in

both surface and 3D cultures. As such, we can conclude

that our ELR-CGs are able to maintain and expand cell

cultures in time and are therefore suitable scaffolds for

tissue engineering.

Several polymer concentrations and temperatures have

been used to obtain gels with fully tuneable properties with

potential applications as drug-delivery systems or scaffolds

for tissue engineering.
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