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A B S T R A C T   

Despite the remarkable progress in the generation of recombinant elastin-like (ELR) hydrogels, further im-
provements are still required to enhance and control their viscoelasticity, as well as limit the use of expensive 
chemical reagents, time-consuming processes and several purification steps. To alleviate this issue, the reactivity 
of carboxylic groups from glutamic (E) acid distributed along the hydrophilic block of an amphiphilic ELR (coded 
as E50I60) with amine groups has been studied through a one-pot amidation reaction in aqueous solutions, for 
the first time. By means of this approach, immediate conjugation of E50I60 with molecules containing amine 
groups has been performed with a high yield, as demonstrated by the 1H NMR and MALDI-TOF spectroscopies. 
This has resulted in the preparation of viscoelastic irreversible hydrogels through the “in-situ” cross-linking of 
E50I60 with another ELR (coded as VKV24) containing amine groups from lysines (K). The rheology analysis 
demonstrated that the gelation process takes place following a dual mechanism dependent on the ELR con-
centration: physical cross-linking of I60 block through the hydrophobic interactions, and covalent cross-linking 
of E50I60 with VKV24 through the amidation reaction. While the chemical network formed between the hy-
drophilic E50 block and VKV24 ELR preserves the elasticity of ELR hydrogels, the self-assembly of the I60 block 
through the hydrophobic interactions provides a tunable physical network. The presented investigation serves as 
a basis for generating ELR hydrogels with tunable viscoelastic properties promising for tissue regeneration, 
through an ‘‘in-situ”, rapid, scalable, economically and feasible one-pot method.   

1. Introduction 

Viscoelastic hydrogels with tunable properties have attracted 
attention for various biomedical and biotechnological applications such 
as drug delivery, wound sealing, hemostasis and tissue regeneration 
(bone, enamel and inter-vertebrate disc regeneration) [1–6]. These 
hydrogels are developed based on the synergistic combination of phys-
ical and covalent networks to combine the properties of elastic solids 
and viscous liquids [4,7–9]. Among those polymeric materials that are 
characterized by extraordinary supramolecular interactions for physical 
cross-linking, as well as by the presence of functional groups along its 
monomer chain necessary for chemical cross-linking, are the modular 
nature of genetically encoded simulated proteins [1,9,10]. For instance, 
the self-assembly properties of elastin-like recombinamers (ELRs) in 
aqueous solutions can be tailored to generate complex one-, two- and 
three-dimensional structures by means of bottom-up approach, as the 

desired amino acids sequences and/or bioactive domains are 
well-constructed with the high precision of molecular weight [10–14]. 

The key parameter of the ELR self-assembly properties is the 
reversible phase transition of their chains from disordered to ordered 
states at a critical temperature (Tt), in aqueous solutions [10,12–16]. 
While the ELRs chains lack typical secondary structures (α-helix, β-sheet, 
etc.) below the Tt, they can be folded into an ordered/organized struc-
ture above the Tt. The value of Tt depends on the polarity of the guest 
amino acid X in their penta-peptide sequence (VPGXG), (V = L-valine, P 
= L-proline, and G = glycine, with X being any amino acid except 
L-proline). For example, the substitution of X-amino acid by L-isoleucine 
(I) can result in the generation of poly(VPGIG) with a hydrophobic na-
ture [17,18]. On the contrary, L-glutamic (E) and L-lysine (K) give rise to 
poly(VPGEG) and poly(VPGKG) with a hydrophilic nature [18–20]. 
Indeed, the combination of MESLLP((VPGVG)2(VPGEG)(VPGVG)2))10 
(E50) with the (VGIPG)60V (I60) can result in the formation of 
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amphiphilic E50I60 ELR chains [13,21]. In aqueous solution, these 
amphiphilic chains can assemble with each other into a micellar nano-
structure, such that the hydrophobic I60 block forms the core, while the 
hydrophilic E50 block forms the corona. Furthermore, the 
self-assembled E50I60 ELR nanostructure can be organized into 
three-dimensional networks through hydrophobic interaction, but is still 
reversible when placed below the intrinsic Tt of ELR chain. To stabilize 
these structures, various sequences inspired by silk or leucine zipper 
proteins have been introduced to the ELRs chain to generate irreversible 
physically cross-linked hydrogels [22,23]. However, the uncontrollable 
gelation speed still limits the ELRs applications. In this regard, chemi-
cally cross-linked ELR chains through the amine groups found on the 
guest X amino acid have gained attention to generate hierarchical 
structures and/or hydrogel networks [24,25]. For instance, cross-linkers 
such as glutaraldehyde (GTA) [26,27], bis(sulfosuccinimidyl) suberate 
(BS3) [27], tris-succinimidyl aminotriacetate (TSAT) [27–29], β-[tris 
(hydroxymethyl)phosphino]propionic acid (THPP) [29,30], pyrrolo-
quinoline quinone (PQQ) [31], hydroxymethylphosphines (HMPs) [32] 
have been used to generate hydrogel networks. However, some of these 
cross-linkers are limited by the achievement of inhomogeneous 
cross-linking and by their potential toxicity [25,32,33]. 

Although the self-assembly characteristics of ELRs chains in aqueous 
solution differ significantly from those observed in organic solvents, the 
chemical modification of ELRs chains are frequently performed in 
organic solvents and only using the amine groups (not the carboxylic 
groups) found along the ELR chains. For example, a chemical cross- 
linking strategy has been developed in advance that includes a two- 
step process [20,34,35]. The first step is the modification of the amine 
groups along the ELRs chains with the desired reactive groups in organic 
solvent, and the second step is the cross-linking of the chemically 
modified ELRs in aqueous solutions. For instance, the amine groups 
found in the K lysine residues of (VPGKG) were first modified to obtain 
two separate ELRs functionalized with two different reactive group-
s—one carrying azide groups and the other carrying activated alkyne 
groups (e.g., cyclooctyne). The mixing of these functionalized ELRs at 
physiological conditions results in a rapid hydrogel formation by the 
way of catalyst-free click chemistry (azide− alkyne [3 + 2] cycloaddi-
tion) [20]. Also, the K residues on the ELR chains can be modified with 
methacrylate groups, which are photo-cross-linked in the presence of a 
photo-initiator [36]. Although these preparation methods are charac-
terized by their selectivity and the controlled modification reaction rate 
in addition to the biocompatibility of the obtained hydrogel matrices, 
the chemical modification of the amine groups on K residues is per-
formed in organic solvent and requires expensive chemical reagents, 
time-consuming processes and several purification steps. Furthermore, 
the chemical modification of amine groups has resulted in decreasing 
the value of Tt and, therefore, increasing the hydrophobicity of the ELR 
chains [20,34–36]. This results in reducing the water solubility of the 
chemically modified ELRs chains, which limits their applicability when 
used to prepare hydrogels. This in consequence affects the self-assembly 
and viscoelastic properties in comparison to their unmodified counter-
parts. In order to ensure the preservations of the characteristic 
self-assembly, organization, and viscoelastic properties prior to chemi-
cal modification, it is preferred to perform the chemical cross-linking 
with the ELRs themselves in aqueous solution. 

The most essential prerequisite parameter for the clinical application 
of cross-linked polymer materials is their non-toxic properties. These 
properties depend on the biocompatibility of not only the polymer 
chains, but also the cross-linkers employed which often generate foreign 
molecules between polymer chains [25,32,33,37,38]. For instance, the 
cross-linkers (e.g., such as glutaraldehyde or hexamethylenediisocya-
nate) used for hydrogel formation may release toxic byproducts upon 
degradation or hydrolyzation of the oligomeric bridges [25,32,33,37, 
38]. In contrast, the water-soluble carbodiimide (e.g.,1-ethyl-3-(3--
dimethylaminopropyl)-carbodiimide (EDAC)) is recognized as a 
non-toxic and biocompatible cross-linker [37–39]. Thus, it forms 

isopeptides without being incorporated itself as a part of the cross-linked 
structure, but is only converted into a water-soluble urea derivative of 
quite low cytotoxicity. For instance, cross-linking collagen and/or 
gelatin with EDAC has resulted in the generation of a biocompatible 
matrices in both in vitro and in vivo studies without significant toxicity, 
thus providing to allow good cell viability [37–40]. 

Performing this non-toxic reaction in the presence of cells to cross- 
link the biocompatible ELRs chains [10,12,14] using EDAC could pave 
the way for the development of biocompatible injectable hydrogels that 
can be used in a wide range of biomedical applications. 

Overall, the activation of carboxylic groups of glutamic or aspartic 
acid to conjugate with amine groups of another amino acid through the 
carbodiimide-mediated amidation reaction is particularly attractive for 
biological applications. Up to now, the amidation reaction using the 
ELR-bearing carboxylic groups has not been addressed except for the 
work that examined the chemical modification with p-phenylazoaniline 
(azo-NH2), 4[(2 amino)carbamoyl]-phenylboronic acid (FB–NH2), pol-
yethyleneglycol (PEG-NH2) and 1-(β-hydroxyethyl)-3,3-dimethyl-6′- 
nitrospiro-(indoline-2,2′[2H-]benzopyran) (Sp-OH), but under anhy-
drous conditions in organic solvent to prevent the hydrolysis process 
[41–43]. Indeed, the chemical modification of carboxyl-containing 
macromolecules usually involves toxic organic solvents, as well as 
slow, complex and low-yield processes. This is associated with low 
coupling ratios even with reagent excess, due to the complexity of the 
molecule to be modified [41–44]. Apart from these studies, to the au-
thors’ knowledge, neither the chemical modification of these ELRs 
through amidation of the carboxylic groups, in aqueous solutions, nor 
their subsequent application to the formation of chemical hydrogels, 
have been addressed. 

The main aim of the present work is to find a new and more efficient 
way to improve the cross-linking of ELRs chains in aqueous solutions in 
order to ensures the preservation of the self-assembly properties. Our 
paper provides significant innovation since it contributes with very good 
results (a high yield in the reaction is obtained) both to the chemical 
modification of ELRs and to the formation of biocompatible hydrogels. 
Under our experimental conditions, we have taken advantage of the ELR 
rational design from the point of view of the advantageous selection of 
the environment of the key chemical groups participating in the reac-
tion. Thus, ELRs hydrogels with tunable viscoelastic properties are 
developed, using a simple, “in-situ”, one-pot, fast and cost-effective 
process. This has been achieved by the well-known carbodiimide- 
mediated amidation reaction using a green, expeditious, and practically 
simple protocol for direct coupling of carboxyl with amine groups found 
on ELRs biopolymer chains under aqueous conditions. For this aim, two 
basic structural ELRs (Table 1) were synthesized (using recombinant 
DNA technology) and employed in order to analyze the possibility of 
efficiently carrying out one-pot modifications. Through rational design, 
the amino acid X in the penta-peptide sequence (VPGXG) has been 
substituted by V, I, E and K amino acids to generate ELRs with a well- 
controlled structure. The first ELR -called as E50I60 ELR (Table 1)- is 
composed of a hydrophilic (E50) and a hydrophobic block (I60), such 
that the hydrophilic block contains equally spaced carboxyl groups from 
glutamic amino acids along its chain. The second ELR - called as VKV24 
ELR (Table 1)- contains equally spaced amine groups from lysine amino 
acids along its chain. Thus, the glutamic-rich E50I60 ELR will be 
interchain cross-linked “in situ” with the lysine-rich VKV24 ELR, in 
aqueous solutions, using water-soluble EDAC to promote the amidation 

Table 1 
Code name, amino-acid sequence and molecular weight (M.Wt) of the prepared 
ELRs.  

ELR code Amino-acid sequence M.Wt (Da) 

E50I60 MESLLP–[((VPGVG)2(VPGEG)(VPGVG)2)10]– 
(VGIPG)60–V 

46981 

VKV24 MESLLP– [(VPGVG)3(VPGKG)(VPGVG)2]24–V 60460  
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reaction. While the formed ELR chemical network would preserve the 
shape and elasticity of hydrogels, the self-assembly of the hydrophobic 
I60 block would be necessary to provide a tunable physical network to 
stimuli, such as temperature. To this end, the viscoelastic performance 
of the generated ELR chemical-physical network has been described. 

2. Experimental and characterization methods 

2.1. Construction, production and purification of E50I60 and VKV24 
ELRs 

Standard genetic engineering procedures were employed to generate 
the coding gene of ELRs with a fully controlled composition and chain 
length, as described elsewhere [13,16,20,45]. The coding gene of each 
monomer, based on the (VPGXG), X = G, E, I or K fragments, was 
encoded in a modified version of the cloning vector pDrive (Qiagen), 
known as pDAll. These fragments were flanked by two inverted Eam 
1104 I (Ear I) and one Sap I restriction sites, which were used to intro-
duce a controlled sequential concatenation of the gene segments by 
means of a recursive directional ligation (RDL) strategy. Thus, the 
desired multiblock-coding genes were constructed, and their sequences 
were examined by agarose gel electrophoresis and automated DNA 
sequencing. After that, each ELR gene was sub-cloned into a modified 
pET-25(+) expression vector and then transformed into the E. coli strain 
BLR (DE3) star (Invitrogen). Then, the E. coli expression colonies were 
ruptured, and the purification of ELRs was carried out by inverse tran-
sition cycling and characterized as described elsewhere [13,20,45]. 
Finally, ELRs were dialyzed against ultrapure water, lyophilized and 
stored at − 20 ◦C. 

2.2. Grafting of aniline molecules onto the E50I60 ELR chain 

In order to detect the possibility of the carboxylic groups found along 
the E50I60 ELR to form amide bonds in aqueous solutions, the aniline 
molecule was first selected as an amine reagent. Thus, the E50I60 ELR 
(containing ten carboxyl groups along the recombinamer chain) was 
dissolved in ultrapure water at 50 mg/ml and at 4 ◦C (Fig. 1). Then, to 2 
ml of E50I60 ELR solution, an equimolar amount of aniline reagent (1 
eq, 2.76 mg), with respect to carboxyl groups, was added to the previous 
solution and mixed until dissolved at 4 ◦C. After that, an equimolar 
amount of EDAC (1 eq, 3.3 mg) was also added and mixed until dissolved 
at 4 ◦C. Then, the pH of the mixture was adjusted to about 5 at 4 ◦C. After 
that, the mixture was heated up to 37 ◦C for 1 h (h). Then, a white solid 
was appeared, and the mixture was centrifuged, and the precipitate was 
washed three times using ultrapure water. Finally, the precipitate was 
dissolved in ultrapure water at 4 ◦C, dialyzed against water and lyoph-
ilized. The obtained aniline-grafted E50I60 ELR was characterized using 
1H NMR and MALDI-ToF spectroscopies. 

2.3. “In-situ” crosslinking of E50I60 ELR with VKV24 ELR using EDAC 
in aqueous solutions 

The E50I60 ELR was dissolved in ultrapure water at 50 mg/ml in an 
Eppendorf at 4 ◦C. Also, the VKV24 ELR was dissolved in ultrapure water 
at 50 mg/ml in another Eppendorf at 4 ◦C. After that, 349 μl of 50 mg/ml 
VKV24 aqueous solution is brought together with 651 μl of 50 mg/ml 
E50I60 ELR aqueous solution in such a way that the number of NH2 
moles equals the number of COOH moles in the final mixture solution at 
4 ◦C (see Table 2 for quantities) (Fig. 2a). After that, the mixture was 
adjusted to a pH of about 5. This mixture is called as 50 EK, which 
contains a concentration of 50 mg/ml of the ELRs in the aqueous solu-
tion (Table 2). Then, an equimolar amount of EDAC (1 eq, 1.33 mg), 
with respect to carboxyl groups, was added to the 50 EK mixture at 4 ◦C, 
and the pH was again adjusted to about 5 at 4 ◦C. Finally, this sample 
was incubated in a mold at 37 ◦C for 1 h until the hydrogel was formed. 
The mold-formed hydrogel at a concentration of 50 mg/ml is called as 

50EKG. Similarly, the hydrogel formation was performed both from 100 
mg/ml E50I60 & 100 mg/ml VKV24 and 150 mg/ml E50I60 & 150 mg/ 
ml VKV24 aqueous solutions (Table 2). Thus, the aqueous mixture 
prepared from the 100 mg/ml E50I60 and 100 mg/ml VKV24 is called as 
100 EK, and the mold-formed hydrogel is called as 100EKG. Also, the 
aqueous mixture prepared from 150 mg/ml E50I60 and 150 mg/ml 
VKV24 is called as 150 EK, and the mold-formed hydrogel is called as 
150EKG (Table 2). 

2.4. Characterization techniques 

Matrix-assisted laser desorption/ionization time-of-flight (MALDI- 
TOF) mass spectrometer was used to record the mass spectra of the 
E50I60 ELR with the aniline grafts. The employed matrix was a mixture 
of dissolved 2,5-DHAP (7.6 mg) in ethanol (375 μL) and 125 μL of 18 

Fig. 1. Schematic representation of the reaction between –COOH groups from 
E50I60 ELR chains and –NH2 groups from the aniline molecules through the 
carbodiimide-mediated amidation reaction; E50 and I60 blocks are represented 
by red and blue colour, respectively. 

Table 2 
Code name of the prepared ELRs mixtures with and without EDAC. A, B and C 
are 50, 100 and 150 mg/ml of E50I60 aqueous solutions, respectively, and D, E 
and F are 50, 100 and 150 mg/ml of VKV24 aqueous solutions, respectively.  

Sample 
code 

Description Concentration of ELR 

50 EK 651 μl of A + 349 μl of D 50 mg/ml (32.55 mg of E50I60 +
17.45 mg of VKV24) 

100 EK 651 μl of B + 349 μl of E 100 mg/ml (65.11 mg of E50I60 +
34.89 mg of VKV24) 

150 EK 651 μl of C + 349 μl of F 150 mg/ml (97.66 mg of E50I60 +
52.34 mg of VKV24) 

50EKG 651 μl of A + 349 μl of D +
1.33 mg of EDAC 

50 mg/ml (32.55 mg of E50I60 +
17.45 mg of VKV24) 

100EKG 651 μl of B + 349 μl of E +
2.66 mg of EDAC 

100 mg/ml (65.11 mg of E50I60 +
34.89 mg of VKV24) 

150EKG 651 μl of C + 349 μl of F +
3.98 mg of EDAC 

150 mg/ml (97.66 mg of E50I60 +
52.34 mg of VKV24)  
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mg/mL C6H8O7⋅2NH3 aqueous solution. Then, 1 μL of this mixture was 
introduced along with 1 μL ELR aqueous solution (1 mg/ml) to the 
MALDI plate. Finally, the mass spectra were recorded for the dried plate 
by using a Bruker autoflex speed instrument equipped with a nitrogen 
laser (337 nm). 

NMR spectra were recorded using 500 MHz Agilent DD2 instruments 
equipped with a cold probe in the Laboratory of Instrumental Tech-
niques (LTI) Research Facilities, University of Valladolid. 1H NMR 
spectra of the E50I60 ELR with aniline grafts was carried out at 298 K 
with the dissolved modified-ELR sample at concentration 25 mg/ml and 
for 650 μl of D2O. 1H chemical shifts (δ) are reported in parts per million 
(ppm). In order to obtain a quantitative 1H NMR spectrum the acquisi-
tion parameters were:10 s relaxation delay between transients, 45◦ pulse 
width, spectral width of 8012 Hz, a total of 16 transients and 2.044 s 
acquisition time. 

Differential scanning calorimetry (DSC) analysis was performed 
using a Mettler Toledo 822e. The measurements were carried out in the 
range of 5–60 ◦C, and at a heating rate of 5 ◦C/min. Thus, 20 μL of the 
prepared E50I60, VKV24 and 50 EK ELR solutions (at a concentration of 
50 mg/ml in ultrapure water, with and without the addition of EDAC 
(1eq), at a pH of about 5) were placed in a 40 μL sealed aluminum pan, 
and the same volume of ultrapure water was placed in the reference pan. 

In order to study the microstructure of the prepared ELR hydrogels, 
the incubated ELR hydrogel at 37 ◦C was rapidly immersed in liquid 
nitrogen, fractured mechanically using tweezers, and then lyophilized. 
Thus, the lyophilized sample was metalized with gold to take the SEM 
micrographs in low-vacuum mode with water as the auxiliary gas, using 
the FEI Quanta Field Emission Scanning Electron Microscopy (SEM). The 
average pore size was determined using the Digital Micrograph soft-
ware, by quantifying the size of at least 20 pores. Furthermore, the 
lyophilized hydrogel samples were fixed on a glass substrate to study the 

topographical structure, using a Witec atomic force microscopy (AFM) 
in the tapping (AC) mode with a Si3N4 Cantilever (spring constant k =
2.8 N/m, WITec, Ulm, Germany) and the 20x objective (NA = 0.5, 
Olympus, Japan). Rheological dynamic experiments were performed 
using a stress-controlled AR-2000ex rheometer (TA Instruments) using a 
parallel plate geometry and equipped with a Peltier accessory to control 
and maintain the sample temperature. Several measurements were 
accomplished, and then, the evolution of the storage (G′) and the loss 
(G″) moduli on temperature, strain and frequency were obtained for 
three different sample concentrations (50, 100 and 150 mg/ml). In the 
case of temperature and frequency sweeps, a strain of 0.3% was used. In 
every measurement, a gap larger than 1000 μm was always used. So-
lutions of 50 EK, 100 EK or 150 EK, with and without the addition of 
EDAC (1eq), at 4 ◦C were injected directly between the 20 mm parallel 
plates. In order to analyze the “in-situ” gelation on the rheometer plate, 
a temperature sweep (at a fixed frequency of 1 Hz) was carried out from 
5 to 50 ◦C (the heating cycle) and from 50 to 5 ◦C (the cooling cycle) at 
the same constant rate of 2 ◦C/min; the cooling cycle immediately fol-
lowed the heating cycle. A solvent trap accessory was used to maintain 
sample humidity, preventing the sample from drying out. As for 50EKG, 
100EKG and 150EKG samples, strain and frequency sweeps at 4 or 37 ◦C 
were carried out on cylindrical gel samples (φ = 12 mm) using a 12 mm 
diameter rheometer plate. These three samples were measured in 
rheology immediately after the incubation time (1 h) was over. Rheo-
logical measurements provide the storage modulus (G′) and the loss 
modulus (G″) as a function of strain or frequency at a fixed temperature. 
The complex modulus magnitude |G*| (|G*|2 = (G′)2 + (G″)2), and the 
loss factor tan δ (tan δ = G′′/G′, where δ is the phase angle between the 
applied stimulus and the corresponding response) was also obtained. 
Each sample was measured in triplicate, and the values are reported as 
the mean and standard deviation. 

Fig. 2. (a) Schematic representation of the reaction between –COOH groups from E50I60 ELR chains and –NH2 groups from VKV24 recombinamer through the 
carbodiimide-mediated amidation reaction; VKV24, E50 and I60 blocks are represented by green, red and blue colour, respectively. Photographs of the (b) 50 EK, and 
(c) 50 EK + EDAC (1 eq) mixtures after incubation at 37 ◦C for 1 h and at different temperatures. This figure shows a macroscopic test to clarify the irreversibility of 
the hydrogel formation when the temperature decreases from 37 ◦C to 4 ◦C (Fig. 2c) in contrast with reversible coacervate formation in the absence of EDAC (Fig. 2b). 
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3. Results 

In this section, the design and bioproduction of the ELRs, their 
modification and subsequent hydrogel formation by means of the 
carbodiimide-mediated amidation reaction are described. Furthermore, 
an exhaustive characterization of the proposed new material has been 
carried out by means of different experimental techniques, such as DSC, 
rheology, SEM and AFM. The correlation of all these techniques and the 
global discussion has allowed us to propose, finally, a tentative mech-
anism for the formed hydrogel tunable viscoelasticity. 

3.1. ELRs construction, production and purification 

The combination of various polypeptide domains inspired by pro-
teins in a single polymer chain is the key to generating biomimetic 
materials with intricate complex structures and the desired functional 
properties [13,20,36,45,46]. This can be successfully produced with a 
fully controlled composition and appropriate chain length through 
standard genetic engineering procedures. For instance, the corre-
sponding coding gene of (VPGXG), where X = G, E, I or K, amino acid 
fragments can be consecutively introduced through the recursive 
directional ligation (RDL) technique to construct the gene of the 
amphiphilic E50I60 or VKV24 ELRs. DNA sequencing has demonstrated 
the accuracy of gene construction and, therefore, the desired ELRs have 
been produced. By means of their inverse temperature transition, the 
E50I60 or VKV24 ELRs were purified and, subsequently, characterized 
as previously determined [13,20,45]. While the E50 hydrophilic block 
of the E50I60 ELR contains ten equally spaced carboxylic (–COOH) 
groups from glutamic amino acids along its chain, the VKV24 ELR 
contains twenty-four equally spaced amines (–NH2) groups from lysine 
amino acids along its chain. Thus, the –COOH groups from glutamic acid 
(E) can undergo a reaction to form amide bonds with amine reagents 
through the carbodiimide-mediated amidation reaction. 

3.2. Conjugation of the aniline molecule with E50I60 ELR 

It has been claimed that the chemical modification of the carboxylic 
groups present along an ELR polymer chain is usually a slow, complex 
and low-yield process, with a moderate coupling ratio, that requires the 
previous activation of the carboxyl group [41–43]. That is the main 
reason why, in general, the chemical modifications of ELRs have been 
carried out on recombinamers designed to have the amino groups of the 
lysines along their chain [20,34–36]. Our first objective in this work, 
therefore, would be to test the reactivity of the carboxyl groups present 
in E50I60 ELR upon amidation modification. We chose aniline as the 
standard amine to carry out the amidation tests prior to optimization of 
the modification method. Aniline contains one NH2 group and, thus, the 
ten carboxylic groups found along the E50I60 ELR are able to react at 
maximum with ten aniline molecules, giving rise to the conjugated 
E50I60 chains with aniline molecules (Fig. 1). 

Overall, the amidation reaction of E50I60 in aqueous medium was 
carried out in the presence of equimolar amounts of EDAC, equimolar 
aniline, and at the physiological temperature. The E50I60 and aniline 
molecules were mixed in an aqueous solution with the addition of EDAC 
in order to allow insufficient time for the unstable intermediate O-acy-
lisourea to hydrolyze before amide bonds were formed with the NH2 
groups. Aniline was also chosen as an amine reagent because it has an 
aromatic structure, whose protons resonate at different fields from the 
protons present in the ELR to be modified. So, the conjugation of the 
aniline molecules to the ELR was corroborated through the study of their 
structure by means of their 1H NMR spectrum in D2O (Figures S1a–1b). 

Figure S1b displays the appearance of new and characteristic signals 
of aromatic protons at 6.7–7.7 ppm in the E50I60 ELR conjugated with 
aniline molecules, which are not present in the unmodified E50I60 ELR 
spectrum (Figure S1a). These signals are attributed to the aromatic 
protons of the aniline molecule. From the analysis of the integrals of 

these aromatic protons, it is deduced that a total of seven aniline mol-
ecules have been conjugated. Furthermore, MALDI-ToF mass spectra 
display the increase in molecular weight attributed to the same aniline 
conjugation to E50I60 (Figure S1c). It should be noted that we have 
demonstrated, both by NMR and MALDI-ToF, that a conversion of about 
70% has been obtained. Therefore, the carbodiimide-mediated amida-
tion reaction successfully demonstrates to be achievable in a simple and 
highly efficient process in the aqueous phase for our materials. This fact 
motivates us to produce a hydrogel with the participation of both the 
ELRs bearing COOH groups and the ELRs bearing NH2 groups with the 
same amidation procedure for chemical crosslinking of the chains. 

3.3. Crosslinking of E50I60 ELR and VKV24 ELR: thermodynamic 
characterization 

In view of the above results, we applied the aforementioned meth-
odology to the chemical chain cross-linking of E50I60 ELR with another 
biopolymer that contains sparsely distributed amine groups in its 
structure, such as VKV24, in order to generate a hydrogel matrix. As the 
VKV24 contains about twenty-four amine groups, the addition of EDAC 
can result in a cross-linked matrix (in the insoluble state). In this regard, 
the “in-situ” hydrogel quantitative studies by DSC and temperature 
sweep rheology analyses will be employed for their characterization. 

Fig. 2a shows the schematic representation of the reaction between 
–COOH groups from E50I60 ELR chains with –NH2 groups from the 
VKV24 recombinamer through the carbodiimide-mediated amidation 
reaction in one-pot step approach. For instance, this can be visually 
observed when the 50 EK aqueous solution is mixed without and with 
EDAC (1eq) (Fig. 2b and c, respectively). Fig. 2b shows that the pho-
tographs of 50 EK (without the addition of EDAC) at 37 ◦C present the 
exclusion of an amount of water from the 50 EK mixture. This indicates 
that 50 EK at 37 ◦C just forms a phase-separated state as the I60 blocks in 
the E50I60 ELR chains have the ability to assemble with each other 
through the hydrophobic interactions and form an aggregated state [13, 
22,23]. With decreasing the temperature from 37 to 4 ◦C, these aggre-
gations are gradually solubilized in the aqueous solution, as the tem-
perature goes below the intrinsic Tt (19 ◦C) value [13] of the I60 blocks. 
In other words, the I60 blocks are transformed from ordered to a 
disordered state. On the contrary, Fig. 2c shows that the addition of 
EDAC (1 eq) to 50 EK results in the rapidly formation of a hydrogel 
matrix at 37 ◦C, which is irreversible when cooled again from 37 to 4 ◦C; 
this irreversible behavior indicates the presence of a chemically 
cross-linked hydrogel. 

3.4. DSC thermograms of E50I60 and/or VKV24 without and with the 
addition of EDAC 

As the ELRs chains exhibit self-assembly properties dependent on 
their transition from disordered to ordered states [20,34–36], the effect 
of EDAC molecules and/or VKV24 ELR on the Tt of E50I60 has been 
studied by DSC. Fig. 3 shows that there are endothermic peaks, which 
are characterized by the peak temperature (Tt, transition temperature by 
DSC) at about 18.5 and 43.6 ◦C for E50I60 and VKV24 ELRs, and en-
thalpies (ΔHs) involved in this transition of about 8.6 and 2.1 J/g 
(Table 3), respectively. The decrease in Tts with the EDAC (1 eq) addi-
tion to E50I60 or VKV24 ELRs indicates that EDAC molecules enhance 
the folding and aggregation processes of the ELRs chains. Furthermore, 
ΔHs increases to about 11.2 and 3.7 J/g, respectively. When the E50I60 
and VKV24 ELRs are mixed (e.g., 50 EK) in ultrapure water, both Tts are 
observed in the corresponding thermogram, but that corresponding to 
the VKV24 ELRs shifts to a lower temperature (~39.8 ◦C), whereas the Tt 
corresponding to the E50I60 ELRs is not affected. This decrease could be 
attributed to the electrostatic interaction between –NH3

+ and –COO- 

groups, thus increasing the transition of ELRs chains from disordered to 
ordered structures. This means that E50I60 can also affect the 
self-assembly properties of VKV24, thus giving rise to a phase-separated 
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state at 37 ◦C as the ELR chains are aggregating with each other 
(Fig. 2b). Again, the addition of EDAC molecules to the mixture of 
E50I60 with VKV24 (i.e., 50EKG) causes a further reduction in Tts to ~ 
16.9 and 35.7 ◦C, respectively, in the same proportion as for each ELR 
separately (Fig. 3). This result, together with the irreversible hydrogel 
obtained in Fig. 2c, allows us to suggest that this reduction might be 
attributed to the chain chemical cross-linking caused by the formation of 
amide bonds between ELR molecules. 

3.5. ELR hydrogel formation mechanism: tunable viscoelasticity with 
temperature 

As the E50I60 ELR can self-assemble into a physical hydrogel [13], 
the effect of the presence of VKV24 on the moduli of the self-assembled 
E50I60 ELR hydrogel has been studied through a rheometer temperature 
sweep analysis in order to accomplish an “in situ” gelation on the 
rheometer plate. Figure S2a–2b shows that 50 EK and 100 EK mixtures 
(without the addition of EDAC (1eq)) result in very low values of G′ and 
G″, thus indicating that the system remained in a liquid state and no 
gelation occurred. Indeed, it has been demonstrated that E50I60 at 50 
and 100 mg/ml can form a physically cross-linked network with a 
gelation temperature (Tgel) of ~33 and 21 ◦C, respectively, and G′ 
moduli of about 1088 and 3197 Pa, respectively [13]. In contrast, no 
gelation takes place with the addition of VKV24 (as in 50 EK and 100 EK: 
Figures S2a–2b). Even for higher concentrations of both ELRs (as in 150 
EK) the formation of an unstable, reversible hydrogel (Figure S2c), has 
resulted in high Tgel (45 ◦C) and low G′ values (300 Pa), as compared to 
that of 100 mg/ml E50I60 (33 ◦C, 3197 Pa) [13]. This demonstrates that 
VKV24 addition affects the self-assembly properties of the E50I60 ELR 
chain. 

The cross-linking of E50I60 with VKV24 ELRs chains by means of the 

amidation reaction can be followed through monitoring the rheometer 
temperature sweep (heating and cooling cycles) analysis at a constant 
frequency. Fig. 4 shows the temperature sweep of 50 EK, 100 EK and 
150 EK after the addition of EDAC (1 eq). The most obvious finding is the 
different evolution of the elastic modulus (G′) and the loss (viscous) 
modulus (G″) as compared to that of the 50 EK, 100 EK and 150 EK 
mixtures without the addition of EDAC (1eq) (Figure S2). Thus, Fig. 4a–c 
shows that G′ and G″ display a rapid increase in both magnitudes at a 
certain temperature; a sigmoidal evolution is observed for the lowest 
concentration. When temperature increases, a crossover point between 
G′ and G″ is observed. The temperature at which G′ = G″ is defined as the 
Tgel (at the selected frequency: 1 Hz in this case) measured by rheology 
[13,47–49]. Indeed, the value of Tgel depends on the concentration of 
ELR in aqueous solution, which decreases from ~29 to 26 or to 16 ◦C as 
the concentration of the mixed ELRs (E50I60+VKV24) is increased from 
50 to 100 or to 150 mg/ml, respectively (see Fig. 4a–c). Above the Tgel, 
the increasing behavior in G′ and G″ moduli are dependent on the ELR 
concentration, and G′ was larger than G″, corresponding to the hydrogel 
formation. For instance, at 41 ◦C, whereas G′ and G″ are ~50 and 6 Pa, 
respectively, for 50 EK, these moduli are ~1043 and 132 Pa, respec-
tively, for 100 EK, and are about 1190 Pa and 276 Pa, respectively, for 
150 EK. 

Focusing our attention on the elastic modulus, Fig. 4d shows that G′ 
displays the presence of two plateaus. A high-temperature plateau is 
observed in all concentrations above 29 ◦C. In this region, G′ is about 50, 
1043 and 1190 Pa for 50 EK, 100 EK and 150 EK, respectively. A low- 
temperature plateau between 10 and 29 ◦C is observed for 100 EK by 
the change in the slope of G′ and G″ and clearly seen for 150 EK. At the 
end of the heating cycle, the hydrogel is formed, and immediately after 
that the cooling cycle (Figure S3) starts. At 37 ◦C ELR chains are con-
tracted, while at 4 ◦C these chains are extended, giving rise to the cor-
responding change in moduli values. The evolution of these moduli with 
temperature shown in this figure quantitatively indicates the presence of 
the irreversible amide (chemical) bond. 

3.6. Dynamic dependence of hydrogel viscoelasticity: 
The rheological hydrogel characterization was completed with fre-

quency response measurements. In this regard, each hydrogel was tested 
over its respective linear viscoelastic range in order to study the impact 
of frequency on G′ and G″ of the formed 50EKG, 100EKG and 150EKG 
hydrogels. |G*| was found to remain independent of strain (linear 
viscoelastic behavior) up to values of about 3% (see Figure S4). Thus, the 
measurements were carried out within the linear viscoelastic region, at 
0.3% strain as a trade-off between linearity and noise in measurements. 
Fig. 5a–c shows the frequency dependence of G′ and G″ at 4 ◦C for the 
mold-prepared ELRs hydrogels. The values of both G′ and G″ increase 
with frequency. Furthermore, the elastic G′ modulus for all hydrogels is 
larger than its corresponding viscous modulus G″, indicating that a 
stable gel state was formed. Whereas a low frequency-dependence of G′ 
values is found in the range from 0.01 to 2 Hz for 50EKG, a certain 
evolution is observed when concentration increases (100EKG, and 
150EKG). Indeed, the G′ values of 50EKG, 100EKG and 150EKG at 4 ◦C 
remain in the same order of magnitude. For instance, the values at 1 Hz 
of G′ for 50EKG, 100EKG and 150EKG hydrogels are about 257, 430 and 
472 Pa at 4 ◦C. This is attributed to the disruption of the interchain 
hydrophobic contacts between the ELR chains, which are extended and 
tend to be hydrated with water molecules. As far as G’’ is concerned, the 
trend to increase with frequency is similar for the three concentrations, 
but its value shows a slight increase with concentration. 

Fig. 5d–f shows the dependence of G′ and G″ at 37 ◦C. As can be seen, 
while G′ monotonically increases when frequency does for each con-
centration, G’′ shows a dip in the frequency range of 0.2–10 Hz where 
this modulus falls and rises; its depth is higher for the highest concen-
tration. At 37 ◦C similar G′ values are found for 100 EK and 150 EK, 
whereas G’′ values show a slight increase with concentration. Both G′ 
and G’′ are significantly lower for the lowest concentration considered 
(50 EK). Furthermore, the frequency dependence of the G′ modulus is 

Fig. 3. DSC thermograms of E50I60, VKV24 and 50 EK in aqueous solution 
without and with the addition of EDAC (1 eq). 

Table 3 
Tt, transition temperature by DSC, and enthalpy, ΔH, of E50I60, VKV24 and 50 
EK in aqueous solution without and with the addition of EDAC.  

Sample code Tt (◦C) ΔH (J/g) 

(E50I60) (VKV24) (E50I60) (VKV24) 

E50I60 18.5  8.6  
E50I60 + EDAC (1 eq) 16.3  11.2  
VKV24  43.6  2.1 
VKV24 + EDAC (1 eq)  38.4  3.7 
50 EK 19.0 39.8 5.7 1.9 
50 EK + EDAC (1 eq) 16.9 35.7 6.1 1.2  
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Fig. 4. Temperature dependence of G′ and G″ moduli as the temperature increases from 5 to 50 ◦C (heating cycle) for (a) 50 EK, (b) 100 EK and (c) 150 EK, with the 
addition of EDAC (1eq). d) Evolution of the G′ modulus for the three concentrations throughout the low and high temperature plateau regions, which are indicated by 
the dashed red lines. 

Fig. 5. Frequency dependence of the storage, G′ and loss, G″ moduli for: (a) 50EKG, (b) 100EKG, and (c) 150EKG at 4 ◦C; (d) 50EKG, (e) 100EKG and (f) 150EKG 
at 37 ◦C. 
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affected by temperature. Focusing our attention on G′ at 1 Hz, while 
relatively similar values are obtained for the three concentrations at 
4 ◦C, a clear increase is found at 37 ◦C (Table 4). The transition of the I60 
blocks (with a Tt of about 19 ◦C) from disordered to ordered states as the 
temperature changes from 4 to 37 ◦C, through the interchain hydro-
phobic contacts and forms a physical network structure contributes to 
the G′ increase. This network structure tends to be hydrated with water 
molecules and extended as the temperature changes from 37 to 4 ◦C. 

Concerning the loss factor (Figure S5), a different evolution is 
observed at 4◦ and 37 ◦C. Whereas at low temperatures this parameter 
tends to increase for each concentration throughout all the frequency 
ranges considered, at 37 ◦C tan δ shows the behavior corresponding to 
G’′, reaching a minimum at 7–8 Hz (tan δ ≈ 0.1, δ ≈ 5–6◦) for the three 
concentrations where the elastic behavior of the hydrogel is maximized. 
At low frequencies, higher values of tan δ are found at 37 ◦C than at 4 ◦C, 
indicating again the higher hydration of the ELR chains at low tem-
peratures. The hydrogels are contracted at 37 ◦C and therefore have a 
lower water content, meaning that less water is available to lubricate 
chain reorientation in response to an applied strain. Additionally, the 
ELR chains are able to withstand extensive interchain hydrophobic 
contacts at temperatures above the characteristic phase transition 
temperature. 

In Fig. 6a–b, the dependence of the complex modulus magnitude, 
|G*|, with f1/2 has been plotted in order to obtain a deep insight into the 
physical mechanism that determines the frequency evolution of the 
hydrogels at 37 and 4 ◦C, respectively. At the lowest frequencies, a non- 
linear dependence of |G*| with f1/2 is found, and at 37 ◦C its corre-
sponding frequency range is more extended when concentration in-
creases. This region corresponds to the intrinsic viscoelasticity, where a 
fluid-independent viscoelastic mechanism dominates, such as relaxa-
tion, reconfiguration and conformational mobility of recombinamer 
chains [20]. As can be seen in this figure, a region with a linear 
dependence of |G*| with f1/2 is also observed where a poroelasticity 
(fluid-dependent) mechanism dominates, involving that viscous drag of 
interstitial fluid (water) through the porous recombinamer network and 
fluid-solid frictional interactions associated to fluid pressurization pre-
vail. The slope of this linear region is related to hydrogel permeability, 
or in other words, the ease with which a fluid flows through the hydrogel 
matrix [20]. The frequency range where this mechanism dominates is 
considerably more extended at 4 ◦C than at 37 ◦C, and for a given 
temperature, it is reduced when concentration increases. 

In Fig. 6c, the slope of this region has been drawn; the slope increase 
is observed when concentration increases, thus corresponding to a 
decrease in the hydrogel permeability. The values found in our hydro-
gels are in the same order of magnitude of those obtained in ELR click 
gels [20] and hybrid ELR-fibrins [50] based on chemical crosslinking. 
For a given concentration, a higher slope is calculated at 37 ◦C than at 
4 ◦C, corresponding to a higher permeability at low temperatures. At a 
fixed temperature, the higher the slope, the lower the hydrogel 
permeability. 

3.6. Morphological characterization of the hydrogel 

The previous rheological results about gel permeability were 
confirmed by the following morphological characterization based on 
SEM. In this regard, the formation of a reliable pore structure within the 
network of 50EKG, 100EKG and 150EKG at 37 ◦C has been observed 
using the SEM micrographs. Fig. 7 shows that the internal structure of 
the prepared hydrogels displays a homogeneous porous structure with 
high interconnectivity. As the ELR concentration increases from 50 to 
150 mg/ml, the structure becomes denser and more compact, and 
therefore, the pore size decreases in agreement with the rheological 
results shown in Fig. 6c [20], since permeability increases when porosity 
does [51]. Thus, the SEM micrographs (Fig. 7) displays that the pore size 
decreases from 3.9 ± 1.3, 2.6 ± 0.9 and 1.3 ± 0.5 μm as the concen-
tration increases from 50, 100 and 150 mg/ml, respectively. 

Fig. 8 presents the AFM micrographs of the prepared hydrogel ma-
trix. In Fig. 8d–f, a higher magnification of the areas indicated in Fig. 8 a- 
c have been included. Fig. 8d (50EKG) shows the presence of three 
dimensional nanostructures, whose linear dimension dominates 
(focusing on the greatest nanostructure: length close to 2 μm, thickness 
around 250 nm) along with some spherical or semispherical nano-
structures (with diameter of about 50–100 nm). In Fig. 8e and f, 100EKG 
and 150EKG exhibit the presence of semispherical nanostructures 
dominates (with a diameter of about 100–200 and 250–400 nm, 
respectively) in a higher amount than in Fig. 8d. 

4. Discussion 

ELRs have demonstrated their significance in the generation of 
physically or chemically cross-linked hydrogels. On one hand, ELRs 
chains can be well-constructed through the recombinant DNA technol-
ogy in order to exhibit physical cross-linking through hydrophobic in-
teractions. For instance, it can be found in the bibliography that the 
E50I60 ELR in aqueous solution exhibits controllable thermoresponsive 
behavior [13,19,45]. Above its Tt (19 ◦C), the E50I60 chains interact 
with each other, giving rise to micellar structures, such that I60 blocks 
interact with each other through hydrophobic interactions to form the 
core while the hydrophilic E50 blocks form the corona. These nano-
particles can be organized with each other into physical hydrogels. It has 
been demonstrated that E50I60 at 50 and 100 mg/ml can form a 
physically cross-linked network with a gelation temperature (Tgel) of 
~33 and 21 ◦C, respectively, and G′ moduli of about 1088 and 3197 Pa, 
respectively (see Fig. 5a from Ref. [13]). However, the formed physical 
hydrogel is still reversible when placed below the intrinsic Tt of E50I60 
ELR. In this work, we have proved that the addition of VKV24 ELR 
bearing positively charged amine groups to the E50I60 bearing nega-
tively charged carboxylic groups has resulted in very low values of G′ 
and G′′ (Figures S2a-2c). Thus, no gelation takes place above the Tt, and 
it may have a lot to do with electrostatic interactions between the 
opposite electric charges of –NH3

+ and –COO- groups found on the 
VKV24 and E50I60 ELRs, respectively. This electrostatic interaction is 
demonstrated by lowering the Tt of VKV24 ELRs to ~39.8 ◦C (50 EK), 
and a certain amount of water is excluded from the aqueous ELR mixture 
to generate a phase-separated state (see Fig. 2b) rather than the for-
mation of a physical hydrogel. Overall, the mechanical strength above 
the intrinsic Tt of ELR due to the physical cross-linking of ELR chains 
through the hydrophobic and/or electrostatic interactions is extremely 
limited. 

On the other hand, ELRs chains can be successfully generated 
through the proper molecular design to bear the appropriate functional 
groups, such as amine or carboxylic groups, for further chemical 
modification. Indeed, it can be found that the ELRs chemical modifica-
tions could be carried out through the functionalization of amino groups 
of the lysines, for example, with azido and cyclooctyne groups [20, 
34–36]. Thus, the ELRs chains (e.g., VKV24) can be chemically 
cross-linked by means of catalyst-free click chemistry (azide− alkyne [3 

Table 4 
Elastic (G′) and loss moduli (G″) and phase angle, δ, at 1 Hz of 50EKG, 100EKG 
and 150EKG at 4 and 37 ◦C.   

4 ◦C 37 ◦C 

G′ (Pa) G′′ 
(Pa) 

δ 
(degrees) 

G′ (Pa) G′′ (Pa) δ 
(degrees) 

50EKG 257 ±
12.9 

14 ±
0.7 

3.2 ± 0.2 215 ±
10.8 

24 ±
1.2 

6.1 ± 0.3 

100EKG 430 ±
21.5 

43 ±
2.2 

5.7 ± 0.3 874 ±
43.7 

109 ±
5.5 

7.1 ± 0.4 

150EKG 472 ±
23.6 

83 ±
4.2 

9.8 ± 0.5 1115 ±
55.8 

166 ±
8.3 

8.5 ± 0.4  
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+ 2] cycloaddition) [20,34,52,53]. This resulted in a hydrogels structure 
with a G′ of about 1.8 kPa–7.5 kPa as the concentration increases from 
50 to about 150 mg/ml. In contrast, chemical modification of ELRs 
through the carboxylic groups present in their polymeric chain is usually 
a less efficient process with a moderate derivatization ratio, since it 
requires prior activation of the carboxyl group [41–43]. 

Amide linkages have demonstrated their significance in chemical 
cross-linking for various applications such as drug delivery systems 
(25% of all pharmaceutical products), wound healing and adhesives 
[54–60]. In conventional approach, the carboxylic acids are first acti-
vated, and the derivatives are followed by the nucleophilic attack of 
amino groups [58–60]. However, the synthesis process includes the use 
of expensive and/or toxic activators as well as organic solvents. In this 
regard, we have used the EDAC-mediated amidation method for the 
direct reaction of the carboxylic acid/amine pair of ELRs chains in a 
straightforward operational manner (Fig. 1). The success of this reaction 
is attributed to the electrostatic interaction between the opposite electric 
charges of the –NH3

+ and –COO- groups found on the VKV24 and E50I60 
ELRs, respectively. These interactions result in lowering the average 
polarity of the ELRs chains in the mixture (as demonstrated by DSC 

thermosgrams). Since the carboxylic and amine groups are close to each 
other through the electrostatic interactions, they are easily accessible for 
the amidation reaction upon the addition of EDAC. This mixing pro-
cedure aims to allow insufficient time for the unstable intermediate 
O-acylisourea to hydrolyze before amide bonds are formed with the NH2 
groups. Indeed, the present amidation process condition offers signifi-
cant improvements in terms of safety and ease of setup with a high yield 
of amide linkages, as demonstrated by the previous amidation reaction 
of E50I60 carried out with an amine reagent such as aniline, which led to 
a 70% conversion of the carboxylic functional groups (Figure S1a–1b). 
Thus, this method is operationally simple, environmentally friendly, and 
operates in “industrially preferred” solvents under exceedingly mild 
conditions without the use of any additives or dehydrating agents, 
reducing its environmental impact. 

The presence of two plateaus in the rheological study (Fig. 4) in-
dicates that the gelation process is associated with a dual mechanism. In 
order to describe these experimental rheological results, it should be 
taken into account the concentration at which the amphiphilic E50I60 
ELR can be physically cross-linked through the hydrophobic interactions 
and the decrease of Tt when the ELR concentration increases. Indeed, the 

Fig. 6. Dependence of |G*| on square root of frequency (f½), at 4 ◦C (a) and 37 ◦C (b), for 50 EK (50 mg/ml), 100 EK (150 mg/ml) and 150 EK (150 mg/ml). (c) d(| 
G*|)/d(f½) for 50 EK (50 mg/ml), 100 EK (150 mg/ml) and 150 EK (150 mg/ml) hydrogels, at 4 and 37 ◦C. In figures (a) and (b), the insert includes a zoom of the 
frequency region where the linear dependence between |G*| on f ½ takes place; in these inserts, the axis and units are the same as in the main figure. 

Fig. 7. SEM micrographs of (a) 50EKG, (b) 100EKG and (c)150EKG hydrogels at 37 ◦C. A higher magnification has been used for each micrograph in the bottom row.  
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concentration of E50I60 found in 50 EK solution is about 32.55 mg/ml 
(Table 2), which is not sufficient to form a physical hydrogel through the 
hydrophobic interactions [13,22,23]. This indicates that the “in-situ” 
formation of the 50 EK hydrogel is evidently due to the 
carbodiimide-mediated amidation reaction. On the contrary, the con-
centration of E50I60 found in 100 EK is about 65 mg/ml (Table 2), 
which is sufficient to aggregate through the hydrophobic interaction and 
form a physical hydrogel [13,22,23]. This indicates that the thermally 
driven self-assembly of the amphiphilic E50I60 ELR into the physical 
hydrogel network contributes to the G′ of 100 EK hydrogel. Although the 
change in the slope of G′ and G″ of 100 EK in the temperature range 
corresponding to the low temperature plateau may already be attributed 
to the physical interaction, the contribution of the 
carbodiimide-mediated amidation reaction is obviously observed at the 
high temperature plateau for 150 EK (Fig. 4c). For the highest concen-
tration (150 EK), the concentration of E50I60 (98 mg/ml) is appropriate 
to form a physical hydrogel network [13,22,23]; moreover, the corre-
sponding ELR Tt is the lowest. This results in clearly observing the low 
temperature plateau (between 10 and 29 ◦C) attributed to the formation 
of physical hydrogel network, which can be clearly distinguished from 
the high temperature plateau (above 29 ◦C) attributed to the 
carbodiimide-mediated amidation network. In other words, increasing 
the temperature during the temperature sweep provides thermal energy 
that allows the thermally driven self-assembly of the amphiphilic 
E50I60 into a physically cross-linked network (low temperature 
plateau). When the temperature is high enough to provide the energy 
necessary to overcome the activation temperature needed for the amide 
bond formation, these chemical bonds begin to be produced to generate 
the chemically cross-linked network (high-temperature plateau). 

Similar G′ values are found in the high temperature plateau for 100 
EK and 150 EK. This could be attributed to the limited availability of 
amine and/or carboxylic groups for the chemical modification due to the 
steric hindrance of self-assembly of the E50I60 into the physical network 
[61]. This steric hindrance cannot make possible the effective perfor-
mance of a higher number of crosslinks as compared to that of the 
crosslinks available at 100 mg/ml and 50 mg/ml. Indeed, a similar steric 
hindrance has been observed in other works, such as when the poly-
ethylene glycol (PEG) molecules are employed as spacers, thus 
providing steric hindrance to the cross-linking of the alginate chains 
[62]. Also, steric hindrance has been observed to affect the thermores-
ponsive phase transition behaviors between poly 

[N-(1-meth-2-acryloyloxyethyl) pyrrolidone] (PMEP) and poly 
[N-(2-acryloyloxypropyl) pyrrolidone] (PAPP) [63]. Therefore, as a 
whole, Fig. 4 indicates that the hydrogel viscoelastic properties can be 
switched between two different (“high” and “low” logic) values of the 
storage modulus. Its corresponding overall crosslinking results from the 
contribution of both physically and chemically crosslinked networks 
related to the two formation mechanisms of the hydrogel. As a conse-
quence, a tunable viscoelasticity is available using temperature as a 
control parameter. Furthermore, the swing of the switching is modu-
lated by concentration. 

The prepared ELRs hydrogels have the potential to be employed as 
injectable biomimetic dynamic hydrogels for various biomedical appli-
cations, including tissue engineering and drug delivery [64–69]. Spe-
cifically, they could be beneficial for the treatment of intervertebral disc 
(IVD) degeneration (caused by the dehydration of its central region 
called nucleus pulpous (NP)), and therefore changing the biomechanical 
properties of the disc [66–70]. Currently, invasive procedures such as 
discectomy followed by surgical vertebral fusion are the gold standard in 
the management of IVD degeneration [70,71]. However, these proced-
ures can lead to further degeneration of the disc, despite providing 
temporary relief from lower back pain [71]. As an alternative, hydrogels 
have been investigated as a replacement for the NP, as they can mimic 
both the native composition (high water content) and the mechanical 
behavior (high load and shear tolerance) of the disc [66–68,70]. The 
main criterion for selecting the appropriate hydrogel material is to 
resemble the natural chemical composition, aiming for functional 
restoration of the IVD. Natural biomaterials such as collagen and elastin, 
which are present in the nucleus pulposus [72], have been integrated 
into treatment strategies for IVD degeneration [66–70]. The success was 
rendered by their undesirable mechanical properties that were partially 
solved through the use of cross-linkers which at the same time imposed 
cytotoxicity [69,73]. The most critical limitation is their rapid degra-
dation rates as they are susceptible to catalytic enzymes present in the 
IVD namely collagenase and elastase. Yet, dynamic ELRs hydrogels with 
tunable viscoelastic properties should be exploited for the nucleus pul-
posus regeneration. The formation conditions and viscoelastic proper-
ties of the hydrogel matrix presented in the present study make them 
promising for this application. Thus, the presented hydrogel matrix is 
based on polymers inspired by the natural elastin protein, which pro-
vides unique mechanical properties in terms of strength and extensi-
bility [28,74]. Additionally, a biomimetic amidation reaction using a 

Fig. 8. AFM micrographs of 50EKG (a), 100EKG (b) and 150EKG (c) at a scanning area of 25 × 25 μm2. The marked white circles have been scanned at an area of 2.5 
× 2.5 μm2 for 50EKG (d), 100EKG (e) and 150EKG (f). 

M.H. Misbah et al.                                                                                                                                                                                                                              



Materials Today Bio 25 (2024) 100999

11

non-toxic EDAC cross-linker has been employed to enhance the me-
chanical features of the hydrogels. Importantly, the hydrogels can be 
formed after injection, as the amidation reaction can be initiated at 
physiological temperature (37 ◦C). Overall, these hydrogels could have 
the potential to closely mimic the natural nucleus pulposus and rehy-
drate the discs of patients suffering from this disease with a minimally 
invasive treatment approach. 

Moreover, prior to the initiation of the amidation reaction, it would 
be possible to mix the mesenchymal stem cells (MSCs) with the hydrogel 
component elements. A strategy of cell-based IVD regenerative therapy 
has growing evidence of success at the clinical level. For IVD regener-
ative purposes, bone marrow mesenchymal stem cells (MSCs) are 
intensively studied not just at the in vitro and in vivo levels, but also at 
advanced phases of clinical trials [75]. As a result, injectable hydrogels 
that are loaded with mesenchymal stem cells (MSCs) could be generated 
to restore the biomechanical characteristics of the IVD and promote 
tissue regeneration [68]. Co-administration of growth factors such as 
transforming growth factor beta (TGF-β) has enhanced MSCs differen-
tiation and proliferation towards nucleus pulposus (NP)-like phenotype 
[76]. Additionally, reports have confirmed that delivering MSCs 
through hydrogels is associated with a significant reduction in the IVD 
degeneration and favored for its ability of co-delivery assuring a syn-
ergistic effect [68]. Thus, the injection of these hydrogels into specific 
anatomical sites, responding dynamically at physiological conditions, 
opens up exciting possibilities for targeted therapies. 

5. Conclusions 

Tunable viscoelastic ELR hydrogels have been successfully prepared 
in aqueous solutions using an “in-situ”, one-pot, fast and cost-effective 
process. This is attributed to the ability of carboxylic groups from glu-
tamic acid distributed along the E50 hydrophilic block of the amphi-
philic E50I60 ELR to form amide bonds with amine groups, as 
demonstrated with the reaction with aniline molecules in aqueous so-
lution using the water-soluble EDAC, with a high conversion (high 
coupling ratio, 70%, according to the results from 1H NMR and MALDI- 
ToF spectroscopies). Under the specific experimental conditions used, 
both the ELR structure and the chemical environment of the polymer 
chain may contribute to the high yield obtained, improving the activa-
tion of the carboxylic groups. By means of this approach, “in-situ” cross- 
linking of copolymer E50I60 with lysine-rich VKV24 ELR has resulted in 
the generation of viscoelastic hydrogels. The hydrogel characterization 
was carried out by SEM indicating a homogeneous concentration- 
dependent porous structure with a high level of interconnectivity. 
Rheological analysis shows that the evolution of the elastic G′ and 
viscous G″ moduli is affected by the temperature and the ELR concen-
tration. Furthermore, the gelation process is associated with a dual 
mechanism, as confirmed by the presence of two temperature sweep 
plateaus in the rheological analysis. While the low-temperature plateau 
is assigned to the thermally driven self-assembly of E50I60 into physical 
networks, the high-temperature plateau is attributed to the formation of 
the covalent ELR network through the formation of amide bonds. The 
swing of G′ between the two plateaus is dependent on both the ELR 
hydrogel concentration and temperature. Thus, the synergistic combi-
nation between the physical network—provided by the self-assembly of 
the hydrophobic I60 block through the hydrophobic interactions— with 
the covalent network—due to the formed amide bonds between the 
hydrophilic E50 blocks and VKV24 ELR—is the key to generating 
viscoelastic hydrogels with tunable properties using concentration and 
temperature as control parameters. The prepared hydrogels have the 
potential to be employed as injectable biomimetic dynamic hydrogels 
for various biomedical applications, such as targeted therapies or tissue 
engineering including the regeneration of nucleus pulpous in the treat-
ment of intervertebral disc degeneration. 
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