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A B S T R A C T

Cardiac tissues are difficult to regenerate due to the low proliferative capacity of cardiomyocytes. A new ther
apeutic strategy for cardiac regenerative medicine could include a device capable of ensuring cell grafting, 
stimulating cardiac tissue regeneration, and serving as an appropriate scaffold for the controlled and sustained 
release of lactate over time as an inducer of cardiomyocyte proliferation. An effective source of lactate could 
consist of the lactic acid polymer (PLA) itself, which generates free lactic acid during its degradation. In this 
work, we have developed a nanocomposite hydrogel for lactate release based on a biocompatible and biode
gradable matrix formed by elastin-like recombinamers cross-linked via click chemistry. Polylactic acid particles 
were encapsulated in the matrix after these particles had been partially degraded to lactic acid through oxygen 
plasma treatment. In the first 48 h, an early and modulated release of free lactic acid from plasma-treated PLA 
degradation is observed, and over longer periods, a sustained release of lactic acid produced by the hydrolytic 
degradation of PLA under physiological conditions occurs. Lactate is available from the very beginning (“early 
release”), addressing the drawback of the slow degradation (by hydrolysis) of polylactic acid. Therefore, a 
biomedical device has been designed and implemented, formed by an ELR polymeric matrix as an analogue of 
cardiac tissue, acting as a device for early, controlled, and sustained lactate release, with dosing at concentrations 
similar to those previously studied as suitable for promoting cardiomyocyte proliferation, showing promise for its 
use in the regeneration of infarcted cardiac tissue.

1. Introduction

Cardiovascular diseases (CVDs) are among the most significant 
human health problems and the leading cause of death, accounting for 
approximately 32 % of global deaths and resulting in the loss of around 
18 million lives each year [1,2]. Cardiac lesions, such as those occurring 
after a myocardial infarction, lead to cardiomyocyte death and subse
quent fibrotic tissue deposition and scar formation, which reduces car
diac contractility and causes heart failure [3].

Unlike fetal cardiomyocytes, adult cardiomyocytes have lost their 
proliferative capacity and are unable to regenerate. However, it is 

known that fetal cardiomyocytes, present in a lactate-rich environment 
such as the placenta, can take up lactate as an energy source [4]. Engel 
et al. have demonstrated that lactate induces changes in gene expres
sion, leading to dedifferentiation and proliferation of mammalian car
diomyocytes, potentially mimicking a fetal-like environment conducive 
to regeneration [5]. Lactate activates a specific genetic program driven 
by the expression of BMP10, LIN28 and TCIM, among others, while also 
downregulating DGKK, GRIK1, and various ion channels related to adult 
cardiomyocytes. The upregulation of BMP10 induces cardiomyocyte 
proliferation and prevents the maturation of cardiac cells generating a 
pro-regenerative environment within the heart tissue [6,7]. Thus, 
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lactate supplementation has been shown to induce reprogramming of 
cardiac tissue to a fetal-like phase, in which cell proliferation is crucial 
for the development and growth of tissue and organ structures and 
functions.

On the other hand, lactate is a degradation product of biomaterials 
such as polylactic acid and its analogues and derivatives. Therefore, 
these biomaterials can be used as an effective source of lactate for cases 
of myocardial infarction or cardiac injury, thus mimicking the produc
tion of lactate by the placenta during fetal development. An approach for 
the regeneration of infarcted cardiac tissue could involve the develop
ment of a biomedical device for the controlled and sustained release of 
lactate over time. However, it is well known that regeneration of 
infarcted tissue must be induced within a short period of time after 
myocardial infarction, as scar tissue, and therefore non-functional tis
sue, forms within a few days [8]. In this regard, an ideal lactate release 
system would be one that releases it into the environment immediately 
upon insertion into the organism. However, polylactic acid (PLA) does 
not generate lactate immediately, and its release in the injury area 
would only occur after PLA degradation, which takes a relatively long 
period [9].

Hydrogels are three-dimensional (3D) structures formed by cross
linking between polymer chains. Their properties and characteristics, 
which enable them to emulate the extracellular matrix, make them 
excellent candidates for biomedical applications. Moreover, hydrogels 
can be loaded with different types of materials and drugs, giving rise to 
what is known as a composite hydrogel [10]. A composite hydrogel 
consists of the combination of two or more constituents at a macroscopic 
scale, while preserving their individual properties. Nevertheless, some 
specific characteristics of the composite may differ from those of the 
individual components. The porous 3D hydrogel network –named the 
matrix- can be loaded with fibers, particles (powder), sub-micron scale 
particles or structures (“nanoparticles”), flakes and so on [11–13], 
which allows the composite to be used for a variety of functions and 
applications [14].

Hydrogels can be loaded with several types of organic or inorganic 
nanoparticles, giving rise to what is known as a “nanocomposite 
hydrogel” [15]. Nanoparticles in the hydrogel may play two different 
roles: first, as a nanofiller, where their inclusion in the hydrogel matrix 
results in the enhancement of the properties of the unloaded matrix; and 
second, as a crosslinker, interacting with the matrix molecules, and then, 
participating in the overall composite crosslinking, along with the 
physical and/or chemical crosslinking of the matrix itself, which leads to 
changes in the strength and stiffness of the hydrogel [11]. For instance, 
recent reviews have shed light on the promising potential of composite 
hydrogels for bone defect treatments [16] and injectable hydrogel-based 
nanocomposites for CVD therapies [17]. These reviews emphasize the 
significant advancements, demonstrating that these innovative mate
rials hold substantial promise for medical treatments [10].

Elastin-like recombinamers, ELRs, are genetically engineered poly
peptides inspired by the peptides found in tropoelastin, the monomeric 
unit of native elastin. Elastin is the extracellular protein found in higher 
animals [18] that imparts elasticity and resilience to different organs 
and tissues, such as lungs, skin or blood vessels [19]. The amino acid 
sequence of ELRs, as they are produced recombinantly, can be fine- 
tuned to encode the required bioactive domains for biomedical and 
nanotechnological applications [20,21].

ELRs are intrinsically disordered protein polymers (IDPPs) with 
lower critical solution temperature (LCST) behaviour and exhibiting 
liquid-liquid phase separation (LLPS) with temperature [19,22]. 
Furthermore, ELRs are capable of creating polymeric networks with 
tissue-like nature. These scaffolds have been used for tissue-specific 
regeneration by controlling both the mechanical properties of the ma
trix as well as its biological properties. In fact, protein-engineered 
scaffolds with exceptional properties for the regeneration of various 
tissues, such as cartilage [23], skin [24], bone [25], cardiovascular [26] 
and, (especially relevant to this work) muscle tissue [27], have been 

fabricated. They have demonstrated the ability to spatiotemporally 
control the colonization of the scaffold by introducing protease-sensitive 
sequences of different kinetically controlled rates, thereby facilitating 
the regeneration of complex processes like angiogenesis and neuro
genesis [28–30].

We highlight the possibility of preparing these scaffolds through 
click methodology, as ELRs can be decorated with crosslinkable func
tional groups such as azido or cyclooctynyl [31,32]. The strain- 
promoted [3 + 2] azide-alkyne cycloaddition (SPAAC) is a “click reac
tion” known to be highly efficient, atom-economical, fast, cytocompat
ible, and catalyst-free orthogonal approach suitable for physiological 
environments in living organisms [33,34].

In this work, we aim to design and implement a device for early and 
sustained release of lactate, with potential use in cardiac tissue regen
eration. For this purpose, we will use a composite material whose three- 
dimensional matrix is formed by a chemical hydrogel based on the 
crosslinking of elastin-like recombinamers (ELRs) via click chemistry. 
This hydrogel will be composed of two ELRs, each endowed with the 
bioactive domains necessary for cell adhesion and degradation domains 
that facilitate complete tissue regeneration.

The embedded phase will consist of polylactic acid (PLA) particles, 
partially degraded through a plasma treatment, allowing for early 
release from the very beginning of the release process. Moreover, since 
the physiological degradation of PLA begins with a certain delay, lactic 
acid will be released continuously and sustainably over a long period. 
Finally, modelling the release kinetic according to various mathematical 
models will help to identify the dominant mechanism in each time 
frame.

2. Materials and methods

2.1. Design, synthesis and characterization of ELRs

The two ELRs used in this work, namely RGD-ELR and GTAR-ELR 
have been previously described [28,35]. Both ELRs are based on the 
repetition of the ((VPGIG)2VPGKG(VPGIG)2) elastin-like block. Both of 
them contain VPGKG pentapeptide located uniformly along the chain 
which will enable further chemical modification through the amine 
group of the lysines.

GTAR-ELR includes fast (GTAR) uPA-sensitive proteolytic sequences, 
while RGD-ELR contains the Arginylglycylaspartic acid domains that 
promote cell adhesion. The amino acid sequences are: 

RGD:

MGSSH6SSGLVPRGSH-MESLLP-{[(VPGIG)2(VPGKG)(VPGIG)2]2- 
AVTGRGD SPASS-[(VPGIG)2(VPGKG)(VPGIG)2]2]}6-V 

GTAR:

MESLLP-{[(VPGIG)2(VPGKG)(VPGIG)2]2-YAVTGGTARSASPASSA- 
[(VPGIG)2 (VPGKG)(VPGIG)2]2]}4-V

The ELRs were biosynthesized in a 15-L bioreactor and later purified 
by several cycles of temperature-dependent reversible precipitations, by 
centrifugation above and below their transition temperature (Tt) [36]. 
Subsequently, the ELRs were dialyzed against purified water and 
lyophilized. The purity and chemical characterization of the ELRs were 
verified by nuclear magnetic resonance (NMR) and matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-ToF).

2.2. Chemical modification of the ELRs

Both ELRs were chemically modified by transformation of the 
ε-amine group from lysines to bear azide and cyclooctine reactive 
groups, respectively, as previously reported [31,37]. The modified 
biopolymers GTAR-cyclooctine was renamed GTAR-CC and the RGD- 
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azide was renamed RGD–N3. The purity and chemical characterization 
of both ELRs were determined by nuclear magnetic resonance (NMR) 
and matrix-assisted laser desorption/ionization time-of-flight (MALDI- 
ToF) [36]. NMR and MALDI-ToF were performed at the Laboratory of 
Instrumental Techniques (LTI) of the Research Facilities of the Univer
sity of Valladolid.

Both MALDI-ToF and 1H NMR (in DMSO‑d6) were used to evaluate 
the degree of lysine chemical modification. In the case of NMR, the 
quantification of modified lysines in each ELR is achieved by integrating 
the signal of the amide proton, at 7.2 ppm, into which the amine group 
of the lysine has been converted after its modification. The number of 
actually modified lysines is determined based on this integral value (9 
modified lysines of the total 16 lysines for GTAR-CC and 14 modified 
lysines of the total 24 lysines for RGD–N3; Fig. S2A and S2B in Sup
plementary Information). Likewise, the modification of the lysines is 
corroborated through the molecular weight obtained for the modified 
polymer, considering the weight increase resulting from the modifica
tion of each lysine (113 g per modified lysine with an azide residue and 
176 g per modified lysine with a cyclooctyne residue; Fig. S2C and S2D 
in Supplementary Information).

2.3. PLA treatment with plasma

2.3.1. PLA degradation treatment
Poly (L-lactic acid) (PLA) (Mw = 5000, PDI ≤ 1.2) was supplied by 

Merck Group. PLA powder was subjected to plasma treatment to achieve 
initial degradation of the polymer by breaking its ester bonds prior to 
being embedded in the hydrogel (gas flow mixer, PlasmaFlo, PDC-FMG- 
2, and Harrick Plasma cleaner, PDC-002-HP). The powder of PLA was 
deposited on Petri dishes in an amount of approximately 100 mg. 
Samples were placed into a reactor chamber and coupled plasma (argon 
and oxygen, at 20 mTorr and flow of 20 mL/min) treatments were 
carried out at high radiofrequency discharge (29.6 W) for 60 s with 
argon plasma, initially, and then with 15, 40 or 60 min of oxygen 
plasma, depending on the experiment.

2.3.2. PLA degradation control by FTIR and NMR
PLA degradation was monitored by infrared spectroscopy (FTIR- 

ATR) and 1H NMR spectroscopy where we can monitor the appearance 
of the lactic acid produced after plasma treatment, as well as of the 
oligomers produced after random cleavage of the PLA chains.

The proportions of lactic acid produced concerning the PLA present 
in the samples were determined by nuclear magnetic resonance (NMR) 
using samples prepared in DMSO‑d6 at 5 mg/mL. Spectra were recorded 
using a 400 MHz Agilent spectrometer (Laboratory of Instrumental 
Techniques, University of Valladolid) with a 4 s relaxation delay be
tween transients, 45◦ pulse width, 512 transients per sample and a 
spectral width of 6410 Hz. Proportions were determined by comparing 
the integrals of the signal for the methyl group from lactic acid with 
those of the methyl groups of polylactic acid. The spectra were analyzed 
using MestreNova v15 software.

Degradation monitoring is also carried out by measuring the FTIR 
spectra and by comparison of the spectra of untreated PLA with the 
spectra of PLA treated with oxygen plasma at specific times of 15, 40 and 
60 min. Spectra were recorded using a Bruker TENSOR 27 acquiring 128 
scans between 600 and 4000 cm− 1 and a resolution of 4 cm− 1.

2.3.3. Lactic acid quantification
Upon completion of oxygen plasma treatment, the treated PLA 

samples were analyzed in order to quantify the lactic acid (LA) produced 
upon their degradation and, thus, the amount of LA embedded as free 
monomer in the hydrogels loaded with PLA.

The LA quantification is based on the measurement of the absorbance 
of samples treated with the NZYTech L-lactic acid determination kit and 
carried out with the SpectraMax iD5 spectrophotometer at a wavelength 
of 340 nm. The kit used is based on a stereospecific enzymatic method 

for the determination of L-(+) lactic acid (L-(+) lactate) using the re
action of lactic acid with NAD+ (Nicotinamide Adenine Dinucleotide) in 
the presence of the enzyme LDH (L-Lactate dehydrogenase), measuring 
the absorbance of the NADH generated when lactate is oxidized to 
pyruvate.

Previously, a calibration curve was made from ten standard solu
tions, from 0 to 150 μg/mL, obtained by dilution from the commercial 
solution of concentration 150 μg/mL supplied in the kit. The absorbance 
data of the standard solutions, measured at 340 nm, were adjusted by a 
linear regression method to obtain the calibration curve (see Fig. S1 in 
Supplementary Information). The correlation equation obtained was: 

Concentration [μg/mL] = 192.31 • Absorbance+0.54 (1) 

Likewise, the concentration of lactic acid produced in the plasma- 
treated samples is determined using the calibration curve obtained 
previously from the absorbance measured in the solutions prepared with 
3 mg of treated PLA and 500 μL of PBS. The absorbance measurements 
are performed for the different plasma treatment times and with tripli
cates of the samples.

2.4. Preparation of lactic acid release systems: PLA encapsulation during 
hydrogel formation

Once the PLA has been treated as indicated in the previous Section 
2.3.1, the active principles (PLA and lactic acid) are encapsulated into 
the hydrogels during their (“in-situ”) formation. Gels were formed by 
catalyst-free click reaction for the orthogonal crosslinking between 
azide and cyclooctine groups from both modified ELRs chains [31]. This 
reaction exhibits high specificity for these functional groups, ensuring 
selective crosslinking within the ELR network. Solutions of GTAR-CC 
and RGD-N3 were prepared in phosphate buffer saline (PBS, pH 7.2) at 
75 mg/mL and kept at 4 ◦C overnight to ensure solubility. PLA-loaded 
gels were prepared in a separate tube were appropriate quantity of 
treated polylactic acid was introduced previously and, subsequently, 
combinations of cyclooctine- and azide-modified ELRs solutions were 
added at a 1:1 volume ratio (optimal crosslinking ratio [31]). Thus, 100 
μL of 75 mg/mL HRGD-N3 solution was added to the Eppendorf flask 
containing the PLA solid (3 mg), which is homogeneously resuspended 
with gentle agitation to avoid bubble formation. Immediately thereafter, 
100 μL of 75 mg/mL GTAR-CC solution was added to that Eppendorf, 
gently shaking the mixture to achieve homogeneous distribution of the 
PLA. The mixture was then incubated at 37 ◦C for 15 min to obtain a 
consistent and homogeneous hydrogel with PLA properly dispersed. The 
incubation at this defined temperature plays a critical role in the 
hydrogel formation process, as it drives the ELRs to reach their inverse 
transition temperature, thereby promoting chain aggregation through 
hydrophobic interactions [38–40]. In addition, this process helps to 
make a homogeneous encapsulation of PLA within the hydrogel matrix. 
Before starting the dosing study, precautions were taken in order to 
eliminate any amount of PLA and LA on the hydrogel surface and not 
encapsulated –burst effect- and on the tips used for encapsulation.

2.5. Scanning electron microscopy micrographs and rheological 
measurements

Hydrogel morphology by SEM:

The structure and morphology of the nanocomposite hydrogel were 
evaluated by SEM. After the in vitro preparation described above, the 
samples were subjected to a physical fracturing process involving im
mersion in liquid nitrogen, followed by a second immersion in liquid 
nitrogen prior to freeze-drying. Once the samples had been lyophilized, 
they were metallized via a gold evaporator (SCD004 Model) with 30 mA 
and 40 s. Images of lyophilized hydrogels were obtained by SEM 
(HITACHI microscope, FlexSEM1000 model) with 10 kV voltage. 
Morphological details such as pore size were evaluated quantitatively 
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using the ImageJ software, averaging over 20 single pore sizes. 

Rheological tests:

The first step for the preparation of nanocomposite ELRs-based 
hydrogels used in the rheological measurements consists of dissolving 
each ELR in PBS at 4 ◦C overnight (O/N). The hydrogel concentration 
studied was 75 mg/mL, with a molar ratio of 1:1. For each hydrogel, in 
an Eppendorf flask containing the untreated and plasma-treated PLA, 
200 μL of GTAR-cyclooctine and 200 μL of RGD-azide were progres
sively added. Subsequently, the mixture of the three components was 
deposited in a specific 12 mm diameter mold to form hydrogels, which 
were incubated at 4 ◦C for 2 min. Subsequently, the samples were 
incubated for a period of 15 min at 37 ◦C. Three replicates were prepared 
and analyzed for untreated PLA and PLA with different treatment times.

A stress-controlled AR-2000ex rheometer (TA Instruments, New 
Castle, DE, USA) was used in order to carry out the rheological mea
surements. Cylindrical gel samples -submerged in water- were put be
tween parallel plates of nonporous stainless steel (diameter of 12 mm), 
where a gap always higher than 1000 μm was used. No gel slippage 
occurs during the measurement due to the adequate choice of the 
normal force. Sample temperature was controlled and maintained at 
37 ◦C using a Peltier device.

In order to measure the dynamic shear complex modulus, G*, as a 
function of strain, a dynamic strain sweep was accomplished at 1 Hz. 
The range of selected amplitudes was ranging between 0.01 and 15 %. 
Moreover, the linear region of viscoelasticity was delimited.

Significant viscoelastic moduli were determined: the elastic, G′, and 
loss, G″, moduli, and the complex modulus magnitude, |G*| [|G*|2 =

(G′)2 + (G″)2. Finally, the loss factor (tan δ ≡ G″/G′, where δ is the phase 
angle between the applied stimulus and the corresponding response) 
was also calculated. The measurements were made in triplicate.

Rheological characterization was completed by flow measurements 
where the dependence of the viscosity of the solutions with the shear 
rate was obtained. In these measurements samples were obtained 
following the description included in Section 2.4 with the exception of 
the last step (gelation step), namely, the incubation of the solution at 
37 ◦C was excluded. Solutions were maintained at 5 ◦C before flow 
measurements, and then, deposited in the rheometer plate where the 
temperature was stabilized at 5 ◦C. Flow measurements were carried out 
at this temperature.

A circular parallel plate with a diameter of 40 mm was used to 
improve sensitivity. The volume of solution used in these measurements 
was 1250 μL. Each measurement includes two steps. First, a conditioning 
step was applied for 40 s at a constant shear rate of 0.5 s− 1. Immediately, 
and following a continuous ramp in a logarithmically ascending series of 
discrete steps, the shear rate was varied from 0.1 to 500 s− 1. In concrete, 
10 measurements were acquired for each order of magnitude.

2.6. In vitro release studies

The in vitro release of lactic acid from hydrogels was carried out at 
37 ◦C in a shaking incubator by adding 500 μL of phosphate buffer saline 
(PBS) to each sample of nanocomposite hydrogel.

From that point on, samples of the medium were taken at different 
time intervals, ranging from 1 min to 2 weeks. Each sample is collected, 
60 μL, and replaced with equal volume of fresh PBS. The released sample 
was measured with the UV–Visible spectrophotometer. These experi
ments were carried out in triplicate.

2.7. Mathematical modelling of the drug release kinetics and mechanisms

Since the drug kinetic involves a complicated process, it is necessary 
to know the mechanisms of matter transport involved in drug release in 
order to quantitatively predict the release kinetics of the active 
ingredient.

Numerous models of the behaviour of material delivery devices were 
proposed in the literature, but we limit ourselves here to briefly mention 
the three fitting models we have used in our work [41–44]. These 
models were selected taking into account that they are the most used 
models for modelling the drug release from hydrogels. A short-time 
approximation is assumed for every model, namely, the model is able 
to properly describe only the first 60 % of the total drug release time 
[41,42]. 

i) Higuchi Model

Its well-known equation is the following: 

Mt(t)
M0

= k • t0.5 (2) 

where (Mt/M0) is the fractional drug release at the release time, t, where 
M0 is the total drug load, and k is a kinetic constant that includes the 
drug diffusion coefficient. The only release mechanism considered in 
this model is Fickian diffusion [41,42]. 

ii) Korsmeyer-Peppas Model

The equation of this model is: 

Mt(t)
M0

= k • tn (3) 

where k is a kinetic constant incorporating structural and geometric 
system characteristics; and where n is the release or diffusional exponent 
that is related to the drug transport mechanism, and it has been esti
mated for cylindrical or spherical geometries when the release mecha
nism is diffusion, and even when other mechanisms may also be 
involved in drug release (see Table TS1 in Supplementary Information) 
[44]. 

iii) Peppas-Sahlin Model

The biexponential Peppas–Sahlin equation was also used to deter
mine the contribution of both the Fick diffusion process and the relax
ation/swelling of the polymer chains irrespective of the geometry of the 
release system [43].

In this case, its equation is: 

Mt(t)
M0

= kd • tn + kr • t2n (4) 

where n takes different values for different geometries and release 
mechanisms, kd and kr correspond to the Fickian diffusion constant and 
the polymer chain relaxation constant, respectively.

2.8. Cytotoxicity assay

The cytocompatibility of these materials was examined to confirm 
their potential use in cardiac tissue regeneration. Cell viability levels 
were determined using HL-1 Cardiac Muscle Cells, which were deposited 
on the hydrogels and composites, as well as on standard cell culture 
plate. Once the gels were deposited on the bottom of the wells (500 μL of 
ELR-based click unloaded hydrogels and composites containing 15 mg of 
treated or untreated PLA), cells at a concentration of 1 × 105 cells/mL (1 
mL of medium) were deposited on them. They were cultured in 87 % 
Claycomb media, 10 % fetal bovine serum, 1 % penicillin/streptomycin, 
1 % norepinephrine and 1 % L -glutamine. After 24 h, the medium was 
removed from the well and 10 % Alamar Blue was added, leaving the 
samples to incubate for 4 h at 37 ◦C. Cell viability was assessed by 
fluorescence and its concentration was determined by absorbance at 
570 mm, which was measured using a microplate reader (Biochrom, U. 
K.). Viability in each well was calculated and normalized with respect to 
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the control (standard cell culture plate) as a relative percentage. The 
same procedure was followed at an additional 48 h of culture, obtaining 
cell viability measurements at 3 days.

2.9. Statistical analysis

Experimental data were obtained from triplicate measurements and 
reported as mean ± standard deviation (SD). These data were fitted by 
linear and nonlinear least-squares regression using Matlab (R2023a 
version). In the case of drug release experimental data were fitted only 
for the first 60 % of the time release. The fitted model parameters are 
reported as values with 95 % confidence bounds. Statistical comparison 
between groups was performed using a One Way ANOVA (α = 0.001) 
followed by the Tukey and Bonferroni post-hoc test between each group.

3. Experimental results

3.1. ELR characterization

The modified elastin-like recombinamers, RGD-N3 and GTAR-CC, 
were obtained as previously described [28,29,40] and their character
ization is provided in Supporting Information (Figs. S2 A-D), confirming 
their correct chemical conversion.

3.2. Monitoring and optimization of PLA plasma treatment

Polylactic acid is a biodegradable biopolymer that, under physio
logical conditions, undergoes hydrolytic degradation to lactic acid 
monomer and oligomers, although the process is not immediate and 
depends on the medium in which it is found. The device designed for the 
“in situ” release of lactic acid, is formed by a hydrogel of ELRs that 
embeds PLA particles. These PLA particles, prior to their encapsulation 
in the gel, will be treated with plasma at different times in order to 
encapsulate both a source of lactate such as PLA, as well as the free 
lactate that is able to be released immediately at the application site. 
These plasma treatments break ester-like bonds and thus generate both 

monomeric lactic acid and oligomers of this lactic acid to different 
proportions depending on the treatment periods. Therefore, it is neces
sary to monitor the PLA degradation process by plasma treatment by 
means of several techniques such as: infrared spectroscopy to analyse 
the appearance of the new functional groups present in the monomers 
and oligomers produced in the treatment; 1H NMR spectroscopy to 
detect the proportion of oligomers and lactate present together with the 
PLA degraded at different treatment times; and, finally, the accurate 
quantification of the lactic acid amount produced after each treatment 
cycle by absorbance techniques.

Thus, the correlation of these techniques will provide the optimiza
tion of the treatment time necessary for an adequate early and sustained 
release over time.

3.2.1. IR spectroscopy characterization
The infrared spectra of the samples treated with plasma at different 

times are shown in Fig. 1. The FTIR figure shows the spectrum of un
treated PLA as a control, which shows a very sharp signal at 1750 cm− 1 

characteristic of the aliphatic ester bond absorption band [45].
As can be seen in Fig. 1, the plasma-treated samples show two new 

absorption bands not present in the untreated sample. The first band is 
particularly broad and occurs at wavelengths above 3000 cm− 1. This 
band corresponds to the absorption of the hydroxyl groups formed in the 
cleavage of the ester group of PLA [46]. As the sample treatment times 
increase, for 15 and 40 min, this signal increases. However, the samples 
treated 1 h with plasma show lower intensity in this hydroxyl band 
(Fig. 1B).

The other new band appears at 1725 cm− 1 as a shoulder of the ester 
group signal present in PLA at 1750 cm− 1 and corresponds to the car
boxylic group of lactic acid that is formed after plasma cleavage of the 
ester group (Fig. 1C) [47]. In this case, as the plasma treatment time 
increases, for 15 and 40 min, a higher intensity is observed in that 
shoulder, as a consequence of the increase in the number of carboxylic 
groups present in the treated samples and belonging to lactic acid and its 
oligomers formed in the process. Again, a decrease in the absorption 
band at 1725 cm− 1 is observed for the sample treated for 60 min. 

Fig. 1. A) FTIR Spectra of the PLA untreated (brown line) and of the PLA with different plasma treatment times (green, blue and violet for 15, 40 and 60 min, 
respectively). The dashed squares show the appearance of new signals. B) Representative drawing of the plasma treatment process. C) The zoom of the signals in the 
range between 1550 and 1800 cm− 1 is shown, allowing a detailed observation of the peak corresponding to aliphatic ester bonds at 1750 cm− 1, together with a 
shoulder at about 1725 cm− 1 assigned to carboxyl groups from lactic acid.

J. Fernández-Fernández et al.                                                                                                                                                                                                                International Journal of Biological Macromolecules 321 (2025) 146552 

5 



Therefore, the increase of the hydroxyl and carboxyl bands with treat
ment time for 15 and 40 min, indicating an increase in the number of 
lactate molecules and lactate oligomers, together with the lower ab
sorption observed in these bands for longer treatments of 60 min, 
indicating a decrease in the proportion of lactate and its oligomers, 
allow 40 min as the optimal plasma treatment time for the samples to be 
considered. The decrease of lactic acid after 60 min of treatment time 
could be related to the cleaning and activating effect of the plasma that 
removes the lactate produced, just as it happens with organic matter in 
general [48].

3.2.2. NMR spectroscopy characterization
Along with the infrared spectra, we also carried out the study of the 

composition of the PLA samples treated with plasma at different times 
by NMR spectroscopy. The NMR spectra performed on the PLA samples 
treated with plasma at different times, as well as the untreated PLA it
self, are shown in Fig. 2.

The NMR analysis of low molecular weight polylactic acids has been 
described in bibliography [49]. The authors describe the NMR spectra of 

lactic acid, its dimer, trimer and tetramer, as well as LA polymers, 
making an exhaustive study of the chemical shifts of the methyl and 
methine groups present in all these molecules. The results of that work 
have been used to determine the proportion of LA present in the plasma- 
treated PLA sample, from the integrals of the characteristic signals of 
both groups and whose different chemical shifts and integrals will allow 
us to determine the proportion of LA present in the treated PLA, as well 
as the different oligomers produced from PLA cleavage.

Fig. 2A shows the NMR spectra of the samples dissolved in DMSO‑d6 
of PLA treated with plasma for 15, 40 and 60 min, as well as the un
treated PLA as control. Fig. 2B shows the structure of the monomer, 
dimer, trimer, tetramer and polymer of lactic acid, as well as the 
chemical shift of its methyl and methine groups.

According to bibliographic reference 34, the signals corresponding to 
the methyl and methine groups at 1.23 and 4.03 ppm, respectively, have 
been assigned as belonging to lactic acid. Likewise, the signal at 1.46 and 
5.19 ppm can be assigned as corresponding to the methyl and methine 
groups, respectively, present in the PLA chain. In the sample treated 
with plasma for 15 min, the appearance of the signal of the lactate 

Fig. 2. A) NMR spectra of the PLA untreated (brown line) and the PLA with different plasma treatment times (green, blue and violet, for 15, 40 and 60 min, 
respectively) and two zooms of the signals in the range between 1.1 and 1.6 ppm (black dashed line square) and 3.7–5.7 ppm (red dashed line square); B) Chemical 
shifts of the protons of the methine and methyl groups for 1H NMR spectra in DMSO‑d6 extracted from reference 34.
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protons can be observed at 1.23 and 4.03 ppm, together with those of 
other lactate oligomers whose methyl group appears at 1.27 ppm and 
the methine groups as multiplet around 4.2 and between 4.9 and 5.2 
ppm. At 40 min plasma treatment it is observed that the signal of the 
lactate methyl protons increases with respect to that of the oligomeric 
methyls, which is deduced from the higher integral of the methyl groups 
at 1.23 ppm versus those appearing at 1.27 ppm. From the value of the 
integrals of the signals of the methyl groups in the NMR spectra, the ratio 
between: lactic acid:oligomers: PLA is deduced. Thus, it is observed in 
Fig. S3 in Supplementary Information that the signals of this methyl at 
15 min are in the ratio 4.3:4.3:39.0, while at 40 min said ratio is 
5.3:3.2:36.8, showing an increase, from 4.3 to 5.3, for the signal at 1.23 
ppm of lactate and a decrease, from 4.3 to 3.2, for the integral of olig
omeric methyl group at 1.27 ppm (Fig. 2 and fig. S3). From the control of 
these two treatment times, we deduce that the breakdown of the PLA 
polymeric chain occurs to a greater extent as the plasma exposure time 
increases and, therefore, the proportion of lactic acid generated is 
higher.

After 60 min of treatment, however, the lactate methyl signal at 1.23 
ppm decreases (see zoom of Fig. 2A) and the spectrum shows a much 
more “complex” appearance showing the presence of oligomer mixtures 
along with other products of possible polymer degradation. In view of 
the NMR spectra, and in agreement with the infrared spectroscopy re
sults, when the plasma treatment time increases up to 60 min, there is a 
decrease in the proportion of lactate and oligomers in the sample which, 
as previously indicated, may be due to the organic matter scavenging 
role of the plasma itself [48]. For this reason, we selected 40 min as the 
upper bound in the plasma treatment time for PLA.

Once determined, by both FTIR and NMR, the increase in LA pro
duction with the PLA treatment time -with the upper bound plasma 
treatment time of 40 min, we calculated the amount of lactic acid pro
duced from the PLA degradation by means of absorbance measurements 
of the samples at 0, 15, 40 and 60 min.

3.2.3. UV–visible spectroscopy quantification of the amount of lactic acid
The quantification of lactic acid present in the samples of PLA treated 

with oxygen plasma was performed with NZYtech kit as described in 
Section 2.3.3 from the absorbance data. Thus, the calibration curve 
obtained as described in this subsection will be applied to the experi
mental absorbance data to calculate the lactic acid concentration of each 
sample.

To quantify the amount of lactic acid initially encapsulated in the 
release device and formed by the degradation of the polymer due to the 
O2 plasma treatment, samples of each PLA (3 mg) were analyzed after 
being treated with plasma at different time points: 0, 15, 40 and 60 min 
of plasma treatment as before mentioned.

No lactic acid amount was detected for the PLA untreated with 
plasma, and therefore, no free monomer at all was initially encapsu
lated. For the PLA treated for 15 min and 40 min, 47.5 μg and 63.1 μg of 
free LA are initially encapsulated in the hydrogel, which corresponds to 
1.6 % and 2.1 %, respectively, of the total PLA. However, for the PLA 
sample treated for 60 min, the free lactic acid quantified was only 51.8 
μg, 1.7 % of the total PLA.

3.3. Morphology and mechanical properties of the unloaded and loaded 
hydrogel

3.3.1. Morphology of the gels by SEM
The preparation of click hydrogels is carried out according to the 

methodology described in Section 2.4. Hydrogels without PLA (unloa
ded), with untreated PLA and with treated PLA were prepared and the 
videos of the preparation of the hydrogels can be found in the additional 
documentation of the article. As shown in the hydrogel formation 
videos, the homogeneous suspension of the treated PLA is favored by the 
higher polarity of the polymers present, which have a higher proportion 
of carboxyl and hydroxyl groups relative to untreated PLA, as 

demonstrated by analysis of their infrared and NMR spectra.
The morphology and structure of the ELR-based hydrogel and com

posites were described by scanning electron microscopy from the study 
of the samples prepared according to the methodology described in 
Section 2.5. Fig. 3 shows the images taken for both the unloaded 
hydrogel and the composites prepared with untreated PLA and PLA 
treated with plasma for 15 and 40 min.

For the unloaded hydrogel, regular and ordered porosity with high 
interconnectivity was observed. Quantitative analysis of SEM micro
graphs provided an average pore size of 9.0 ± 2.5 μm. These results 
agree with the morphology of these hydrogels reported by Flora et al. 
[28].

When untreated PLA is included in the matrix, small spherical 
structured particles are observed, while they are not present in the 
unloaded matrix (Fig. 3A: vi and x vs. v and ix). The zoom of the pores 
network (second and third row with scale bar of 20 and 10 μm, 
respectively) shows that the particles are on the wall pore, which is flat 
and smooth without aggregations. Two main size particle populations 
have been found with diameters 80 ± 14 nm, and 380 ± 90 nm. For this 
composite, an average pore size of 16.6 ± 1.9 μm was estimated.

For the 15 min PLA treated sample, the nanocomposite hydrogel 
shows a highly porous network, with well-defined pores, but the wall of 
which is rough and disturbed. Finally, for the 40 min PLA treated 
sample, a significant amount of the pores have lost their integrity and 
have appeared as “broken” or open pores with aggregations and 
roughness on the wall pore. For both treated samples, an average pore 
size of 13.80 ± 2.70 μm, and 63 ± 20 μm was found, respectively. As can 
be seen in Fig. 3B, the average pore size in the untreated or 15 min- 
treated composite increases with respect to the unloaded hydrogel, but it 
is the 40 min-treated composite where the pore size shows a noticeable 
rise. The differences were significant when comparing the pore sizes in 
the sample with untreated PLA and PLA treated for 15 min with the 
samples containing PLA treated for 40 min; and, clearly, with the sample 
that does not contain PLA. Finally, there are no significant differences 
between the sample loaded with untreated PLA and the one loaded with 
PLA treated for 15 min. As for the standard deviation, similar values are 
found for all samples, except for the one treated for 40 min, where a 
greater distribution of pore sizes is observed, indicating a higher degree 
of inhomogeneity.

Greater interaction between the polylactic particles and the ELR 
matrix is corroborated by the fact that in the case of the untreated 
polylactic particles when we obtain the SEM image of the fractured 
surface, clearly differentiated particles from the matrix are observed, 
more or less spherical, exposed, and embedded in the hydrogel matrix. 
However, when the polylactic samples have been treated, rounded and 
smoother shapes are observed, with an appearance different from the 
previous case and similar to the ELR matrix. From this, it can be deduced 
that due to the establishment of strong interaction forces, such as 
hydrogen bonds and charge affinity, between the treated polylactic 
particles and the crosslinked ELR matrix, the polylactic particles are 
completely covered by the ELR. This strong interaction is not present in 
the untreated polylactic samples.

Another effect that can also be observed in the SEM images as a 
consequence of the favored interaction between the two phases of the 
nanocomposite is that the pore size in the samples is different, despite 
the fact that the concentrations and volumes of the ELR solutions used 
were exactly the same in all the samples. More specifically, the samples 
exhibit a non-homogeneous distribution of ELR in the samples with 
treated polylactic particles. In these samples, there is a greater 
compaction of ELR polymer molecules around the treated polylactic 
particles due to the strong interaction present; this draws ELR molecules 
away from the rest of the sample, resulting in a structure with larger 
pore sizes of 63 ± 20 μm for 40 min treated samples.

3.3.2. Mechanical properties for the hydrogels: rheological measurements
The mechanical characterization of the hydrogels was carried out by 
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rheological measurements in oscillatory mode (specifically, a strain 
sweep was accomplished) at a temperature of 37 ◦C. The linear visco
elastic range is extended up to 6–7 % strain amplitude –namely, interval 
where the magnitude of the complex modulus is approximately inde
pendent of the strain amplitude- according to Fig. 3C. As can be seen, the 
complex modulus values remain in the same order of magnitude (around 
1.5–2 kPa at a frequency of 1 Hz) for all the samples, but some changes 
are observed due to the PLA presence or the PLA time treatment.

This complex modulus value agrees with those moduli previously 
reported in the bibliography for the unloaded hydrogels for concentra
tions in the range 50–100 mg/mL [28], which was chosen since 
hydrogels exhibit similar mechanical properties to that of scaffolds used 
to regenerate soft tissues [50].

Similar values in the complex modulus are observed for unloaded 
PLA and for untreated loaded PLA hydrogels. In the case of plasma 
treated hydrogels it is found an increase in this modulus that is more 
evident for the 40 min treated PLA samples (Fig. 3C). The changes in the 
mechanical properties of the composite measured by rheology show the 
reinforcement of the polymeric network in the presence of stiffer PLA 
solute [51].

Detailed values of the elastic and loss moduli -corresponding to the 
complex modulus magnitude in rheological curves of Fig. 3C- have been 
included in the histograms of Fig. S4. A smooth and continuous increase 
of the elastic modulus is observed for the untreated and 15-min-treated 
composites with respect to the unloaded hydrogel, while the increase is 
somewhat higher for the 40-min-treated sample. As far as the loss 
modulus is concerned, the mere presence of PLA (without treatment) 
decreases this modulus, while plasma treatment changes this trend. 
Thus, while similar values are observed for the untreated and 15-min- 
treated samples, a remarkable increase is observed for the 40-min- 
treated sample.

The rise in the elastic modulus indicates an increase in cross-linking 
of the composite. Focusing our attention on the 15 and 40-minute- 
treated composites, the degraded PLA has generated oligomers and 
lactic acid itself that possess hydroxyl and carboxyl groups. The presence 
of these polar groups was corroborated by infrared spectroscopy (see 
Section 3.2.1) and the presence of lactic acid and different oligomers, 

together with PLA itself, was verified by NMR spectroscopy (see Section 
3.2.2). The presence of these polar groups may give rise to intermolec
ular interactions -such as hydrogen bonds or dipole-dipole interactions- 
between the matrix elastin-like polymeric chains and the PLA de
rivatives, which operate as a so-called physical crosslinking, in addition 
to the chemical crosslinking of the ELR matrix itself. The moderate in
crease observed in the elastic modulus is compatible with the weaker 
strength of these physical interactions (see, for instance, [52]). Never
theless, the higher the plasma treatment time, the higher the amount of 
polar groups available to interact, and the higher the elastic modulus; 
thus, this modulus increases by around 16 % for the 40-min-treated 
sample with respect to the untreated one (see Fig. S4).

As an overview of the morphology study by SEM and the rheological 
characterization of the nanocomposite hydrogel, we can infer that the 
samples treated for 15 and 40 min show a differentiated internal 
structure with globular structures of particles coated with ELR and a 
different mechanical behaviour compared to the unloaded hydrogel or 
the untreated PLA sample (0 min). However, the increase in pore size is 
not evident until a 40-minute PLA treatment is performed, which en
hances the prevalence of hydrogen bonding and dipole-dipole in
teractions between the load and the ELR hydrogel.

In Fig. S4 (C) the evolution of the viscosity as a function of the shear 
rate has been drawn in a lin – log scale for the sample without PLA and 
the untreated and treated samples with PLA. As can be seen, none of the 
samples show a Newtonian regime in viscosity. Instead, and according to 
the shear rate dependence, two different regions -each of them showing 
a clearly different slope- are observed in each curve. The boundary be
tween these regions is about a shear rate of 2–3 s− 1. A similar behaviour 
was found in another ELR previously reported in bibliography [53]. 
Thus, the increase of shear rate gives rise to a decrease in viscosity and, 
therefore, our samples can be considered in the category of shear- 
thinning hydrogels, which facilitates injectability.

The lowest viscosity is measured for the sample without PLA, 
whereas the incorporation of PLA increases the viscosity for the un
treated and treated samples. For a shear rate higher than 20 s− 1 the 
viscosity is similar for all the samples, and eventually, the curves tend to 
overlap.

Fig. 3. A. SEM micrographs for the sample with an ELR concentration of 75 mg/mL in all cases; without PLA or with PLA, untreated or plasma treated for 15 min or 
40 min (located at the rows), at three different magnifications (scale bar: first column (i; iv; vii; x), 200 μm; second column (ii; v; viii; xi), 20 μm; and, third column 
(iii; vi; ix; xii), 10 μm). B. Histograms showing the average pore size diameter and its corresponding standard deviation calculated from the SEM images using the 
ImageJ program. *** p < 0.001. C. Representative rheological curves of the dependence of the complex modulus magnitude on strain amplitude at a frequency of 1 
Hz and at 37 ◦C for the same samples.

J. Fernández-Fernández et al.                                                                                                                                                                                                                International Journal of Biological Macromolecules 321 (2025) 146552 

8 



In addition to the mechanical properties already presented above 
and the favourable results obtained in the viscosity test, an extrusion 
experiment using a Luer-Lok TM syringe equipped with a 20G needle has 
been performed to evaluate the injectability of the system. As shown in 
the attached video, the material can be injected with ease, comparable 
to that of a liquid component, in agreement with the quantitative vis
cosity data. After injection on a tempered plate at 37 ◦C, the liquid 
hydrogel gels almost instantaneously, forming a three-dimensionally 
stable structure. This same reproducibility is also observed when 
extruding the control system without PLA (see attached videos and 
images from Fig. S4D). These shear thinning results and rapid gelation 
make these systems ideal candidates for applications where injectability 
is key.

3.4. Release kinetics of LA treated with plasma

Following the methodology described in Section 2.4, Fig. 4 shows the 
evolution of the lactic acid released over time for the untreated, treated 
for 15 min, and treated for 40 min composites. The total amount of load 
in all cases was 3.0 mg, which will be either all PLA or a combination of 
PLA and LA, depending on the case.

For the untreated composite, up to a time point of 48 h, no lactic acid 
released is detected. After 48 h, the LA release begins due to the hy
drolysis of the PLA within the hydrogel and the amount of lactic acid 
released increases with time for the entire period tested. For times longer 
than 200 h, an approximately linear evolution on time is found whose 
slope is 360 ng/h (Fig. 4B).

For the composite with PLA treated for 15 min, the initial mass 
amount of lactic acid-free encapsulated in the hydrogel is 47.5 ± 2.3 μg. 
In other words, of the 3.0 mg of total PLA encapsulated in the hydrogel, 
47.5 μg were lactic acid resulting from the O2 plasma treatment for 15 
min. For this sample, as shown in Fig. 4A, lactic acid release begins at 15 

min. By 48 h, the amount released approximates the initial encapsulated 
free lactic acid amount. Thus, the lactic acid produced by the 15-min 
treatment plasma is released within the first 48 h of the assay. After 
48 h, the lactic acid produced from PLA hydrolysis also begins to be 
released as observed for the device with the untreated PLA sample. In 
these 15-min-treated samples, the LA released amount reaches a 
maximum of 75.0 ± 0.9 μg for time points around 200 h (around 60 % of 
the total release time considered in this work) in this cumulative release 
method. For times longer than 200 h the measured amount of free LA 
decreases (Fig. 4B).

Finally, for the composite treated for 40 min, its initial encapsulated 
mass of free lactic acid is 63.1 ± 1.9 μg, which is the maximum amount 
that can be released in the first 48 h before PLA hydrolysis occurs. In this 
case, the release of lactic acid began at the start of the assay (see Fig. 4A). 
The lactic acid produced by the 40-min plasma treatment is dosed in the 
first 48 h of the assay, and as can be seen in the graph, approximately 
65.0 μg of LA were released in this time. After 48 h, the lactic acid 
produced by hydrolysis is also released, resulting in higher values. The 
maximum release amount reached 92.5 ± 4.4 μg, and although the 
process is cumulative, it begins to decrease for times longer than 150 h, 
similar to the sample treated for 15 min (Fig. 4B).

The decrease in the lactate concentration found for the two plasma- 
treated samples may be explained as follows. Dusselier and co-workers 
[54] found that a 90 wt% lactic acid solution at equilibrium contains 
only 65.9 wt% free LA, while 25.0 wt% is in the form of lactic dimer. 
Thus, due to the instability of L-lactic acid against its dimers and olig
omers, LA tends to esterification towards lactoyl units (linear dimer of 
lactic acid), and even to lactic oligomers when aqueous solutions are 
more concentrated, in a reversible esterification process [54]. In our 
treated samples, Fig. 4 shows that the peak cumulative amount of lactic 
acid release for the treated samples is about 3–4 times higher than that 
of the untreated one, generating the instability of lactic acid, that is not 

Fig. 4. Cumulative mass released of lactic acid as a function of time for PLA O2 plasma treatment of 0 min (without treatment, brown dots), 15 min (green dots), and 
40 min (blue dots). A. Cartoon of the composite a) in the first time frame (t < 48 h) and b) at t > 48 h. B. log10 - log10 scale has been used for release curve. C. A zoom 
of the release curve for times between 48 h and 350 h has been plotted in a lin – lin scale. The vertical black dashed line indicates the time point at 48 h. The free 
lactic acid encapsulated, produced in each PLA plasma treatment, is indicated by horizontal dashed lines of the respective colours green (15 min) and blue (40 min).
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observed for the untreated sample.
In consequence, at longer times we assume that two processes are 

simultaneously operating in the treated samples: first, similarly to the 
sustained release observed for the device with untreated PLA, the lactic 
acid from PLA hydrolysis continues to be produced; and second, the 
transformation of lactic acid by esterification to the dimer or oligomers.

As the amount of dimer and oligomers of lactic acid cannot be 
measured with the method of analysis used in our work, the lactic acid 
net decrease measured in our cumulative release may be attributed to 
the esterification of the lactic acid present in the medium. This net 
decrease begins around 150 h for the 40 min treated sample, a shorter 
time than that of the sample treated for 15 min, due to the higher con
centration of lactic acid in the medium in this cumulative release.

In summary, the time it takes to release all the free lactic acid ob
tained from the PLA treated with O2 plasma for both the 15 min and the 
40 min treated one is around 48 h. The onset of lactic acid release in the 
composite treated for a longer time with plasma occurs earlier, since the 
longer the plasma treatment time, the greater the degradation of the 
polymer and, consequently, the greater the amount of free lactic acid 
monomer able to be released. For the period between 48 and 150 h, we 
observed a continuous release of lactic acid in all three devices where 
the progressive hydrolytic degradation of PLA plays a fundamental role 
(Fig. 4A).

In the time interval of 0.5–150 h an approximately linear evolution 
with two different slopes is found in a log10 - log10 scale, indicating a 
mathematical relationship where the released mass is proportional to a 
power of time, in agreement with the modelling of the drug release ki
netic introduced in Section 2.7 (Mt(t)/M0 is proportional to tn). Thus, in 
this scale the slope corresponds to the release exponent, n (Fig. 4B).

As can be seen in Fig. 4B, a comparable slope is found for the two 
plasma-treated samples, in the range 0.5–48 h, irrespective of treatment 
time. An analogous behaviour is observed in the 48–150 h time frame 
(Fig. 4A). Therefore, a similar release exponent is suggested, and then, 
the same release mechanism in each time range.

3.5. Cytocompatibility

Cell viability was evaluated on days 1 and 3, and the results generally 
showed good viability across the different samples analyzed (Fig. 5). On 
day 1, no significant differences were found between the culture plate 

control (2D) and the other conditions. On day 3, the conditions—culture 
plate control (2D), ELR hydrogel (NO PLA), and ELR composite con
taining treated PLA (PLA TREATED)—again showed no significant dif
ferences among them. However, all three exhibited statistically 
significant differences compared to the composite sample with un
treated PLA (PLA NOT TREATED) (p < 0.001), which showed consid
erably lower viability. These results suggest that both the hydrogel 
without PLA and the hydrogel incorporating treated PLA support good 
cell viability, comparable to that of the standard 2D culture, confirming 
their cytocompatibility.

The good cytocompatibility of the ELR composite with treated PLA is 
particularly relevant, as this sample exhibits optimal release perfor
mance in this study and is expected to have a greater effect on car
diomyocyte activation.

4. Discussion and modelling of release mechanisms

According to the release assays, two different and independent 
evolution kinetics were observed in different time ranges. Therefore, 
two-time frames were considered to get a more accurate description of 
the process.

For samples submitted to O2 plasma treatments, the first graph 
(Fig. 4A) gathers the dosage values up to 48 h, where “early release” is 
observed for both samples treated for 15 min and 40 min. PLA hydrolysis 
did not yet occur so the only amount of lactic acid that can be released 
was produced by the plasma treatment. The second graph (Fig. 4B) 
shows the remaining values, after 48 h and up to 200 h, where lactic acid 
is already the result of the hydrolytic degradation of the polymer chains. 
In these later curves, the time origin has been shifted in the graphical 
representation to start from 0 s.

For the pristine sample, only the time frame starting at the 48-h 
hydrolysis period has been considered, as the lactic acid concentration 
in earlier periods cannot be detected.

Experimental data were fitted to the three considered models whose 
corresponding parameters were numerically calculated by using a non- 
linear least-square regression method assuming a short time approxi
mation (in our case the 60 % of the time considered corresponds to times 
not higher than 200 h) [41,42].

The experimental release data and the model providing the best fit 
can be found in Figs. S5 to S7 in Supplementary Information; its corre
sponding fitting parameters have been summarized in Table 1. These 
same experimental data and their fit to the discarded models have been 
assembled in Fig. S8 (see Supplementary Information); the value of these 
parameters is shown together in Table TS2 in Supplementary 
Information. 

Fig. 5. Cell viability assessment of ELR-based hydrogels without and with PLA 
(treated and untreated) at days 1 and 3, using the Alamar Blue assay on HL-1 
cardiomyocyte cells. Results are expressed as the percentage of viable cells 
relative to the 2D control at day 1. From left to right, bars represent cell 
viability for: culture plate control (2D), ELR hydrogel without PLA (NO PLA), 
ELR composite containing treated PLA (PLA TREATED), and ELR composite 
containing untreated PLA (PLA NOT TREATED). Each bar represents the mean 
± standard error (SE) of twelve independent experiments. Statistical analysis 
was performed using one-way ANOVA (** p ≤ 0,01; *** p ≤ 0.001; **** p 
≤ 0.0001).

Table 1 
This table summarizes the model and the corresponding parameters that provide 
the best fitting to the experimental release data.

Time 
(h)

Fitting model n (with 95 % 
confidence 
bounds)

k (s–n) (with 95 % 
confidence bounds)

R2

PLA treated with O2 plasma for 0 min (without treatment)
t ≥ 48 Higuchi 0.5 7.310⋅10− 6 

(6.739⋅10− 6, 
7.88⋅10− 6)

0.979

PLA treated with O2 plasma for 15 min
t ≤ 48 Korsmeyer- 

Peppas
0.5772 (0.4342, 
0.7201)

8.7554⋅10− 4 

(7.701⋅10− 4, 
9.800⋅10− 4)

0.955

PLA treated with O2 plasma for 40 min
t ≤ 48 Korsmeyer- 

Peppas
0.6207 (0.5193, 
0.7221)

7.997⋅10− 4 

(7.438⋅10− 4, 
8.557⋅10− 4)

0.978

200 > t 
> 48

Higuchi 0.5 1.764⋅10− 5 

(1.696⋅10− 5, 
1.831⋅10− 5)

0.998
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- PLA without O2 plasma treatment: untreated PLA

To model the release behaviour of the composite with untreated PLA, 
the total amount of polylactic acid encapsulated in the hydrogel was 
considered as the M0 value. Since 3.0 mg of PLA were encapsulated in 
the hydrogel, the value of M0 is 3000 μg.

The kinetic evolution of the release, Mt.(t)/M0, and the model that 
best fitted the experimental data -the Higuchi model- have been plotted 
in Fig. S5 (see Supplementary Information). A value of k = 7.310•10− 6 s- 

0.5 (correlation coefficient, R2 = 0.979) was obtained. According to this 
model, the mechanism dominating the release of lactic acid formed by 
the hydrolytic degradation of PLA inside the gel is Fickian diffusion.

The fit to the Korsmeyer - Peppas model was discarded for giving 
inconsistent values of the kinetic constant, k, with an error greater than 
the value itself (see Fig. S8(a), and Table TS2 in Supplementary 
Information).

The fit to the Peppas-Sahlin model was also discarded for giving a 
negative value of kr (see Fig. S8(b), and Table TS2 in Supplementary 
Information). However, since this value is quite near zero, and taking 
into account the good correlation coefficient, this result can be inter
preted as the Fickian diffusion contribution dominates over chain 
relaxation in agreement with the Higuchi model. 

- PLA treated with O2 plasma for 15 min
• Time up to 48 h

In this case, the initial mass of lactic acid-free produced from PLA via 
O2 plasma treatment is considered as the value for M0 = 47.5 μg.

The Korsmeyer-Peppas model gives the best fit (Fig. S6 (a) in Sup
plementary Information) with parameters of n = 0.58 and k =
8.755•10− 4 s-0.58 (R2 = 0.955). As the value of n is between 0.5 < n < 1, 
the release process corresponds to an “Anomalous” transport whose 
release mechanism is based on both diffusion and swelling/relaxation of 
the polymeric chains.

In this time frame, Higuchi's model was discarded for having a low 
correlation coefficient in comparison to those of the other fits (see 
Fig. S8(c), and Table TS2 in Supplementary Information). The Peppas - 
Sahlin model was ruled out due to the negative value found in the kd 
parameter and the low n value (see Fig. S8(d), and Table TS2 in Sup
plementary Information) [43]. 

• Time ranging from 48 to 200 h

The best fitting model was the Higuchi model (Fig. S6 (b) in Sup
plementary Information), where the value of the parameter k was 2.107 
•10− 5 s-0.5 (R2 = 0.981). This result agrees with that obtained for the 
untreated PLA. Thus, a drug Fickian diffusion is again indicated in this 
timeframe where PLA hydrolysis is present (see Fig. 4B). The value of 
this kinetic constant is higher than the value obtained in the untreated 
PLA.

The fits to the Korsmeyer - Peppas and Peppas - Sahlin models were 
discarded since some parameters have an error higher than itself 
parameter (see Fig. S8 (e) and (f), respectively, and Table TS2 in Sup
plementary Information). 

- PLA treated with O2 plasma for 40 min
• Time up to 48 h

In this release, in the first part of the data, the value of M0 will be 
equal to 63.1 μg, which is the initial mass of lactic acid-free produced 
from PLA by the O2 plasma treatment.

It is again the Korsmeyer-Peppas model that best fits (Fig. S7 (a) in 
Supplementary Information) the experimental data with parameters: n 
= 0.62, and k = 8.0 × 10− 4 s-0.62 (R2 = 0.978). Similarly, to the PLA 
treated 15 min, in this case, the value of n is also between 0.5 < n < 1, 
and the corresponding release process is an “Anomalous” transport.

In this case, the Higuchi model was also discarded for having a worse 
fit than the Korsmeyer - Peppas model (see Fig. S8 (g), and Table TS2 in 
Supplementary Information). Similarly to the 15 min treated sample, the 
fit to the Peppas - Sahlin model obtained a negative, very close to zero kr 
value, and with an error significantly higher than itself value in this 
parameter (Fig. S8 (h), and Table TS2 in Supplementary Information). 

• Time from 48 to 200 h

The model that best fits the experimental data (Fig. S7 (b) in Sup
plementary Information) is the Higuchi model with a value of k = 1.764 
•10− 5 s-0.5 (R2 = 0.998). Thus, a drug Fickian diffusion is again indicated 
in this timeframe, being present in the PLA hydrolysis (see Fig. 4B).

The Korsmeyer - Peppas and Peppas - Sahlin models were discarded 
for having inconsistent values of their parameters (see Fig. S8 (i) and (j), 
respectively, and Table TS2 in Supplementary Information).

Table 1 sums up in each frame of time the model providing the best 
fit together with its corresponding parameters value.

As an overview of the release mechanisms, it can be said that in the 
initial frame of time (t ≤ 48 h) the release mechanism is dominated by 
two competing mechanisms, diffusion and relaxation of polymer chains, 
according to the Korsmeyer – Peppas model.

Similar release exponents are found in both 15 min and 40 min 
plasma treated samples, somewhat higher for the 40 min treated sample. 
This numerically result agrees with the qualitative observation of the 
slope in the experimental release curve (Fig. 4A) in the time range 
0.5–48 h for these samples. In any case, its value indicates an anomalous 
transport mechanism following the Korsmeyer-Peppas model. More
over, quite similar kinetics contants are found too, regardless of the 
treatment time.

In the second time range (200h〉 t > 48 h), the release process is based 
on the Fickian diffusion following the Higuchi's model, irrespective of 
the treatment. Again, kinetic constants are similar for both treated 
samples, but higher than that of the untreated one. It should be taken 
into account that the polylactic acid encapsulated in the hydrogel after 
plasma treatment was to some extent degraded in its oligomers and the 
hydrolysis process could take place more easily.

Although the drug diffusion coefficient is usually assumed to be in
dependent of the drug concentration for computational simplicity, this 
dependence does exist, resulting in non-constant diffusion coefficients.

Several forms of the concentration-dependent diffusion coefficient 
were proposed in the bibliography (see, for instance, the review [42]) 
where concepts such as jumping of the solute through the medium, the 
free volume of the polymer matrix where molecules diffuse through free 
voids, the sieving impact of the polymeric chain structure on the 
diffusing molecules, or the crosslinking density in the matrix play a 
significant role in the diffusion process (Refs: [55]).

In our work, when the plasma treatment is applied, PLA is degraded 
in its oligomers and the subsequent degradation process by hydrolysis 
occurred more easily, giving rise to kinetic constants higher than that of 
the untreated sample. Nevertheless, no significant difference in this 
parameter is observed between the two treated samples (15 and 40 min).

Therefore, from the viewpoint of the kinetic constant, the plasma 
treatment time (for treated samples) seems no to play a noticeable role 
in both time frames. In order to propose a tentative explanation to this 
result two ideas should be combined.

On the one hand, the higher the plasma treatment time, the higher 
the available amount of lactic oligomers and the lactic acid itself (this 
was corroborated by FTIR and NMR results, see Sections 3.2.1 and 
3.2.2). On the other hand, it should be also taken into account the 
impact on the release process of the physical interactions in which these 
oligomers participate, according to the rheological results and images 
obtained by SEM.

The schematic in Fig. 6 shows the interactions between the molecules 
of the ELR matrix and the PLA and its oligomers, that are present after 
the plasma treatment. Free amino groups from the lysine amino acids are 
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available in the ELRs polymeric network. The intermolecular in
teractions -e.g., by hydrogen bonds with the hydroxyl and carboxyl 
groups present in the generated oligomers- are shown in the zoom, in 
order to highlight the presence of physical crosslinking in the devices. 
The longer plasma treatment times, the higher proportion of oligomers 
(NMR data, Section 3.2.2), and this physical crosslinking contributes to a 
higher crosslinking density as it suggests the complex modulus magni
tude increase with the time treatment (rheology measurements, Section 
3.3.2).

It has been reported that the drug diffusion coefficient decreases as 
the physical crosslinking density increases, due to increased micro
structural tortuosity and decreased space between macromolecular 
chains [56,57]. Thus, a trade-off is suggested between the greater hin
drance to release exerted by the matrix due to the physical crosslinking 
in which the oligomers participate, and, at the same time, the greater 
accumulated amount of lactic acid, which would play an important 
regulatory role in the overall dynamic process of drug release. Conse
quently, the kinetic constants observed for the release in both treatments 
are very similar. This corroborates the results observed for the experi
mentally measured release and is also in agreement with the charac
terization of the properties studied.

According to these results, the release device designed as a composite 
has a threefold objective: first, an early release of lactic acid through the 
hydrogels is available, thus bringing forward its effect on cell behaviour; 
second, the modulation of this cumulative mass released at the begin
ning is achieved using the plasma treatment time as the control 
parameter; and third, a sustained release over time (for times longer 
than 150–200 h) due to PLA hydrolysis in aqueous media is observed.

5. Conclusions

The aim of this work has been to advance the research of new 
biomedical devices for application in cardiac tissue regeneration. The 
need for a biomaterial capable of releasing lactic acid (LA) in a 
controlled manner to sustain cardiomyocyte dedifferentiation, as an 
alternative to complex genetic reprogramming strategies, has been met. 
In this study, we have designed and implemented a biomedical device 
based on a nanocomposite hydrogel made from elastin-like recombi
namer (ELR) polymers, which functions as an early, sustained, and 
regulated lactic acid release system. The novel developed nano
composite hydrogel device can rapidly release lactic acid (LA) due to the 

initial partial degradation of PLA caused by the prior plasma treatment. 
This will promote a metabolic shift in the resident cardiomyocytes, 
enhancing their proliferative capacity from the start of the treatment 
and within a few hours after the cardiac injury, preventing scar tissue 
formation and presumably inducing an improvement in the function
ality of the generated tissue. Moreover, it is capable of releasing LA in a 
sustained manner over time thanks to the hydrolysis of the encapsulated 
PLA. The selected treatment time is used as a control parameter to 
regulate the initial dose of LA released, observing a linear release profile 
of PLA over longer periods of more than 200 h (360 ng/h).

The extrusion tests and the injectability video using a 20G needle 
performed with the composite show appropriate shear-thinning behav
iour and good injectability. Moreover, its rapid gelation will allow 
precise placement of the implant at the injury site without any diffusion. 
Likewise, the cell viability found for the PLA-treated composite, com
parable to that of the standard control culture and the unloaded 
hydrogel itself, supports the potential application of the device in future 
trials to show its efficiency and possible application in the regeneration 
of infarcted tissue.

For all these reasons, it is worth noting that the designed implant 
allows for the immediate, controlled, and sustained release of lactate, 
which can be directly injected at the application site and has demon
strated good cytocompatibility. Future studies will assess both the effi
cacy of the system and the optimal timing for the application of this 
injectable device. In any case, this work lays the foundation for future 
research on cardiac tissue regeneration.
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are balls coloured in pink.

J. Fernández-Fernández et al.                                                                                                                                                                                                                International Journal of Biological Macromolecules 321 (2025) 146552 

12 



Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgement

The authors are grateful for funding from the Spanish Government 
(RTI2018-096320-B-C21, PID2021-122444OB-100, PID2022- 
137484OB-I00), the European Commission-Euronanomed nAngioderm 
Project (ref. JTC2018-103), the Pathfinder-EU project BIOACTION GA- 
101098972, Junta de Castilla y León (VA188P23), Junta de Castilla y 
León and FEDER Funds (CLU-2023-1-05), and Centro en Red de 
Medicina Regenerativa y Terapia Celular de Castilla y León.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2025.146552.

Data availability

No data was used for the research described in the article.

References

[1] Y. Zhang, C. Lin, M. Liu, W. Zhang, X. Xun, J. Wu, X. Li, Z. Luo, Burden and trend of 
cardiovascular diseases among people under 20years in China, Western Pacific 
region, and the world: an analysis of the global burden of disease study in 2019, 
Front. Cardiovasc. Med. 10 (2023) 1067072, https://doi.org/10.3389/ 
fcvm.2023.1067072.

[2] S.S. Virani, A. Alonso, H.J. Aparicio, E.J. Benjamin, M.S. Bittencourt, C. 
W. Callaway, A.P. Carson, A.M. Chamberlain, S. Cheng, F.N. Delling, M.S.V. Elkind, 
K.R. Evenson, J.F. Ferguson, D.K. Gupta, S.S. Khan, B.M. Kissela, K.L. Knutson, C. 
D. Lee, T.T. Lewis, J. Liu, M.S. Loop, P.L. Lutsey, J. Ma, J. Mackey, S.S. Martin, D. 
B. Matchar, M.E. Mussolino, S.D. Navaneethan, A.M. Perak, G.A. Roth, Z. Samad, 
G.M. Satou, E.B. Schroeder, S.H. Shah, C.M. Shay, A. Stokes, L.B. VanWagner, N.- 
Y. Wang, C.W. Tsao, Heart disease and stroke Statistics-2021 update: a report from 
the American Heart Association, Circulation 143 (2021) e254–e743, https://doi. 
org/10.1161/CIR.0000000000000950.

[3] M.A. Laflamme, C.E. Murry, Heart regeneration, Nature 473 (2011) 326–335, 
https://doi.org/10.1038/nature10147.

[4] L.I. Burd, M.D.J. Jones, M.A. Simmons, E.L. Makowski, G. Meschia, F.C. Battaglia, 
Placental production and foetal utilisation of lactate and pyruvate, Nature 254 
(1975) 710–711, https://doi.org/10.1038/254710a0.
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