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A B S T R A C T

Recent advancements in materials science have led to the creation of innovative gel formulations like eutecto-
gels, which exploit the distinctive characteristics of deep eutectic solvents (DES) to enhance the functionality and 
versatility of traditional gel systems. By incorporating fluorescent nanoparticles, eutectogels gain luminescent 
properties, significantly increasing their performance. In this study, we have developed and characterized a novel 
nanocomposite eutectogel by integrating conjugated polymer-based nanoparticles (CPNs) with varying emission 
bands, derived from either polyfluorene or poly(phenylenevinylene). Before synthesizing the fluorescent 
eutectogels, it was confirmed that the nanoparticles maintained the same fluorescent properties in both DES and 
aqueous solution. The results show that the incorporation of CPNs inside the eutectogels provides fluorescent 
materials with good properties in terms of integrity, thermal stability, homogeneity and reproducibility allowing 
their preservation during weeks. The fluorescent nanocomposite eutectogels were tested as sensing platforms by 
immobilizing enzymes. In particular, the capability of these materials to act as fluorescent biosensors for 
detecting hydrolase activity was successfully demonstrated, with alkaline phosphatase entrapped in the nano-
composite eutectogel serving as the model enzyme. This finding is one of the first demonstrations of the func-
tioning of an enzyme in an eutectogel.

1. Introduction

Polymeric gels are an important class of soft matter systems 
composed of a highly dispersed liquid phase and one or more solid 
continuous phases. The continuous phase generates a cross-linked 3D 
network structure, through covalent or non-covalent bonds, inside 
which are the liquid molecules. The result is a viscoelastic material, 
similar to a solid, but highly deformable [1]. The degree of crosslinking 
and the functional groups of the polymer chains influence properties 
such as stiffness, swelling ratio, elasticity, degree of transparency and 
processability of the material. Depending on the nature of the liquid 
phase, gels can be classified into organogels (organic solvent) and 
hydrogels (water), although the development of neoteric solvents has 
expanded this classification, also including ionogels (ionic liquids), and 
more recently eutectogels (EGs), when the liquid phase is a deep eutectic 

solvent (DES) [2–4].
DES, typically consisting of mixtures of hydrogen bond donors 

(HBDs) and hydrogen bond acceptors (HBAs) in various molar ratios, 
have a number of unique properties, such as low volatility, thermal 
stability, biodegradability and moderate to very low toxicity, depending 
on the starting ingredients, as well as maximum atomic economy, 
making them a sustainable alternative to traditional solvents [5–7]. The 
HBAs most commonly used in DES formulation are quaternary ammo-
nium salts, in particular choline chloride (ChCl) due to its low toxicity, 
low cost and biodegradability, while HBDs typically include an organic 
molecular component such as an amide, carboxylic acid, or polyol (urea, 
oxalic acid, glycerol, ethylene glycol (EtG)), etc [8]. The immobilization 
of DES in polymeric matrices to produce EGs offers new opportunities in 
the field of novel materials, since compared to gels prepared using other 
solvents, they possess excellent elasticity, ionic conductivity, non- 
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volatile nature that confers higher thermal stability, ability to solubilize 
hydrophilic and hydrophobic agents and adhesion properties. In addi-
tion, their properties can be finely tuned by selecting different DES 
components and varying their ratios, allowing for greater customization 
of the gel characteristics. As a consequence of such properties, these 
newly emerging materials are attracting great interest in the biomedical 
field, as well as offering new perspectives as dynamic functional plat-
forms in both water-free and water-containing environments [9–12].

The most common and simple method for making EGs is to immerse 
a previously prepared hydrogel in a DES for solvent replacement. 
Another approach is the polymerization of the gel network in DES 
directly, by dissolving the monomers (acrylic acid, methacrylic acid,…) 
before initiating radical polymerization. Also, polymerizable monomer 
units can act as HBAs or HBDs to form DES, and then directly polymerize 
inside the DES to form the eutectogel [12,13]. Finally, EGs can be ob-
tained by the addition of low molecular weight organic gelators that self- 
assemble into a nanoscale network as a result of non-covalent inter-
molecular interactions [14]. Regardless of the preparation method of the 
eutectogel, its properties can be modulated by incorporating nano-
materials inside it, through chemical or physical crosslinking. As with 
hydrogels, this strategy results in nanocomposites with improved per-
formance as a result of the synergistic effect between the two compo-
nents. Although recent research in these type of materials is still in its 
infancy, nanocomposite EGs have already been described that include, 
among others, nanocrystals, metallic and polymer nanoparticles, or 
carbon nanotubes in their composition. Thus, Bianchi et al. recently 
have reported the synergistic combination of drug nanocrystals and a 
eutectic mixture supported into a gelatin matrix to obtain stretchable 
and adhesive eutectogels for long-acting mucosal delivery [10]. A very 
recent work describes the incorporation of silver nanoparticles and 
phosphorus nanoflakes into a ChCl:glycerol-cellulose eutectogel, thus 
endowing the material with antibacterial properties [15]. In another 
recent paper, a novel magnetic eutectogel which includes a polymeric 
deep eutectic solvent, multiwall carbon nanotubes, and super- 
paramagnetic polyvinylpyrrolidone coated-Fe3O4 nanocrystals incor-
porated in alginate gel, has been prepared and used as sorbent in the 
microextraction of pesticides [16]. Also, lignin nanoparticles have been 
uniformly dispersed in a ChCl:EtG-PVA gelatin eutectogel increasing its 
mechanical properties, leading to materials with potential use as 
wearable flexible strain sensors [17].

The incorporation of fluorescent nanoparticles in EGs endow these 
materials with luminescent properties that can be exploited, besides 
other applications, for the development of optical sensors and as bio-
imaging tools. However, to the best of our knowledge, these nano-
composite materials have not been explored in the literature, although 
some studies on fluorescent eutectogels are available. Thus, recently, a 
reversible fluorescent eutectogel with high transparency, adhesiveness 
and self-healing has been developed, but it uses anthracene molecules as 
luminescent units, instead of nanoparticles [18]. In addition, Criado- 
González et al. have just developed a fluorescent eutectogel by 
combining a low molecular weight fluorescent gelator derived from 
glutamic acid with poly(3,4-ethylenedioxythiophene) and ChCl-based 
DES, to obtain mixed ionic/electronic conductive composites for bio-
imaging applications [11].

Some of the fluorescent nanomaterials that can be incorporated into 
EGs include: semiconductor quantum dots (SQDs), carbon dots (CQDs), 
graphene quantum dots (GQDs) and conjugated polymers-based nano-
particles (CPNs). SQDs have high light emission and can easily adjust 
their optical properties through changes in size and composition, but 
present toxicity issues due to heavy metals [19]. CQDs and GQDs have 
higher compatibility with living organisms and lower toxicity. Although 
they generally show lower fluorescence efficiency than SQDs, this lim-
itation can be improved with surface passivation or functionalization 
[20–23]. Finally, CPNs exhibit good biocompatibility, excellent photo-
stability and high quantum efficiency, and unlike CQDs, their fluores-
cence emission can be fine-tuned across a wide spectral range by 

appropriate design of the polymer molecular backbone [24,25].
In addition to incorporating nanomaterials into the EGs, another 

approach to increase its functionality is to include biological elements, 
such as enzymes. This new category of materials, denoted as eutecto-
zymes, has been reported in two recent works in which authors describe 
the potential opportunities that this combination would offer, resulting 
in functional materials with unique properties which could show plain 
benefits compared to traditional hydrogels [9,26]. However, despite 
these potential advantages, to our knowledge no study has yet been 
conducted in which an enzyme has been incorporated into an eutectogel 
and its activity has been tested.

This work describes the synthesis and characterization of fluorescent 
nanocomposite EGs by the introduction of CPNs with different emission 
bands, made either from polyfluorene derivatives: poly[9,9- 
dioctylfluorenyl-2,7-diyl] (PFO) and poly[(9,9-di-n-octylfluorenyl-2,7- 
diyl)-alt-(1,4-benzo-{2,1,3}-thiadiazole)] (F8BT) or with a poly(phe-
nylenevinylene) derivative: poly[2-methoxy-5-(2′-ethylhexyloxy)-1,4- 
phenylenevinylene] (MEHPPV) (Scheme 1a). EGs were prepared via a 
simple and rapid protocol based in previous works through UV-induced 
in situ radical polymerization of suitable precursors in appropriate DES 
[27,28]. For the synthesis, the monomer 2-hydroxyethyl methacrylate 
(HEMA) was dissolved in a ChCl:EtG DES (1:2 M ratio) along with the 
crosslinker ethylene glycol dimethacrylate (EGDMA), the photoinitiator 
and the respective CPNs, obtaining fluorescent nanocomposite EGs with 
emission in the blue, yellow and red regions of the visible spectrum.

The fluorescent properties and stability of the different EGs were 
characterized and compared with those of nanoparticles in DES and 
water. In addition, their ability to be used as fluorescent biosensor was 
explored by incorporating the enzyme alkaline phosphatase (ALP) into 
the eutectogel. It is noteworthy that the immobilization of ALP in these 
materials constitutes a novelty since it is the first time that this type of 
enzyme is dissolved in DES and immobilized in an eutectogel, retaining 
its activity.

2. Materials and methods

2.1. Chemicals

2-Hydroxyethyl methacrylate (HEMA), ethylene glycol dimethacry-
late (EGDMA), 2,4,6-trimethylbenzoylphenylphosphinate lithium salt 
(LiTPO), choline chloride (ChCl), alkaline phosphatase (ALP; EC 3.1.3.1; 
from bovine intestinal mucosa, lyophilized powder, 38 U/mg solid), p- 
nitrophenyl phosphate (PNPP), p-nitrophenol (PNP) and sodium 
dodecyl sulfate (SDS) were purchased from Sigma-Aldrich (Merck Life 
Science, Madrid, Spain). Ethylene glycol (EtG) (extra pure) was obtained 
from Scharlab (Spain). The conjugated polymers poly[9,9- 
dioctylfluorenyl-2,7-diyl] (PFO) and poly[(9,9-dioctylfluorenyl-2,7- 
diyl)-alt-co-(1,4-benzo-{2,1,3}-thiadiazole)] (F8BT) were sourced from 
American Dyes Source, Inc., while poly[2-methoxy-5-(2′-ethyl-
hexyloxy)-1,4-phenylenevinylene] (MEHPPV) was acquired from 
Sigma-Aldrich. TRIS buffer (55 mM, pH 9) was prepared by dissolving 
TRIS base in Milli-Q water and adjusting the pH with hydrochloric acid. 
Milli-Q water was obtained using Milli-Q equipment (Millipore, Madrid, 
Spain). All other reagents used were of analytical grade and obtained 
from standard commercial suppliers.

2.2. Preparation of CPNs

Fluorescent nanoparticles were synthesized in an aqueous medium 
using the conjugated polymers PFO, F8BT and MEHPPV, following the 
miniemulsion method previously outlined by Pecher et al. [29] To 
achieve this, 5 mL of a 10 mg/mL conjugated polymer solution in 
toluene was combined with 10 mL of 55 mM TRIS buffer and 4 mg/mL 
SDS in water. The mixture was stirred for 1 h with a magnetic stirrer in a 
sealed vial. Next, the sample was subjected to ultrasonic treatment using 
a QSonica Q125 sonicator (QSonica, Newtown, CT, USA) at 125 W for 
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15 min, operating at 90 % amplitude, while keeping the vial immersed 
in an ice-water bath to prevent overheating and foam formation. The 
organic solvent was then evaporated by heating the mixture to 60 ◦C. 
The resulting solution was stored at 4 ◦C.

2.3. Preparation of DES

DES were prepared by combining ChCl and EtG in a 1:2 M ratio, 
followed by stirring at 100 ◦C for 30 min until a clear, homogeneous 
liquid was formed (Scheme 1b).

2.4. Preparation of eutectogels (EGs)

Eutectogels were prepared following the protocol described by Chen 
et al. [27], with slight modifications. In a vial, 600 µL of HEMA, 600 µL 
of the DES ChCl:2 EtG and 10 µL of EGDMA were mixed and stirred 
thoroughly. The photoinitiator LiTPO (2 mg) was then added under dark 
conditions and stirred until fully dissolved. The mixture was subse-
quently transferred into a 2 mL syringe, from which 1 mL was dispensed 
and exposed to UV light at 365 nm for 2 min to induce polymerization. 
Once polymerized, the tip of the syringe was cut and the eutectogel was 
demolded.

2.5. Preparation of nanocomposite EGs

To obtain nanocomposite eutectogels, CPNs were incorporated to the 
initial mixture prior to polymerization. This was done by adding 1 µL/ 
mL of a 5 mg/mL nanoparticle stock solution to the HEMA-DES-EGDMA- 
LiTPO mixture. After UV irradiation, fluorescent eutectogels were pro-
duced, exhibiting blue (PFO_CPNs@EG), yellow (F8BT_CPNs@EG), and 
red (MEHPPV_CPNs@EG) emissions (Scheme 1b).

2.6. Incorporation of ALP in PFO_CPN@EGs

Fluorescent eutectozymes were prepared by incorporation of the 
enzyme ALP into the PFO_CPNs@EGs. For this purpose, lyophilized ALP 
powder was added to the PFO_CPNs-HEMA-DES-EGDMA-LiTPO mixture 
to achieve a final concentration of 106.8 U/mL. The procedure was 
continued as in sections 2.4 and 2.5, placing the mixture under the UV 

lamp and irradiating it for 2 min to induce polymerization. The obtained 
eutectogels, referred to as ALP@PFO@EGs, were stored in the refriger-
ator until activity tests were performed, using PNPP as substrate 
(Scheme 1b).

2.7. Particle size determination and zeta potential

The size and zeta potential of PFO, F8BT and MEHPPV CPNs were 
determined in water using dynamic light scattering (DLS) with a Mal-
vern Zetasizer Nano-ZS instrument (Worcestershire, UK), which utilizes 
a 4 mW monochromatic helium–neon laser (λ = 633 nm) as the light 
source. Size measurements were conducted at a scattering angle of 173◦

in disposable cuvettes, while zeta potential was measured using desig-
nated zeta potential cells. All measurements were performed in triplicate 
at 20 ◦C.

2.8. Fluorescence characterization of CPNs

Steady-state fluorescence measurements of CPNs in water, DES and 
immobilized in EGs were conducted in 10 × 10 mm quartz cuvettes 
using a PTI-QuantaMaster spectrofluorometer (PTI, Birmingham, NJ, 
USA) equipped with a Peltier cell. To obtain the emission spectra, 
samples were excited at wavelengths of 396 nm (PFO_CPNs), 466 nm 
(F8BT_CPNs) and 495 nm (MEHPPV_CPNs), while for the excitation 
spectra the emission wavelength was fixed at 500, 600 and 660 nm, 
respectively. All fluorescence measurements were carried out at 20 ◦C, 
with the exception of the thermal stability study, for which spectra were 
recorded from 20 to 60 ◦C, with heating rates of 1 ◦C/minute. Back-
ground intensities were always checked and subtracted from the sample 
when it was necessary. All the samples were coloured, free of turbidity, 
and visually homogeneous.

Time-resolved fluorescence measurements were carried out by a 
high-performance fluorescence lifetime spectrometer FluoTime 300 
(PicoQuant, Berlin, Germany), with time-correlated single-photon 
counting (TCSPC). Excitation sources used were picosecond pulsed 
diode lasers LDH-P-C-375, LDH-P-C-450, and LDH-P-C-520, with 
maximum excitation wavelengths of 373, 453 and 514 nm, respectively. 
Fluorescence intensity decays of CPNs in aqueous solutions, DES and 
eutectogels were recorded and analyzed with EasyTau software 

Scheme 1. Chemical structure of the conjugated polymers (CPs) PFO, F8BT, and MEHPPV (a). Scheme of eutectogels preparation and immobilization of fluorescent 
CPNs and ALP (b).
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(PicoQuant, Berlin, Germany) applying a tri-exponential decay model. 
The instrument response function was measured by using diluted 
Ludox® as scattering agent. The conditions applied to consider a satis-
factory fit were a reduced χ2, close to 1, and random distributions of the 
weighted residuals. The intensity-weighted mean lifetimes were calcu-
lated from the recovered parameters of the fitting according to 

< τ >=

∑
aiτ2

i∑
aiτi

(1) 

where τi and ai are the lifetimes and amplitudes, respectively, of the 
individual components.

2.9. Quenching studies

The effect of PNP on the fluorescence of CPNs was studied both in 
solution and inside the eutectogels. In the solution experiments the 
decrease in fluorescence intensity was analysed according to an 
expression based on Stern-Volmer equation: 

I0

I
= 1+K[Q] (2) 

where, I0 and I correspond to the fluorescence intensity of CPNs in 
absence and presence of PNP, respectively, [Q] is the concentration of 
PNP (the quenching agent), which was varied between 0 and 20 μM, and 
K is a constant whose meaning depends on the nature of the quenching 
process and informs about the sensitivity of the nanoparticles to the 
presence of PNP, the higher the value of K the greater the capacity to 
detect its presence.

For the quenching experiments in fluorescent EGs, these were pre-
pared using a disposable syringe, as detailed in Sections 2.4–2.5. Once 
removed from the syringe, the EGs showing a cylindrical shape with an 
average diameter of about 0.8 cm and a length of about 1.7 cm, were 
directly placed into the fluorescence cuvette without any prior manip-
ulation or cutting. The initial fluorescence of the gels (I0) was measured, 
followed by the addition of 1 mL of a PNP solution at concentrations of 
20, 50, or 100 µM. The mixture was incubated for 20 min, after which 
the fluorescence spectrum was recorded. The emission intensity at the 
wavelength of the maximum peak was compared with that previously 
obtained in the absence of PNP. For each concentration, 6 replicates 
were made.

The possibility of inner filter effect (IFE) being responsible for the 
quenching caused by PNP was evaluated using the following equation 
[30,31]: 

Icor = Iobs
Ax

T
Ax

F

(
1 − 10Ax

F

)

(
1 − 10Ax

T

)
2.303Am

T(
1 − 10Am

T

) (3) 

where Icor and Iobs are the corrected and the measured fluorescence in-
tensities, respectively, Ax

F and Ax
T represent the absorbance values of the 

samples in absence and presence of PNP, respectively, measured at the 
excitation wavelength and Am

T is the absorbance of the sample measured 
at the emission wavelength.

The absorbance measurements were performed at room temperature 
with a UV-2700 spectrophotometer (Shimadzu, Tokyo, Japan). Mea-
surements were taken using quartz cuvettes measuring 10 × 10 mm.

2.10. Rheological measurements

The rheological measurements were conducted using dynamic me-
chanical analysis (DMA) performed on a DMA 1 Instrument (Mettler- 
Toledo). The instrument performs DMA calculations based on the force 
and displacement measurements to derive the viscoelastic material pa-
rameters. The tests were carried out at 25 ◦C using compression platens. 
The EGs were cylindrical in geometry with diameters of 9 mm and a 

height of 5 mm. Strain sweeps between 0.1 % strain and 6 % strain were 
performed at 1 Hz. Concretely, the samples are forced to undergo an 
oscillatory deformation in compression of 5, 10, 20, 50, 75, 100, 200, 
300 μm for 2 min at each deformation and their storage modulus (G‘) 
and loss modulus (G”) obtained from the force required to produce that 
deformation and the geometry of the sample are recorded. Frequency 
sweeps from 0.1 Hz to 50 Hz were performed at strain level of 0.4 %, in 
the linear viscoelastic region.

2.11. Thermogravimetric analysis (TGA)

The thermal stability of the EGs and PFO_CPNs@EGs was investi-
gated in the 25–500 ◦C temperature range by thermogravimetric anal-
ysis (TGA) and differential thermogravimetric analysis (DTG) using a 
TGA/DSC 3+ (Mettler Toledo) apparatus operating under N2 atmo-
sphere at a heating rate of 10 ◦C min− 1. Mass change was recorded as a 
function of temperature. The weight samples range was 17 ± 3 mg.

2.12. Swelling characterization

Swelling measurements of the EGs were conducted with or without 
the inclusion of CPNs. Freshly prepared eutectogels, weighing approxi-
mately 1 g, were immersed in an excess of Milli-Q water at room tem-
perature. The initial weight of each sample was recorded, and 
subsequent measurements were taken at regular intervals as the eutec-
togels absorbed water. The degree of swelling (SW) was calculated using 
the following equation: 

SW =
Wt − W0

W0
(4) 

where Wt denotes the weight of the eutectogel at time t, and W0 rep-
resents the initial weight of the freshly prepared eutectogel.

3. Results and discussion

3.1. Characterization of fluorescent CPNs in DES

At present there are very few works in which DES have been com-
bined with fluorescent nanoparticles and in most of them DES has been 
used as a vehicle for their synthesis, rather than as a medium to dissolve 
them [32]. Therefore, before preparing the nanocomposite eutectogels 
we explored the behavior of the different nanoparticles solubilized in 
ChCl:EtG DES (1:2 M ratio). Concretely, we studied the fluorescent 
properties of the new solutions, comparing the results with those found 
in Milli-Q water and/or organic solvents.

CPNs of the different conjugated polymers, PFO, F8BT and MEHPPV 
were prepared as is described in Material and Methods and stocked in 
Milli-Q water (5 mg/mL) until used. The stock solutions were stable for 
months, especially when stored in the dark at 4 ◦C and an inert atmo-
sphere was not required. These specific polymers were selected for their 
distinct emission properties across different spectral regions, facilitating 
the obtention of fluorescent eutectogels with varied emission bands, 
from 430 to around 650 nm. The size of the CPNs was determined by 
DLS showing diameters of 77 nm for PFO_CPNs, 86 nm for F8BT_CPNs 
and 93 nm for MEHPPV_CPNs. From ZP analysis, CPNs showed a 
negative surface charge between − 62 and − 29 mV, consequence of the 
anionic charge of SDS, which guarantees appropriate suspension sta-
bility (Table S1).

For the study of the fluorescent properties of PFO, F8BT and 
MEHPPV_CPNs, 1 µL/mL solutions in Milli-Q water, chloroform and 
ChCl:2EtG DES were prepared from the respective stock solutions (5 
mg/mL) and their fluorescence emission spectra were recorded after 
excitation at 396 nm, 466 nm and 495 nm, respectively, taking into 
account the excitation spectra shown in Fig. S1. It is important to note 
that organic solvents like chloroform dissolve the conjugated polymers, 
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causing the nanoparticles to disintegrate. As a result, the emission 
spectrum observed in these solvents reflects the characteristics of the 
free polymer rather than the intact nanoparticles.

For PFO_CPNs, Fig. 1a shows that the shape of the emission spectrum 
was similar in both water and DES, but differs significantly from the 
spectrum observed in chloroform. This result can be attributed to the 
distinct phases that PFO can adopt due to its molecular structure. As 
previously reported, PFO can exist in a disordered “glassy” phase or a 
more crystalline β-phase, each characterized by distinctive emission 
spectra and varying angles between adjacent fluorene units. In good 
solvents like chloroform, PFO adopts the “glassy” phase, where these 
angles are random. Conversely, in the β-phase, the fluorene units align at 
a fixed angle of 180◦, resulting in a well-defined planar chain confor-
mation that extends the conjugation length, leading to red-shifted 
emission [33]. This β-phase is adopted by PFO when the polymer is in 
confined media, such as a nanoparticle, and it is characterized by three 
distinct peaks around 438, 465, and 501 nm in the emission spectrum 
[34–36]. The presence of these peaks in the fluorescence spectrum in 
both Milli-Q water and DES (Fig. 1a) suggests that the nanoparticles 
remain within the DES. If the nanostructures were disrupted, the poly-
mer would gain more degrees of freedom, transitioning to the “glassy” 
phase, and the emission spectrum would resemble that seen in 
chloroform.

A similar conclusion can be drawn when comparing the excitation 
spectra of the PFO_CPNs in the three media (Fig. S1). The peak at 436 nm 
is a distinctive feature of the β-phase and its intensity was much higher 
in water and DES than in chloroform, confirming that in the latter me-
dium this phase is a minority one.

Fig. 1b shows the fluorescence emission spectra of F8BT_CPNs in 
DES, water and chloroform upon excitation at 466 nm. The recorded 
spectra are quite similar in the three media, although slightly wider in 
chloroform, and similar to those reported in the bibliography [37]. 
Unlike PFO, F8BT does not adopt any distinct phase when confined, so 
the shape of its spectrum remains consistent whether free or in nano-
particle form.

For MEHPPV_CPNs, the emission profiles were similar in Milli-Q 
water and DES (Fig. 1c). Both the position and the maximum emission 
at 596 nm coincide with those described for these nanoparticles in the 
literature, suggesting that, as with PFO_CPNs and F8BT_CPNs, the 
integrity of the MEHPPV_CPNs is maintained when incorporated in DES 
[25]. This hypothesis is supported by the fact that the spectrum obtained 
in chloroform shows its emission maximum at 559 nm, coinciding with 
that expected for the free polymer dissolved in a good organic solvent. 
The spectral shift observed in the CPNs compared to the polymer in 
solution has been attributed to the increased overlap of π-orbitals as the 
polymers aggregate within the nanoparticles. This aggregation leads to 
the delocalization of π-electrons across multiple chains resulting in a 
bathochromic shift [25].

Time-resolved fluorescence spectroscopy was employed to measure 
the fluorescence decay of the three nanoparticles in Milli-Q water and 
DES. The fluorescence data were analyzed using a three-exponential 

decay model, and the mean fluorescence lifetime < τ > was derived 
from this fit using Equation (1), as shown in Fig. S2 and Table1. The 
three CPNs showed sub-nanoseconds lifetimes with similar values in 
both Milli-Q-water and DES, with the F8BT_CPNs showing the longest 
lifetime, as already reported in a recent work of the group, when dis-
solved in buffer [34].

3.2. Characterization of EGs and fluorescent nanocomposite EGs

EGs, in the absence of fluorescent CPNs, were synthesized by light- 
induced radical polymerization as described in Materials and Methods. 
Their shape depends on the container in which they are obtained and 
their final size on the volume of the starting reactants, although they can 
be easily cut into smaller pieces once fabricated to meet specific needs. 
In this work EGs were obtained in cylindrical form and in most cases, 
they were ~ 0.8 cm in diameter and 1.7 cm in length so that they could 
be introduced into fluorescence cuvettes. They were easy to handle and 
exhibited elastic rubber properties, returning to their original di-
mensions after being mechanically deformed (Fig. S3). Moreover, these 
materials were transparent and stable, without weight loss or modifi-
cation of their initial shape, even after been stored in closed vials at 
room temperature during 3 months (Fig. S3, Fig. 2a). This result con-
firms that DES is an effective solvent for the HEMA monomer and the 
cross-linked chains formed after its polymerization, without leading to 
the creation of heterogeneous microstructures, which occurred when 
water was used as the solvent [27].

To get more insight into the mechanical behaviour and strength of 
these materials and to confirm their gel nature and elastic properties, we 
performed oscillatory rheology measurements, namely strain- and fre-
quency sweeps of the EGs. All the measurements were carried out at 
25 ◦C, as is described in Materials and Methods, and the obtained results 
are displayed in Figs. S4a an S4b. From these plots we can observe that 
the storage modulus G’, which reflects the elasticity of the material is 
much higher than the viscous component G” over the whole tested range 
of oscillation strain and angular frequency, which is the condition of the 
gel state. At low oscillation strain G’ values were ~ 0.22 MPa and the 
ratio of G’ to G” (tan δ) was ~ 0.1, values in the same range as those 
obtained for other eutectogels [38], indicating a strong elastic behaviour 

Fig. 1. Normalized fluorescence emission spectrum of PFO_CPNs (a), F8BT_CPNs (b), and MEHPPV_CPNs (c) in Milli-Q water (black solid line), chloroform (dashed 
line) and ChCl:EtG DES (dotted line).

Table 1 
Average fluorescence lifetimes (<τ > ) of PFO_CPNs, F8BT_CPNs, and 
MEHPPV_CPNs in Milli-Q water, DES and incorporated in EGs.

<τ>/ns

Sample λex/λem 

(nm)
Milli-Q water DES EG

PFO_CPNs 373/465 0.131 ±
0.008

0.159 ±
0.005

0.32 ± 0.04

F8BT_CPNs 453/537 0.45 ± 0.03 0.59 ± 0.04 0.79 ± 0.02
MEHPPV_CPNs 514/590 0.122 ±

0.013
0.110 ±
0.003

0.277 ±
0.011
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of the material in this region, as shown previously in the digital images 
in Fig. S3. The fact that G’ values are very weakly frequency dependent 
(only a slight increase was observed above 1 Hz) is evidence that the EGs 
show a good tolerance to the applied strain rate of deformation. In 
contrast G” values increased proportionally to the sweep frequency, 
suggesting the existence of non-covalent interactions in the internal 
network of the EG [39].

The stability of the eutectogel was also studied by TGA. As shown in 
Fig. S4c, the TGA and DTG curves depict three distinct stages of weight 
loss, as seen by significant peaks on the DTG curve. The TGA curve 
shows a hight weight retention rate of 95 % at 100 ◦C. The first step of 
mass loss, between 100 and 250 ◦C could be attributed to the vapor-
ization of ethylene glycol [40]. The breakage of the ester bonds in the 
polymeric structure (HEMA-EGDMA) as well as the vaporization of ChCl 
would be mainly responsible for the 2nd step of mass-loss starting from 
250 ◦C [40,41]. Finally, the third decomposition peak, observed in the 
350–470 ◦C range, may correspond to the complete decomposition of 
the polymeric structure [41].

The swelling behavior of EGs was analyzed using Milli-Q water as 
solvent instead of DES to assess the ability of this material to absorb and 
retain aqueous solutions within their network structure. This test was 
performed with the aim of finding out to what extent EGs can be used for 
applications in aqueous media, such as drug delivery or biosensing. For 
this purpose, a piece of eutectogel of approximately 1 g was immersed in 
50 mL of Milli-Q water, and its mass was measured as a function of time. 
The results, expressed as degree of swelling (Equation (4), showed that 

EGs are able to absorb water increasing their mass during the first 4 h, 
until reaching a maximum value. However, if the material remains 
submerged for a longer time, a loss of mass is observed, even reaching 
values lower than the starting value, which suggests that after a certain 
time the DES begins to be exchanged for water molecules (Fig. 2b, black 
squares). This conclusion was supported by the fact that the immersed 
gel piece became increasingly whitish after a few hours, confirming 
what was observed in previous work where HEMA hydrogels showed an 
opaque appearance [27].

For the incorporation of PFO, F8BT, and MEHPPV CPNs within the 
EGs to obtain fluorescent nanocomposite EGs, each of these nano-
particles was mixed with the precursor, crosslinker, and photoinitiator 
agent using DES as solvent. The irradiation of the mixture resulted in 
coloured materials named PFO_CPNs@EG, F8BT_CPNs@EG, and 
MEHPPV_CPNs@EG that retained a similar appearance to the starting 
eutectogel, but when placed under the UV lamp showed blue, yellow and 
red fluorescence, respectively, homogeneously distributed throughout 
the material (Fig. 3). In addition, both the shape and weight were pre-
served for months at room temperature when stored in closed vials, 
suggesting that there was no degradation or volatilization of any 
component during this period, unlike in the case of hydrogels (Fig. 2a).

The incorporation of CPNs in the eutectogel practically did not 
modify its rheological properties (Fig. S4a and S4b) and only a slight 
increase in the G‘ and G’’ moduli was observed in the frequency sweep, 
suggesting that CPNs are probably interacting with the polymeric 
network but that their concentration is too low to produce a more 

Fig. 2. Evolution of the eutectogel weight over time after being stored at room temperature during three months. The striped bars represent the EG in the absence of 
CPNs, while the blue, yellow and red bars correspond to PFO_CPNs@EG, F8BT_CPNs@EG and MEHPPV_CPNs@EG, respectively (a). Swelling behavior of EGs in 
absence (black) and presence of PFO_CPNs (blue), F8BT_CPNs (yellow) and MEHPPV_CPNs (red) immersed in water excess (b). Error bars correspond to three in-
dependent measurements.

Fig. 3. Fluorescence emission spectrum of PFO_CPNs@EG (blue solid line), F8BT_CPNs@EG (yellow solid line), and MEHPPV_CPNs@EG (red solid line) compared 
with those obtained for the CPNs in DES (dashed lines). right: Digital image of nanocomposite eutectogels taken under irradiation with UV light (365 nm).
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noticeable change in these properties. This hypothesis is supported by 
the analysis of the thermal stability of the material (Fig. S4c) where it 
can be seen that both the TGA and DTG curves are hardly altered by the 
presence of the nanoparticles.

These nanocomposite EGs were introduced into a fluorescence 
cuvette and their emission spectra were recorded. As can be seen in 
Fig. 3, the fluorescence spectra were similar to those obtained in DES, 
although in all cases the fluorescence intensity was higher. This result 
indicates that the nanoparticles retain their integrity within the eutec-
togel, as the shape of the spectrum does not change, and also suggests 
further homogenization of the nanoparticles in this material and/or an 
increase in their fluorescence quantum yield.

The swelling behavior of fluorescent EGs was explored and compared 
with that observed for EGs in absence of CPNs. The results show a similar 
pattern of behavior, although in the case of the nanocomposites the 
maximum swelling was slightly lower and occurred after 2.5 h of im-
mersion in excess water, again suggesting that the CPNs are interacting 
with the polymeric network (Fig. 2b). As with the eutectogel without 
CPNs, the DES progressively came out of the fluorescent material; 
however, no loss of nanoparticles was observed, since the water outside 
the EG showed no fluorescence signal. The retention of the CPNs inside 
the material was also confirmed after the analysis of the eutectogel 
washing residues, as shown in Fig. S5. PFO_CPNs@EG, F8BT_CPNs@EG, 
and MEHPPV_CPNs@EG were immersed in 50 mL of Milli-Q water for 
48 h. After this period, wash waters were collected and concentrated by 
evaporating the solvent to ensure the reliability of the results. No fluo-
rescence was detected in this sample after resuspension in 2 mL of Milli- 
Q water, confirming that the nanoparticles are securely anchored to the 
polymeric network.

Fluorescence decays of PFO_CPNs@EG, F8BT_CPNs@EG and 
MEHPPV_CPNs@EG were recorded and compared to those of CPNs in 
DES and Milli-Q water. The results show that in all three cases < τ > was 
higher than that determined for free nanoparticles in solution, although 
it remains within the sub-nanosecond range (Table 1, Fig. S2). This 
slight increase in the lifetime of the CPNs was already observed when 

PFO_CPNs were embedded in a hydrogel [34].
The thermal stability of the freshly prepared fluorescent EGs was also 

explored by recording the spectra at different temperatures from 20 to 
60 ◦C (Fig. 4a-c). The results show that the temperature increase prac-
tically affects neither the fluorescence intensity nor the shape of the 
spectra and only a very slight decrease of the signal was observed in 
F8BT_CPN@EG. This result could be attributed to the fact that, although 
the probability of non-radiative transitions increases with temperature 
as molecular collisions increase, this phenomenon would be much less 
likely in an eutectogel than in a solution, due to the immobilization of 
the CPNs in the material.

The effect of storage time on the fluorescent EGs was also explored. 
To this end, PFO_CPNs@EG, F8BT_CPNs@EG, and MEHPPV_CPNs@EG 
freshly prepared were stored at 4 ◦C and their emission spectra were 
recorded on different days. Fig. 4d-f shows the fluorescence intensity of 
these eutectogels measured on the first day of preparation and for one 
month. The results show that the three EGs were stable for the first 10 
days, but after 20 days, only PFO_CPNs@EG and F8BT_CPNs@EG 
maintained a fluorescence close to the initial one, while the 
MEHPPV_CPNs@EG decreased its fluorescence signal, probably due to 
the higher tendency of these nanoparticles to aggregate (lower Z 
potential).

3.3. Fluorescent nanocomposite EGs as sensing platforms

Potential applications of fluorescent eutectogels include their use for 
the detection of compounds of interest by inducing changes in their 
luminescent properties. Such changes can involve either an enhance-
ment or reduction in fluorescence intensity or alterations in their 
emission spectra. The advantage, compared to hydrogels, is that they 
can detect analytes whether they are present in solution or in air due to 
the non-volatility of DES. In this work we have evaluated the suitability 
of these materials for use in aqueous media, in particular, their ability to 
detect p-nitrophenol (PNP). This compound is widely used in the 
manufacture of various industrial products such as paints, plasticizers, 

Fig. 4. Effect of temperature and storage time on the stability of PFO_CPNs@EG (a, d), F8BT_CPNs@EG (b, e) and MEHPPV_CPNs@EG (c, f) measured at the 
fluorescence intensity maximum. Insets: Normalized fluorescence emission spectra at 20 ◦C (solid line) and 60 ◦C (dashed line) (a, b, c). Error bars correspond to 
three independent measurements.
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pesticides, pharmaceuticals, explosives and textiles, and its exploitation 
creates serious environmental problems [42]. PNP is also the hydrolysis 
end-product of certain hydrolases enzymes such as α-glucosidase, lipase 
or alkaline phosphatase (ALP). In addition, it is an electron acceptor that 
absorbs at 400 nm in its anionic form, and has been previously described 
to be able to quench the fluorescence of polyfluorenes and carbon dots 
[43,44]. The availability of fluorescent materials susceptible to be 
quenched by this compound offers the possibility of developing sensing 
platforms to detect its presence in natural water systems as well for 
investigating the activity of various hydrolase enzymes, measuring their 
concentrations, or identifying their inhibitors [45,46].

With this in mind, we study whether the fluorescent eutectogels 
developed in this work showed any response to the presence of PNP. For 
this purpose and as a first step, we explored the effect of this compound 
on the fluorescence intensity of PFO_CPNs, F8BT_CPNs, and 
MEHPPV_CPNs in TRIS buffer solution, selecting the excitation/emis-
sion conditions in which this effect was most noticeable. Fig. S6 shows 
that at a specific concentration of PNP, the fluorescence of all three CPNs 
is quenched, with the most significant decrease occurring at an excita-
tion wavelength near 400 nm. The fact that the absorption maximum of 
the anionic PNP is around this wavelength suggests that primary inner 
filter effects (IFEs) could be one of the responsible mechanisms for such 
fluorescence reduction, since in the presence of PNP the excitation light 
would get attenuated before reaching the fluorophores.

To verify the fluorescence response of the nanoparticles towards 
PNP, three similar solutions of PFO_CPNs, F8BT_CPNs, and 
MEHPPV_CPNs in TRIS buffer were prepared, and increasing concen-
trations of PNP up to 20 μM, were added. The results obtained are dis-
played in Fig. 5a in the form of a Stern-Volmer plot. The fluorescence 
intensity gradually decreased with the addition of PNP and the 
quenching effect was very evident. Experimental results indicate that all 
three nanoparticles could be capable of detecting PNP, with K values 
(equation (2) of 3.21 ± 0.07 x 104 M− 1 (PFO_CPNs), 2.29 ± 0.04 x 104 

(F8BT_CPNs) and 2.33 ± 0.05 x 104 M− 1 (MEHPPV_CPNs). The higher 
sensitivity of the blue nanoparticles could be due to the fact that the 
absorption spectrum of PNP overlaps with the emission spectrum of 
PFO_CPNs (especially with the peak of maximum emission), but not with 
those of F8BT and MEHPPV nanoparticles, so that in addition to primary 
IFEs, secondary IFEs and other possible mechanisms such energy 
transfer could be involved in the attenuation of the fluorescence, as has 
been recently reported for other PNP fluorescent sensors [44,46]. The 
fact that both CPNs and PNPs are negatively charged suggests that a 
complex is unlikely to form between the two species, thereby elimi-
nating static quenching and charge transference as the cause of fluo-
rescence loss in all three cases. Furthermore, the average lifetime of the 
three nanoparticles was found to be similar in buffer, in presence and 
absence of PNP (Table S2), although the fluorescence signal decreased, 
which probably also excludes energy transfer as the dominant 

mechanism for PNP quenching.
To assess the role of IFE in fluorescence quenching, fluorescence 

intensities in absence and presence of 20 μM PNP were corrected for the 
three CPNs using equation (3). For this purpose, we measured the 
absorbance of the samples at the excitation and emission wavelengths of 
the fluorophores. These measurements allowed to calculate the cor-
rected fluorescence intensity, accounting for any reabsorption and 
attenuation of the emitted light. After correction, the Io/I ratio at 20 μM 
PNP was 1.33; 1.06 and 1.06 for PFO_CPNs, F8BT_CPNs, and 
MEHPPV_CPNs, respectively. It is thus evident that the IFE plays an 
important role in the fluorescence quenching, being probably the only 
mechanism causing the observed fluorescence reduction in F8BT_CPNs 
and MEHPPV_CPNs. For PFO_CPNs, although IFE is the major factor 
contributing to quenching, other mechanisms, probably energy transfer, 
due to spectral overlap with PNP absorption, could also play a role. 
However, this contribution is minor and would practically not affect the 
lifetime measurements since it adds minimally to the overall quenching 
effect.

Quenching effects were also observed when PNP was directly added 
to PFO_CPNs@EG, F8BT_CPNs@EG and MEHPPV_CPNs@EG. To 
perform these experiments, the fluorescent eutectogels were introduced 
into cuvettes and their initial fluorescence spectra were measured, as is 
described in section 2.9. Then, 1 mL of a PNP solution (20, 50 or 100 μM 
in TRIS buffer) was added to each cuvette and, after 20 min incubation 
to allow diffusion and homogenization of the sample, their fluorescence 
spectra were recorded. Fig. 5b shows the initial emission spectra of the 
three fluorescent eutectogels compared to those obtained after the 
addition of 100 μM PNP. As can be seen, PFO_CPNs@EG exhibited the 
highest sensitivity to PNP, with its fluorescence spectrum showing the 
greatest reduction in signal, as was the case in solution. This same 
behaviour was observed with the other two PNP concentrations studied. 
Furthermore, as in solution, the response was linear, with gradual 
decrease in fluorescence intensity as the PNP concentration increased 
(Fig. S7).

From these experiments we designated PFO_CPN@EG as the most 
suitable material to build our biosensor platform. As a proof of concept, 
we selected the enzyme ALP, capable of hydrolyzing the substrate p- 
nitrophenyl phosphate (PNPP) into PNP. The activity of this enzyme has 
been utilized in various sensor design applications, either for the direct 
detection of analytes (enzyme substrates) or for the indirect measure-
ment of organic and inorganic substances, such as phosphate, heavy 
metals, organophosphorus pesticides, and biologically active metabo-
lites, which function as enzyme inhibitors [43,47,48]. Our objective was 
to demonstrate that the enzyme was able to maintain its activity inside 
the material, and that this could be monitored from the decrease in the 
fluorescence intensity induced by the production of PNP.

To this end, ALP was immobilized in the eutectogel simultaneously 
to PFO_CPNs obtaining fluorescent eutectozymes, as described in 

Fig. 5. Stern-Volmer plot for quenching of PFO_CPNs (blue line), F8BT_CPNs (yellow line), and MEHPPV_CPNs (red line) in TRIS buffer at increasing concentrations 
of PNP up to 20 μM (a). Fluorescence emission spectra of PFO_CPNs@EG (blue solid line), F8BT_CPNs@EG (yellow solid line) and MEHPPV_CPNs@EG (red solid line) 
compared with those obtained in the presence of 100 μM PNP solution (dashed blue, yellow and red lines respectively) (b).

Y. Alacid et al.                                                                                                                                                                                                                                  Journal of Molecular Liquids 424 (2025) 127123 

8 



Materials and Methods. The resulting materials, hereinafter referred to 
as ALP@PFO@EG, were deposited in cuvettes and their fluorescence 
signal was measured, proving that their emission spectrum was not 
affected by containing the enzyme. Moreover, in successive preparations 
of eutectozymes, the fluorescence intensity was practically similar, 
demonstrating reproducibility in the nanocomposite fabrication 
(Fig. S8).

The catalytic activity of ALP@PFO@EG, was tested by addition of 
solutions of PNPP (50 and 100 μM) to the prepared eutectogels. Fig. 6
shows the initial fluorescence spectrum of ALP@PFO@EG and those 
obtained after adding either 1 mL of buffer or 1 mL of buffer containing 
PNPP, recorded 60 min after addition. This incubation time was selected 
according to a previous experiment in which it was shown that practi-
cally the fluorescence signal stabilized after this period of time (Fig. S9). 
The results showed a decrease in the fluorescence of the EGs containing 
PNPP, the higher the concentration of PNPP the greater the decrease. 
This result demonstrates that the enzyme retains its activity within the 
nanocomposite and that this can be monitored by tracking variations in 
the fluorescence signal. It highlights the potential of these materials to 
serve as fluorescent biosensors for detecting enzyme inhibitors that are 
relevant in environmental and biological contexts. Additionally, these 
findings mark one of the earliest demonstrations of an enzyme func-
tioning within an eutectogel.

4. Conclusions

Fluorescent nanoparticles based on conjugated polymers with 
emission in the blue (PFO_CPNs), yellow (F8BT_CPNs) and red 
(MEHPPV_CPNs) spectral regions have been effectively solubilized in 
DES composed of choline chloride and ethylene glycol while retaining 
their fluorescent properties. This has enabled the development of novel 
fluorescent nanocomposite eutectogels through a straightforward syn-
thesis method involving UV-initiated radical polymerization within the 
DES, where the nanoparticles, HEMA monomer, EGDMA crosslinker and 
a photoinitiator were successfully combined. These new materials are 
rigid, flexible, easy-to-handle and transparent and display fluorescence 
emission spectra similar to those of the original nanoparticles but with 
slightly longer fluorescent lifetimes. In addition, they are stable to 
temperature changes and can be stored for several weeks without 
altering their weight and fluorescent properties, especially the PFO and 
F8BT formulations. EGs also exhibited swelling behaviour, allowing 
water molecules to be absorbed, which could make them suitable as 
potential sensor systems, not only in dry, but also in aqueous environ-
ments. This capability was demonstrated by adding the compound PNP, 
which reduced the fluorescence of EGs, with the PFO_CPNs@EG 
showing the highest sensitivity to its presence, the inner filter effect 
being mainly responsible for this effect. This result led to the develop-
ment of a prototype of fluorescent biosensor for detecting hydrolase 
activity, achieved by co-immobilizing the enzyme ALP together with 
PFO_CPNs, resulting in fluorescent eutectozymes that enhance the 
functionality of the material. This finding represents one of the first 
instances of an enzyme successfully operating within an eutectogel.

These results suggest that fluorescent nanocomposite EGs, such as 
those developed in this work, both in the absence and presence of en-
zymes, are very promising for applications in advanced materials, 
capable of operating in different environments. This encourages further 
research and development in this innovative field to exploit their full 
potential in various technological and biomedical applications.
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