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Encapsulation technologies have been utilized in laundry detergents mainly as formaldehyde-based 
capsules which are commonly used to encapsulate active compounds like fragrances, bluing agents and 
fluorescent whitening agents. Nevertheless, formaldehyde derived materials are toxic, carcinogenic, 
and non-biodegradable leading to an increase in the microplastic pollution in oceans and consequently 
harming the marine life. Therefore, the researchers are currently tending towards the replacement 
of these components by biobased ones. In this work, we present the synthesis of capsules with more 
than one shell using biodegradable polymers to replace these materials. Moreover, the blue dye used 
in laundry detergent industry was successfully encapsulated in biodegradable capsules formed by an 
interpenetrating network of alginate and poly(ethylene glycol) diacrylate (PEGDA) prepared using 
different conditions. Besides, the capsules were characterized to study their chemical, morphological, 
thermal, and mechanical properties, to evaluate their water solubility, and to determine how the 
composition and the preparation methods can affect their properties. The novelty of this system lies 
in evaluating how modifying a previously reported system using poly(ethylene glycol) dimethacrylate 
(PEGDMA) and alginate as shells –achieved by replacing the PEGDMA diacrylic monomer with PEGDA– 
affects the morphology and properties of the resulting capsules. It has been shown that the capsules 
with PEGDA exhibited improved thermal and mechanical properties compared to the previously 
described system, which could make them more suitable for their intended applications.

Since the 1950s, encapsulation technologies have been widely developed due to the great advantages they present. 
Encapsulation, which is defined as the enclosing of a core material by a layer or shell, is being used in different 
industrial sectors such as adhesives1,2pesticides3medicines4food packaging5phase change materials6fragrances7 
or textile8 among others. The fact of being able to wrap a compound with a shell allows it to be protected from 
external stimuli for long periods of time (for example from oxidation caused by sunlight or moisture), in addition 
to let a controlled release of the encapsulated material9–11.

One of the industries in which the encapsulation of compounds has a crucial role is that of detergents12,13. 
Laundry detergents are crucial commodities that are expected to generate $ 242.94 billion by 202914. Actually, 
the encapsulation of distinct bleaching agents (inorganic compounds like hypochlorites or organic compounds 
such as fluorescent whitening agents) is explored to clean clothes and other textile materials15.

Formaldehyde-based shells are the industry standard for these types of applications because they provide 
durability and excellent chemical and mechanical properties16,17. Despite these advantages, the drawbacks 
associated with the use of formaldehyde cannot be ignored: it is carcinogenic, toxic and non-biodegradable18,19. 
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Moreover, the slow degradation of these non-biodegradable capsules once they are released in the environment 
makes them one of the main causes of the formation of microplastics, which accumulation has a long-term 
negative effect on ecosystems and on the human health20. As evidence of the high risk associated to microplastics, 
Charlton-Howard et al. reported a study in which a disease only caused by the ingestion of plastics affected 
seabirds21. As far as human health is concerned, Palmer and coworkers recently demonstrated that different 
polymers were found in human vein tissues22.

For this reason, governments around the world are taking steps to restrict microplastics. For instance, the 
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) of the UE has lately approved 
restricting intentionally-added microplastics in products, which is a key step in reducing the plastic pollution23. 
Thus, researchers focus nowadays on the development of capsules using biobased materials that can be extracted 
from natural resources such as biopolymers and proteins24,25.

Therefore, natural polymers are an attractive opportunity to design capsule shells with enough strength and 
durability that could be employed to encapsulate bleaching agents. Chitosan and alginate are natural and non-
toxic biopolymers that have the ability to crosslink in the presence of different ions to form hydrogels. As an 
example, the chemical structure of α-L-guluronate (G) and β-D-mannuronate (M) residues present in sodium 
alginate and the crosslinking of alginate chains by calcium ions is shown in Fig. 1a and b. Furthermore, the 
incorporation of other easily crosslinkable monomers into the formulation, such as those derived from acrylic 
compounds, allows obtaining composites with more crosslinked networks. For example, polyacrylic acid (PAA) 
has been used to prepare systems which could deliver drugs depending on pH. For instance, chitosan crosslinked 
with PAA was used as a hydrogel to deliver antibiotics26.

In our previous paper, Kabalan et al. presented the design of biodegradable capsules based on alginate 
hydrogel composites for the encapsulation of blue dye27. A careful selection of the diacrylic monomer based 
on poly(ethylene glycol) was performed in that work, based on their ability to polymerize upon UV light 
irradiation. Indeed, while PEGDMA gave rise to well-formed capsules, in the previous study, PEGDA was 
discarded since it polymerized phase-separated from gelled alginate and did not produce an interpenetrating 
network. Nevertheless, this could be also a consequence of the monomer different molecular weights and 
resulting solubility in water: 600 g/mol in case of PEGDMA vs. approximately 250 g/mol in the case of PEGDA. 
The previously synthesized alginate-based capsules, which shell was constituted by ionically crosslinked alginate 
by Ca2+ ions and a poly(ethylene glycol) network, were widely characterized, thus proving that they present 
suitable mechanical and thermal properties for the applications they were conceived for.

Actually, PEGDA can be considered an interesting alternative to PEGDMA for its higher chemical reactivity, 
which ensures polymerization completion and lower toxicity of the final material (Fig. 1c,d)28. Therefore, in 
the present study, we investigated the effect of PEGDA monomer chain length in the preparation of composite 
capsules. In contrast to the previously tested low molecular weight PEGDA (Mn (PEGDA) ≈ 250 g/mol), using 
PEGDA with a longer poly(ethylene glycol) chain (Mn (PEGDA) ≈ 520 g/mol) led to the formation of capsule 
shells consisting of an interpenetrating network of alginate and poly(ethylene glycol) (Fig. 1e). This was attributed 
to the water solubility of this high molecular weight monomer29,30.

Hence, in this article we describe the encapsulation of a blue dye being used in the laundry detergent sector in 
macrocapsules based on alginate-poly(ethylene glycol) hydrogel composites using high molecular weight PEGDA 
as starting diacrylate monomer following the previously reported procedure27. An extensive characterization of 
these capsules (chemical composition, morphological, mechanical and thermal properties) allowed to detect 
differences between the capsules based on PEGDA and those based on PEGDMA. Furthermore, the evaluation 
of the water solubility of composite capsules prepared using high-molecular weight PEGDA has been also 
investigated and compared with the water solubility of the previously synthesized alginate-based capsules.

Materials and methods
Materials
Sodium alginate (Viscosity (1% in water; 20 °C): 350–550 mPa.s; MW: 10,000-600,000 g/mol) was purchased 
from Panreac ITW Reagents (Panreac Química SLU, Castellar del Vallès, Spain). Calcium chloride (≥ 97%) 
was purchased from Honeywell International Inc. (Charlotte, NC, USA). Poly(ethylene glycol) (400) diacrylate 
(PEGDA, average Mn ≈ 520 g/mol), was purchased from IGM Resins (IGM resins, Gerenzano, Italy), Active 
Violet Ion (AVI) was provided by Procter & Gamble (Cincinnati, OH, USA), while Irgacure 1173 (2-hydroxy-
2-methylpropiphenone, 97%) was supplied by Sigma Aldrich (Sigma Aldrich, Burlington, MA, USA). All the 
chemical compounds were used as provided without any further purification.

Preparation of the macrocapsules
The macrocapsules were synthesized following a reported procedure that involved different steps briefly detailed 
below27:

First of all, an aqueous solution of 500 mL containing 2% w/w CaCl2 was prepared (crosslinking bath). Then, 
200 mL of an aqueous polymeric solution consisting of a mixture of sodium alginate (1% w/w), the blue dye 
(0.8% w/w), PEGDA (1% w/w), and the photoinitiator (Irgacure 1173, 5% w/w PEGDA) was extruded over the 
calcium chloride crosslinking bath. The extrusion was done using a syringe-needle system located at 5.5 cm from 
the coagulation bath at a flowrate of 1 mL/min.

After that, the capsules were left 24 h stirring in the crosslinking bath (maturation step). The capsules that 
were prepared with PEGDA monomer were also irradiated at this phase during 5 min using an UV curing lamp 
from Helios Italquartz (50% power at 7.5 A). Two different irradiation times were chosen: directly after extrusion 
(Samples named A-PG-UV0h and A-PG-AVI0.8-UV0h) or after 24 h under magnetic stirring in the maturation 
bath (Samples labelled A-PG-UV24h and A-PG-AVI0.8-UV24h).

Finally, the collection step consisted of filtering and drying the capsules.
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The overall process followed is depicted in Fig. 2 and the chemical composition of each sample is summarized 
in Table 1.

Based on the composition and the pre-irradiation time selected for each system, the samples were labelled 
using specific acronyms: A for alginate, PG for PEGDA, and AVI0.8 for capsules loaded with 0.8% w/w dye. 
Moreover, UV0h and UV24h represent the time between the end of the extrusion and the UV irradiation during 
the samples stirring.

Fig. 1.  Chemical structure of: (a) α-L-guluronate (G) and β-D-mannuronate (M) residues present in sodium 
alginate; (b) Crosslinking of alginate chains by calcium ions; (c) Poly (ethylene glycol) (400) diacrylate 
(PEGDA); (d) Crosslinked PEGDA; and e) general scheme of the synthesized capsules with the encapsulated 
blue dye.
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Sample

Sodium alginate
(% w/w respect to the 
polymeric solution)

PEGDA
(% w/w respect to the 
polymeric solution)

Photoinitiator
(Irgacure 1173)
(% w/w respect to diacrylate 
monomer)

AVI
(% w/w respect to the 
polymeric solution)

Time 
before UV 
irradiation 
(h) a

A 1 - - - -

A-AVI0.8 1 - - 0.8 -

A-PG-UV0h 1 1 5 - 0

A-PG-UV24h 1 1 5 - 24

A-PG-AVI0.8-UV0h 1 1 5 0.8 0

A-PG-AVI0.8-UV24h 1 1 5 0.8 24

Table 1.  Composition of the prepared capsules. aAt time = 0, the samples were irradiated just after the 
extrusion of the polymeric solution into the crosslinking solution, while at time = 24 h, the samples were 
irradiated after being stirred for 24 h together with the crosslinking solution.

 

Fig. 2.  Composition of the capsules and methodology followed in the dye encapsulation process of: (a) 
capsules which shell is only made of alginate; (b) Capsules which shell contains both alginate and PEGDA and 
were irradiated with UV light during 5 min before or after leaving them for 24 h under magnetic stirring.
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Characterization
Fourier-transform infrared spectroscopy (FTIR)
The FTIR spectra of the samples were recorded on a Vertex 70 FTIR spectrophotometer from Bruker (Bruker 
Corporation, Billerica, MA, USA) in the wavelength range of 4000–300 cm− 1 with an average of 16 scans and a 
resolution of 4 cm− 1 in the absorbance mode. All the FTIR spectra were recorded at room temperature.

Elemental organic analysis
Elemental analysis was used to determine Carbon, Hydrogen and Nitrogen content of the following 2 samples: 
A-PG-UV0h and A-PG-UV24h (i.e., without any core material), by means of Perkin Elmer EA2400 Elemental 
Analyzer (Perkin Elmer, Waltham, MA, USA). Tests were performed in duplicate and the amount of analyzed 
capsules was approximately 3 mg.

Inductively coupled plasma optical emission spectrometry (ICP-OES)
Calcium and sodium contents in samples A-PG-UV0h and A-PG-UV24h were determined using an ICP-OES 
Agilent 5100 analyser (Agilent Technology, Santa Clara, CA, USA). The samples were analyzed in duplicate, 
after digestion overnight in HNO3 or HCl. Around 2–3 mg of each sample were used for each analysis. Calcium 
and sodium concentrations were determined from the absorption intensities (Ca: 422.7 nm; Na: 589.6 nm) by 
interpolation of the calibration curves of intensity vs. concentration (ppm).

Optical microscopy (OM)
The prepared macrocapsules were observed with a Digital Microscope Leica DMS1000 (Wetzlar, Germany). The 
ImageJ (version 1.52, publicly available from the National Institutes of Health, Bethesda, MD, USA; ​h​t​t​p​:​/​/​i​m​a​g​
e​j​.​n​i​h​.​g​o​v​/​i​j​/​​​​​) software was used to measure the diameter of the capsules of each analyzed sample (The diameter 
of 20 capsules of each sample was measured before calculating the average value and its corresponding sampling 
error as shown in Table S1).

Environmental scanning electron microscopy (ESEM)
ESEM analysis were performed using a FEI Quanta 200 FEG (Hillsboro, OR, USA) in high vacuum mode, using 
a secondary electron detector and an accelerating voltage of 20 kV. Both the outer surface and the cross-section 
of the capsules were analyzed. Before the analysis, samples were coated on a tape surface with gold by means of a 
quorum Q150TS Plus sputter coater. To observe the cross-section, Leica CM 1950 Cryostat (Wetzlar, Germany) 
was used. The sample was mixed with an embedding medium (OCT Compound) and frozen at -25 ℃ on an 
aluminium support inside the machine. Once frozen, the sample was cut into slices of thickness 20 μm which 
were deposited on a microscopic slide.

Dynamic mechanical analysis (DMA)
Dynamic mechanical analysis was carried out using a DMA Q800 V21.3 Build 96 from TA instruments (New 
Castle, DE, USA) working on a controlled compression force on the capsule samples. 15 capsules from samples 
A-PG-AVI0.8-UV0h and A-PG-AVI0.8-UV24h were examined.

The temperature, the position of the probe, the force applied, the stress, the strain, the stiffness, the creep 
compliance and the relaxation modulus of each type of capsules were recorded with respect to the time until the 
rupture occurs under a ramp force of 2 N/min. The graph of the force versus displacement for each capsule was 
drawn to get the corresponding stress at break assuming that all capsules have a spherical shape. Furthermore, 
the Youngs modulus was calculated using Hertz theory and assuming a Poisson’s ratio of 0.531,32.

Thermogravimetric analysis (TGA)
Thermal stability studies of the capsules were carried out in ALU OXIDE crucibles of 70 µL (ME-24123) with 
a Mettler Toledo TGA2 thermobalance (Mettler Toledo, Columbus, OH, USA). samples: A-PG-UV0h; A-PG-
UV24h; A-PG-AVI0.8-UV0h and A-PG-AVI0.8-UV24h, weighing around 6–8  mg, were heated between 30 
and 600 °C at a heating rate of 10 °C/min in N2 atmosphere with a flow rate of 50 cm3/min. The equipment was 
previously calibrated with indium (156.6 °C) and aluminium (660.3 °C) pearls.

Total organic carbon (TOC)
TOC is the amount of carbon found in an organic compound, which comes from oxidizing all organic matter 
present in water. It is commonly used to indicate the level of pollution in wastewater caused by organic 
compounds.

Basically, the TOC measurement is performed by converting all the kind of carbon from the sample into CO2. 
There are direct and also indirect methods to carry out these measurements. The direct method was selected in 
our case.

In this method, the organic carbon (OC) was measured using the following steps:

•	 First of all, the inorganic carbon (IC) was removed through an acid treatment. Moreover, sample aeration 
prior to analysis eliminated errors due to the presence of inorganic carbon.

•	 In the second step, the OC content (or non-purgeable organic carbon (NPOC)) was determined by a chemical 
oxidation. The organic carbon of the sample was converted into CO2 in a high temperature furnace. Finally, 
the CO2 produced during the oxidation was measured by means of an FTIR detector.
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In this way, TOC was quantitatively determined by interpolating the obtained values for each sample in the 
calibration curve prepared using potassium hydrogen phthalate (Sigma Aldrich, Burlington, MA, USA) as 
standard.

In this way, TOC analyses of the soluble fractions of samples A-PG-UV0h and A-PG-UV24h were carried out. 
To perform these analyses, first the water-soluble fraction of the capsules was obtained by this procedure: 500 mg 
of the capsules were crushed through a coffee grinding machine (MKM6003, BOSCH, Gerlingen, Germany) for 
30 s. Then, the crushed samples were added to 50 mL of milliQ water and left under stirring for 24 h. At this 
time, the solution was filtered, and the remaining capsules were dried and weighed. The filtered solutions were 
analyzed using a Total Organic Carbon analyser TOC-L CSN 638-91109-48 equipment (Shimadzu Corporation, 
Kyoto, Japan). TOC analysis was repeated 3 times for each sample.

Results and discussion
Preparation of the macrocapsules
The control of the factors that could affect the polymerization to be able to encapsulate AVI in composite capsules 
constituted by alginate and poly(ethylene glycol) networks was already discussed in our recently published 
manuscript27. For these systems, the following criteria had been established:

•	 Active Violet Ion (AVI) was chosen as a dye due to its stability inside the capsules.
•	 The optimal dye concentration in the formulations was set at 0.8% respect to the polymeric water solution 

since this concentration corresponds to the maximum solubility of the dye in water.

Summing up, new composite capsules with high molecular weight PEGDA and alginate have been synthesized 
using the previously reported procedure27.

Characterization of the macrocapsules
The synthesized capsules, which shell is constituted by alginate and a poly(ethylene glycol) network derived from 
crosslinking PEGDA, were characterized using different techniques. In this research work, our studies focused 
on:

•	 The determination of the effect of the chemical structure of the starting diacrylate monomer (PEGDA or 
PEGDMA) employed together with alginate to form the biobased composite shell in the final properties of 
the obtained capsules.

•	 The impact of the conditions used during capsule preparation on the final properties they exhibit when they 
were prepared with PEGDA monomer.

Chemical characterization
The chemical composition of the new capsules was determined by Fourier-transform infrared spectroscopy 
(FTIR), elemental organic analysis and inductively coupled plasma optical emission spectroscopy (ICP-OES).

Figure 3 shows the FTIR spectra of PEGDA diacrylate monomer, sodium alginate and samples A, A-PG-
UV0h and A-PG-UV24h. The comparison of the spectra of both monomers alone before crosslinking 
(PEGDA and sodium alginate) with the composite capsules exhibit evidences that both crosslinking reactions 
involving each of the two monomers introduced into the formulations (ionic gelation of alginate and radical 
polymerization of PEGDA) took place, forming the shell of the capsules27: as observed in the FTIR spectrum 
of sodium alginate, the broad band associated to the ν(O-H) stretching (3245 cm− 1) and the band attributed to 
the asymmetric ν(COO−) stretching (1404 cm− 1) are shifted to higher wavenumbers (around 3360 cm− 1 and 
1430  cm− 1, respectively) when the crosslinking of alginate occurred, as can be seen in the FTIR spectra of 
samples A-PG-UV0h and A-PG-UV24h, respectively33,34. Additionally, the ν(O-H) stretching band narrows 
and presents a higher intensity due to the greater quantity of intramolecular hydrogen bonds in the crosslinked 
alginate35. Besides, the lower intensity of the band attributed to the ν(C-O-C) stretching (around 1026 cm− 1) in 
the polymerized samples also confirms that alginate gelation occurred36.

On the other hand, the intensity drops of the characteristic bands of the diacrylate monomer attributed 
to the δ(C = C) bending (951 cm− 1) and δ(C = C) twisting (810 cm− 1), respectively, corroborates that PEGDA 
polymerization took place during the UV irradiation of formulations A-PG-UV0h and A-PG-UV24h37–40. 
Preliminary investigations allowed us to determine that these systems needed to be irradiated with UV light 
for 5 min to achieve complete crosslinking of the diacrylate monomer27. Furthermore, the observation of the 
bands attributed to the ν(C = O) stretching of diacrylate groups that appear in the spectra of these 2 samples 
(1732 cm− 1 for A-PG-UV0h and 1728 cm− 1 for A-PG-UV24h) also confirms that polymerized PEGDA is part of 
the final network41. As we had verified with the capsules reported in our previous work, the incorporation of the 
dye inside the capsules does not produce any substantial difference in the FTIR spectra of the capsules with and 
without the encapsulated AVI dye since recorded spectra were practically identical (Figure S1). This information 
corroborates that the dye had been effectively encapsulated42.

Table 2 reports the results of the elemental analysis and ICP-OES of the investigated capsules. These results 
were practically identical to those obtained for the capsules containing alginate and PEGDMA monomer27. 
Nevertheless, they differ in the amount of calcium, which is lower in the samples prepared with PEGDA and 
alginate (around 10.8% by weight in the composite capsules prepared with PEGDA, compared to 12.2% in the 
composite capsules prepared with PEGDMA), which confirms our previous hypothesis that the addition of 
PEGDA monomer could reduce the gelation capacity of Ca2+43.

a Only one sample could be analyzed by ICP-OES.
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Morphological characterization
The morphology of these macrocapsules was characterized by optical microscopy (OM) and environmental 
scanning electron microscopy (ESEM). As observed in Fig. 4a, the capsules of all the samples present a uniform 
and round structure. Moreover, neither the incorporation of PEGDA monomer in the shell of the capsule nor 

Sample

Weight (%)

C H N Ca Na

A-PG-UV0h 18.4 ± 0.2 4.46 ± 0.04 0.30 a 10.7 ± 0.1 0.39 ± 0.01

A-PG-UV24h 18.6 ± 0.2 4.52 ± 0.07 0.30 a 10.8 ± 0.4 0.39 ± 0.01

Table 2.  Elemental composition determined by elemental organic analysis and ICP-OES (%).

 

Fig. 3.  FTIR spectra of: a) PEGDA; b) Sodium alginate; c) A; d) A-PG-UV0h; and e) A-PG-UV24h.
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Fig. 4.  (a) Optical microscope images of capsules of the following samples: (i) A-PG-UV0h, (ii) A-PG-UV24h, 
(iii) A-PG-AVI0.8-UV0h and (iv) A-PG-AVI0.8-UV24h; (b) ESEM images of synthesized capsules showing 
the whole capsule (magnification x160), its surface (magnification x500) and its cross-section (magnification 
x200, x285, x235, and x245 for A-PG-UV0h, A-PG-UV24h, A-PG-AVI0.8-UV0h and A-PG-AVI0.8-UV24h, 
respectively): (i) A-PG-UV0h, (ii)A-PG-UV24h, (iii) A-PG-AVI0.8-UV0h and (iv) A-PG-AVI0.8-UV24h.
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the encapsulation of the blue dye affected the shape or size of the capsules, which had average diameters between 
0.62 and 0.71 mm (Table S1)44,45. In this case, the size of the capsules is only determined by the diameter of the 
syringe needle used during the extrusion of the polymeric solution in the crosslinking bath46. Furthermore, the 
particle size distribution of the samples showed that the capsules irradiated after 24 h present a slightly narrower 
size distribution (Figure S2).

On the other hand, the encapsulation of the dye affects the morphology of the capsules, as shown in Fig. 4b. 
Samples A-PG-AVI0.8-UV0h and A-PG-AVI0.8-UV24h, which capsules contain the encapsulated blue dye, 
exhibited a rougher surface than empty capsules since the interactions between the dye and alginate hinders its 
crosslinking process47,48.

Another parameter whose effect was studied is the irradiation time of the capsules since the capsules of 
sample A-PG-AVI0.8-UV0h were irradiated directly after the extrusion process, while the capsules of sample 
A-PG-AVI0.8-UV24h were irradiated after being for 24 h in the crosslinking solution. The largest number of 
cracks present on the surface of the capsules of sample A-PG-AVI0.8-UV24h together with the hollow spheres 
detected in their cross-section confirmed that these capsules present a more heterogeneous structure compared 
to capsules of sample A-PG-AVI0.8-UV0h. The choice of irradiation time explains the formation of a more 
irregular capsule shell. In this case, the photopolymerization of the diacrylic monomer (PEGDA) is not favoured 
until 24  h after preparing the mixture. At this time, alginate crosslinking is expected to have already taken 
place and that the remaining gaps in the shell of the capsules will be filled by the polymerized PEGDA once 
the formulation was irradiated with the UV lamp. In the sample which was irradiated directly after extrusion, 
the polymerization of PEGDA was initiated directly at the same time that alginate starts to gel, resulting in the 
formation of a more homogeneous structure.

Previous investigations by our research group proved that most of the maturation processes involving 
alginate gels were complete after 24 h49. The morphology of the capsules prepared in this work, which involves an 
alginate-PEGDA interpenetrating network, is affected by two key factors: maturation time and UV irradiation. 
To evaluate the relative impact of these factors, ESEM images were taken during the preparation of the different 
samples to analyse how each factor influences the morphology (Fig. 5a). For the alginate capsules, comparing 
sample A (t = 0 h) with the image taken after 24 h of maturation presented in our previous work27, it was shown 
that the surface smoothness increases with maturation. A similar increase in smoothness was also observed 
after irradiating sample A-PG-UV0h with UV light, as seen when comparing the images taken before (t = 0 h, 
before irradiation) and after irradiation (t = 0  h, after irradiation). Therefore, UV irradiation affects surface 
morphology to some extent. However, this effect was not evident when comparing the image of sample A-PG-
UV24h (t = 24 h, before irradiation) with the images shown in Fig. 4b-ii. These images depict sample A-PG-
UV24h after 24 h of maturation, both before and after UV irradiation, respectively, and there was no significant 
difference between their morphology. In contrast, comparing the images of sample A-PG-UV0h (t = 0 h, before 
irradiation) and A-PG-UV24h (t = 24 h, before irradiation), again showed that the surface smoothness increased 
when the capsules were left to mature for 24 h. This suggests that maturation time is the predominant factor 
influencing the capsules morphology. Additionally, Fig. 5b shows that the capsules’ diameter decreased both 
after UV irradiation and after maturation, which was expected due to syneresis.

Regarding the diacrylic monomer used in the preparation of the capsules, the empty capsules which shell 
is constituted by a mixture of polymerized PEGDA and alginate showed greater homogeneity compared to the 
capsules prepared using PEGDMA and alginate27. This fact could be attributed to the expected greater reactivity 
of PEGDA acrylate groups compared to PEGDMA methacrylate groups, which confirmed our hypothesis 
and leads to the formation of a more regular networks when PEGDA was used50. When the capsules with the 
encapsulated blue dye were compared, those that were prepared with PEGDA and that were irradiated after 24 h 
showed a more heterogeneous structure in contrast to those prepared with PEGDMA and irradiated after 24 
h27. This greater heterogeneity can be explained by two factors: firstly, the intermolecular interactions that take 
place between AVI dye, calcium and the growing crosslinked network. Secondly, the difference in the reactivity 
of the diacrylic monomers may also explain these remarkable differences in morphology since PEGDA can 
begin to polymerize even before being irradiated by UV light during the gelation of alginate, which would 
explain that sample A-PG-AVI0.8-UV24h present the less uniform crosslinked network51. On the other hand, 
for the capsules irradiated directly after extrusion, the ones with PEGDA were more homogeneous while the 
ones with PEGDMA presented a more heterogeneous cross-section. This can be attributed to the lower reactivity 
of the methacrylate groups of PEGDMA due to the steric hindrance of the methyl groups adjacent to the double 
bond that hinder the polymerization of this monomer compared to PEGDA. Moreover, when the irradiation of 
PEGDMA finishes, the methacrylate groups still present in the crosslinked network can act as a barrier for the 
penetration of calcium and the dye inside the capsule during the maturation phase.

Mechanical characterization
The mechanical properties of the samples A-PG-AVI0.8-UV0h and A-PG-AVI0.8-UV24h were studied using 
DMA (Table 3). The values of Young’s modulus and the stress at break of these samples were compared under 
continuous compression tests. As expected, the capsules containing PEGDA resulted mechanically stronger, as 
they exhibited a higher Young’s modulus than the capsules prepared only with alginate, which indicates that the 
composite networks are more crosslinked in the presence of PEGDA (Table 3 and S2). This is in agreement with 
the literature, since different studies report that mechanical properties are enhanced in the presence of a densely 
crosslinked interpenetrating network. For example, Mamaghani et al. showed that increasing the concentration 
of polymers in the interpenetrating network based on gelatin methacrylate/PEGDA/graphine oxide enhanced 
crosslinking and, consequently, improved the mechanical properties52. Moreover, Jin et al. proved that composite 
zirconia scaffolds with an interpenetrating network of alginate and gelatin methacrylate exhibited a higher 
compressive modulus compared to bare zirconia scaffolds53. Additionally, a comparison of these capsules with 
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those previously prepared using PEGDMA (Table S2) showed a significant increase in the Young’s modulus in 
capsules containing PEGDA (Table 3), which can be attributed to a more compact and mechanically stronger 
structures54.

Comparing the samples A-PG-AVI0.8-UV0h and A-PG-AVI0.8-UV24h, it was shown that the capsules 
containing the dye and that were irradiated directly after extrusion had a more rigid structure giving higher 
values of the stress at break and Young’s modulus compared to the capsules irradiated after 24 h (Table 3). The 

Fig. 5.  (a) ESEM images of the capsules (magnification x100) and their surface during their preparation 
(magnification x500); and (b) Diameters of the different types of capsules investigated during their preparation.
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more regular and homogeneous structure of the capsules from sample A-PG-AVI0.8-UV0h compared to sample 
A-PG-AVI0.8-UV24h, which was proved by OM and ESEM (Fig. 4), confirmed that the capsules irradiated at 
time 0 h have a more compact and rigid structure.

On the other hand, the three types of capsules investigated reacted in an elastoplastic way to the compression 
force and after the compression test the capsules were flattened and had small cracks in their structure (Fig. 6). 
However, complete fracture of the capsules was not observed49. In this way, it is expected that these new 
composite capsules will present greater stability during their processing and the time they will remain stored 
until their use is required in the washing of fabrics.

Thermal characterization
The thermal stability of the following samples: A-PG-UV0h, A-PG-UV24h, A-PG-AVI0.8-UV0h, and A-PG-
AVI0.8-UV24h was examined using thermogravimetric analysis (TGA) and the obtained results were compared 
with those reported in our previous work27. TGA and DTGA curves are shown in Figures S3 and S4. The thermal 
decomposition onset, reported as T5%, and the char yield, are depicted in Table 4.

The thermal degradation of the capsules occurs in four steps. The first degradation step which is attributed 
to the loss of water occurs between 43 and 180 °C. The percentage of water in these capsules, which was 9%, 
was lower compared to that in the alginate-based capsules (14%), and in the previously reported capsules based 
on PEGDMA-alginate (16%). This step is followed by the second and third steps, which correspond to the 
degradation of crosslinked alginate27,55. The last degradation step, which is located between 363 and 446 °C, 
is assigned to the degradation of PEGDA network56,57. As shown in TGA and DTGA curves, the different 
irradiation times selected and the presence of the dye do not affect the thermal degradation of these capsules.

Furthermore, the onset of thermal weight loss (determined as the temperature corresponding to 5% mass 
loss) was calculated for all the studied samples (Table 4). When we compared the capsules prepared with PEGDA, 
the lowest T5% was presented by the capsules without the encapsulated AVI dye that were irradiated after 24 h: 
129 ℃, while the same capsules but with the encapsulated dye presented the highest T5% value: 142 ℃. All the 
capsules irradiated just after the extrusion, both with and without dye, presented values similar to this last value. 
However, these values are higher than those presented by the capsules synthesized using only alginate, showing 
that the addition of PEGDA increased their thermal stability. In any case, there was no significant variation in the 
values of the remaining char yield at 600 °C for the different samples, which was around 45%.

Sample T5% (°C) a Char yield (%) b

A-PG-UV0h 137 46.8

A-PG-UV24h 129 45.7

A-PG-AVI0.8-UV0h 140 44.3

A-PG-AVI0.8-UV24h 142 45.3

Table 4.  The onset temperature of 5% weight loss and the remaining Char yield (%) of the investigated 
samples. aTemperature of 5% weight loss. bChar residue at 600 °C.

 

Fig. 6.  Optical microscope images of samples after compression tests of: (a) A-PG-AVI0.8-UV0h and (b) 
A-PG-AVI0.8-UV24h.

 

Sample
Young’s Modulus
(E, MPa)

Stress at break σb
(MPa)

A-PG-AVI0.8-UV0h 1587 ± 438 22.5 ± 5.2

A-PG-AVI0.8-UV24h 1171 ± 391 16.9 ± 3.4

Table 3.  Young’s modulus and the stress at break of the capsules.
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On the other hand, the substitution of PEGDMA by PEGDA monomer also produced an improvement in 
the thermal stability of the capsules as can be seen by comparing the values of the onset temperature for the 
5% weight loss. Indeed, T5% of the PEGDA-based systems are around 30  °C higher for the capsules without 
the encapsulated dye and around 55 °C higher for the samples containing the encapsulated dye27. This greater 
thermal stability may be due to the higher degree of crosslinking of PEGDA compared to PEGDMA caused by 
the steric hindrances of the dimethacrylate monomer, which hinder the homopolymerization of PEGDMA.

Water solubility studies of the capsules
The water solubility of the samples and the total organic carbon of the water-soluble fractions of the capsules 
were determined. Table 5 shows the percentage of the dissolved mass fraction and the TOC values of the studied 
samples. It was demonstrated that the water solubility of the capsules was slightly affected by the addition of 
PEGDA in the network comparing them to the alginate-based capsules reported before27. For the sample A-PG-
UV0h, the mass fraction dissolved was equal to 52.2% while it was a little bit lower in the case of sample A-PG-
UV24h: 48.9% Both values are slightly higher than the solubility of alginate-based capsules: 45.6% In this way, 
the presence of PEGDA in the capsules reduced the gelation capacity of alginate, as previously demonstrated, 
and this made them slightly more soluble58.

The TOC resulting from the soluble fractions of the alginate capsules showed the lowest value, which is 
equal to 30.5 ± 8.5 mg/L, while this value increases around 10 times for the capsules that contained PEGDA 
(around 300 mg/mL). Although the dissolved mass fraction of these different samples was similar, there was a 
large difference in the TOC values when PEGDA was incorporated into the formulations. Furthermore, these 
values of TOC are very similar than the ones measured for the capsules prepared using PEGDMA and alginate27. 
Besides, there are no significant differences between the composite capsules made of PEGDA and alginate and 
those prepared with PEGDMA and alginate in terms of their TOC content and water solubility. In both cases, the 
capsules irradiated with UV light directly after extrusion were slightly more soluble than the capsules irradiated 
after 24 h. This could be related to the fact that the irradiation of these capsules, which leads to the chemical 
crosslinking of the diacrylate monomers directly after extrusion, decreases the gelation capacity of alginate and 
gives rise to more soluble composite capsules. However, the ones irradiated after 24 h have enough maturation 
time for the alginate to effectively crosslink, thus forming the shell of the capsules before they were irradiated 
with UV light.

Conclusions
Biobased capsules constructed from an interpenetrating network of alginate and PEGDA (Mn ≈ 520 g/mol) were 
prepared. Moreover, the AVI dye was successfully encapsulated in these capsules. Changing the composition 
and the time at which the capsules were irradiated allowed the formation of capsules with different chemical, 
morphological, thermal, and mechanical properties. The introduction of PEGDA instead of PEGDMA was 
expected to improve mechanical properties and thermal stability of the final interpenetrated network, based on 
higher reactivity of acrylate versus methacrylate groups.

The crosslinking of both monomers was confirmed by monitoring their characteristic bands in the FTIR 
spectra for all the capsules. As regards their form, all the capsules showed a spherical shape. Nevertheless, they 
differ in their morphology: the capsules which were irradiated directly after extrusion showed a homogeneous 
and compact structure, while the capsules irradiated after 24 h exhibited a more heterogeneous morphology 
probably because after 24 h the alginate chains were already crosslinked and the subsequent PEGDA crosslinking 
would be restricted by the alginate network. The incorporation of the AVI dye inside the capsules also increased 
the roughness of its surface.

Concerning their mechanical properties, the composite capsules prepared with PEGDA and alginate showed 
a higher Young’s modulus and stress at break compared to both the alginate capsules and the composite capsules 
prepared with alginate and PEGDMA, which was expected due to the higher number of crosslinking points. 
All the capsules showed an elastoplastic behavior upon compression. Moreover, the substitution of PEGDMA 
monomer by PEGDA in the formulations provided greater thermal stability to these novel composite capsules 
that can endure temperatures around 130–140 °C.

In conclusion, the composite capsules constituted by alginate and poly(ethylene glycol) network derived from 
PEGDA monomer demonstrated notable satisfactory mechanical strength and thermal stability, positioning 
these capsules as highly promising candidates for applications in laundry detergents.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].

Sample
Mass fraction of the capsules dissolved
(wt%) a

TOC
(mg/L)

A-PG-UV0h 52 ± 4 287 ± 2

A-PG-UV24h 49 ± 1 300 ± 7

Table 5.  The mass fraction of the capsules dissolved in water (wt%) and TOC results of the investigated 
samples. aAfter 1 day in water.
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