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Abstract

:

In this study, we investigated the impact of reaction temperature on the physicochemical, structural, morphological, and thermal properties of sodium alginate/poly (vinyl alcohol)-based hydrogels, both in the pure form and with the addition of 20% (v/v) Aloe vera solution. The materials were prepared by chemical crosslinking at temperatures in the range of 65–75 °C. Poly (ethylene glycol) diacrylate was used as a crosslinking agent. The extent to which the crosslinking reaction proceeded was studied as a function of the reaction temperature, along with the thermal properties and morphology of the final materials. A measurement of gel fraction, in agreement with differential scanning calorimetry and Fourier transform infrared spectroscopy, showed that a higher temperature of reaction promoted the crosslinking reaction. On the basis of the aforementioned techniques, as well as by energy dispersive X-ray analysis under an electron microscope, it was also shown that the bioadditive Aloe vera promoted the crosslinking reaction.
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1. Introduction


Hydrogels based on natural polymers have attracted a great deal of attention from the fundamental research community, in a bidirectional relationship with their increasing use in medical, cosmetic, and pharmaceutical applications [1,2,3]. Gelatin, starch, chitosan, collagen, hyaluronic acid, dextran, glucan, and alginate are the most commonly utilized polymers. We may distinguish different classes of hydrogels with respect to their polarity, e.g., nonionic, anionic, cationic, amphoteric, and zwitterionic [4,5,6,7,8,9]. With respect to their physical structure, they can be amorphous, semicrystalline, hydrogen-bonded, supramolecular, or hydrocolloidal, depending also on their crystallinity or lack thereof [10,11]. Moreover, hydrogels may be characterized by their composition, for instance homopolymeric, copolymeric, IPNs (interpenetrating polymer networks), and semi-IPNs [12,13].



The preparation of hydrogels can be achieved via physical or chemical crosslinking [14,15,16]. However, the specific chemical or physical approach should be adapted to the base polymers and the potential applications of the synthesized hydrogels. In the case of physical crosslinking, the following methods have been used: freeze-thawing (poly (vinyl alcohol) (PVA), PVA/chitosan); stereocomplex formation (poly(l-lactide)-poly(d-lactide)); ionic interaction (chitosan, alginates); H-bonding (hyaluronic acid); and maturation (heat-induced aggregation, hyaluronic acid) [16,17,18,19,20,21,22,23,24,25,26,27]. Meanwhile, chemically crosslinked hydrogels can be obtained using chemical or radiation grafting (poly (ε-caprolactone), poly (ethylene glycol), N-vinyl caprolactam, chitosan); radical polymerization (poly (ethylene glycol) methyl ether methacrylate); condensation or enzymatic reaction (Β-cyclodextrin, chitosan); UV, microwave, gamma, or electron beam irradiation (poly (vinyl methyl ether), alginate/PVA, chitosan, polyethylene oxide (PEO), and poly (acrylic acid) (PAAc), polyvinylpyrrolidone (PVP)/carboxymethyl cellulose (CMC)) [16,28,29,30,31,32,33,34,35,36,37]. The choice of the synthetic route for hydrogel preparation is significant because the type of crosslinking method used may affect the final properties [20]. By understanding the processes and choosing the appropriate method, it is possible to prepare modern and smart polymeric materials with targeted action and precisely defined properties. In order to obtain hydrogels with high mechanical strength and a high degree of crosslinking, chemical crosslinking methods are preferred. Moreover, these matrices, in the context of drug delivery systems and other medical applications, allow the release of active substances in a sustained and controlled manner. In contrast, in the case of ionic crosslinking, the release of the drug is faster [20], which is desirable in certain applications, such as in the cosmetic industry, where it may be a useful property from the point of view of the therapeutic activities. Depending on the crosslinking method, a varied morphology of hydrogels can be obtained [38,39]. Their structure is characterized by high porosity, especially in the case of physical crosslinking, such as freeze-thawing or ionic interaction.



The final properties of hydrogel products are primarily dependent on the monomers, polymers, and crosslinking agents used. Consequently, natural or/and synthetic polymers that are highly biocompatible, biodegradable, and non-toxic as well as safe for humans and animals, such as chitosan, gelatin, alginates, collagen, poly (vinyl alcohol), poly (ethylene oxide) (PEG), and hyaluronic acid, are commonly applied in the preparation of hydrogels [39,40,41,42,43].



In the course of our work on polymers as drug delivery vehicles, we synthesized a hydrogel system with potential applications where biocompatibility and biodegradability as well as good drug delivery properties are desired [20,34,35]. It is based on the naturally derived-isolated from marine brown algae, sodium alginate (SA), crosslinked with poly (ethylene glycol) diacrylate (PEGDA). Sodium alginate was chosen due to its wide availability, biocompatibility, biodegradability, and non-toxicity. Poly (vinyl alcohol) (PVA) was added to the system in order to provide better mechanical properties, such as strength, elastic modulus, strain, toughness, and flexibility, in a dry state, while at the same time being suitable for biomedical applications because of its biocompatibility, nontoxicity, and non-carcinogenicity. Aloe vera extract, a mixture of several active substances, was also introduced as a natural healing agent. Finally, the introduction of glycerin into the system was expected to improve the transdermal permeability of active substances.



The proposed SA/PVA-based multifunctional hydrogels were studied in our previous articles [20,34,35] using a higher reaction temperature, such as 80 °C. However, in the context of the further modification of the basic matrix, we took into account that some active substances, i.e., enzymes, antibiotics, and proteins, are thermolabile [44,45,46]. In order to decrease the possibility of the loss of their biological activity in this study, we investigated materials prepared at lower temperatures. More specifically, we studied the impact of reaction temperature on the degree of crosslinking and the swelling ratio of the resulting hydrogels. Based on this investigation, we showed that Aloe vera seems to influence the progress of the reaction. This study was complemented by an investigation of the thermal transitions of the substrates and the final hydrogels. This provided information on both the progress of the reaction in an indirect manner and the characterization of the final properties as a function of the reaction temperature.




2. Materials and Methods


2.1. Materials


Sodium alginate and poly (ethylene glycol) diacrylate (PEGDA) Mn = 700 g/mol (used as a crosslinking agent) were purchased from Sigma-Aldrich (Darmstadt, Germany). Poly (vinyl alcohol) (Mn = 72,000 g/mol), ammonium persulphate (employed as an initiator), and glycerin were acquired from Avantor Performance Materials Poland S.A. (Gliwice, Poland). Aloe vera lyophilisate was purchased from a local shop with cosmetics and herbal raw materials (Zrób Sobie Krem, Kraków, Poland).




2.2. Methods


2.2.1. Preparation of Hydrogel Materials


To obtain the hydrogel materials, stock aqueous solutions were prepared, namely a 5% solution of poly (vinyl alcohol) (PVA), 2% solution of sodium alginate (SA), 2% solution of Aloe vera lyophilisate, and 1% solution of ammonium persulfate. Next, the stock solutions of PVA and SA were mixed in a 1:1 v/v ratio along with constant amounts of poly (ethylene glycol) diacrylate (7.5%, v/v) and glycerin (1.7%, v/v). In the case of Aloe vera modified materials, 20% v/v of the Aloe vera stock solution was also added. Subsequently, the mixtures were heated to 70 °C and then 4.4% (v/v) of ammonium persulfate was added. After that, all reaction mixtures were poured into Petri dishes and placed on a heating plate at three different temperatures, 65, 70, and 75 °C, for 1.5 h. Finally, the materials were placed in ambient conditions for 24 h [47]. The potential interactions between alginates, PVA chains, Aloe vera, and PEGDA are presented in Scheme 1.




2.2.2. Determination of Gel Fraction


Three pieces of approximately 10 × 10 mm were cut from each hydrogel, conditioned at a temperature of 40 °C for 24 h, and weighed (w_0). Then, they were immersed in distilled water at room temperature for 48 h up to an equilibrium swelling weight. After that, the gel materials were conditioned again at 40 °C for 24 h and weighed (w_e). The gel fraction (%GF) was calculated as:


%GF = w_e/w_0 × 100%



(1)







The reported results are the averages of the three specimens cut out from each hydrogel.




2.2.3. Determination of Swelling Behavior


The swelling ratio was determined by immersion in PBS (phosphate buffer) solution (Chempur, Piekary Śląskie, Poland) (pH = 7.4) and distilled water at ambient temperature. First, samples were conditioned at 40 °C for 24 h, and their mass (w_d) was recorded. The samples were then immersed in fluids. The swollen samples were removed and weighed (w_s) at time intervals 5, 15, 30, 60, and 1440 min. Each hydrogel was tested in triplicate. The swelling ratio of all the tested hydrogel samples was determined as (2):


%SR = (w_s-w_d)/w_d × 100%



(2)







The reported results are the averages of the three specimens cut out from each hydrogel.




2.2.4. Fourier Transform Infrared Spectroscopy (FTIR)


The chemical structure of the hydrogels was studied with a Thermo Scientific Nicolet iS5 FT-IR spectrometer equipped with an iD7 ATR accessory (Waltham, MA, USA) in the range of 4000−400 cm−1. All spectra (32 scans at 4.0 cm−1 resolution) were recorded at 25 °C.




2.2.5. Scanning Electron Microscopy (SEM)


Scanning electron microscopy was conducted with a JSM-6010LA microscope equipped with an energy-dispersive X-ray spectroscopy (EDS) detector (Tokyo, Japan). The surface of the as-received hydrogel films was coated with gold with nominal thickness of 4 nm and imaged in a vacuum. No special drying procedure was undertaken, beyond the aforementioned equilibration at ambient conditions.




2.2.6. Differential Scanning Calorimetry (DSC)


The thermal transitions of the hydrogels were studied using differential scanning calorimetry (DSC). The pure components were also studied for comparison. The experiments were performed using a Mettler Toledo 822 calorimeter (Warsaw, Poland), calibrated with indium, cooled with liquid nitrogen, and purged with argon. Solid or liquid samples of 7–10 mg were enclosed in sealed aluminum pans (Mettler-Toledo, Warsaw, Poland) and subjected to the following thermal protocols: for hydrogels/PEGDA/glycerin, cooling to −100 °C, heating to 135 °C (first heating), cooling to −100 °C, heating to 180 °C (second heating); for PVA, two heating–cooling cycles from room temperature to 25 °C; for sodium alginate, two heating–cooling cycles from −120 °C to 135 °C; and for Aloe vera, one heating from −120 °C to 180 °C. All heating/cooling steps were performed at rate 10 K/min.



The glass transition temperatures were calculated at midpoint.






3. Results


3.1. Gel Fraction


The gel contents in SA/PVA hydrogels with and without Aloe vera are presented in Figure 1 as a function of reaction temperature.



Lower values of gel fraction were obtained for samples without Aloe vera solution, which resulted from the viscosity of the reaction mixture. A measurement with a rotary viscosimeter (Brookfield, Toronto, ON, Canada) showed that the reaction mixture without Aloe vera had a viscosity of 0.026 ± 0.001 Pa·s at 25 °C while the mixture with Aloe vera had a viscosity of 0.533 ± 0.011 Pa·s. Most likely, this dependence is associated with the presence of additional polysaccharides and mucopolysaccharides from Aloe vera. A similar dependence was observed in previous studies [35] when samples contained different amounts of Aloe vera, and the differences in the gel fractions ranged from 60 to 70%. Moreover, an increasing trend of the gel fractions with increasing crosslinking temperature from 65 to 75 °C was observed. This result clearly suggests that the reaction temperature has a key role in the extent of the chemical crosslinking, with higher temperatures resulting in more crosslinked materials. For this reason, the selection of the proper reaction temperature depends on the type of polymeric mixture used.




3.2. Swelling Ability


The swelling abilities of SA/PVA hydrogels in distilled water and PBS before and after modification with Aloe vera obtained using different reaction temperatures are presented in Figure 2.



Hydrogels can absorb large amounts of water and other fluids in a reversible manner. However, the extent of this property depends on the composition as well as the crosslinking method. The swelling degrees in Figure 2 showed that the tested samples behaved similarly in both distilled water and PBS solution. The highest swelling values were in the range of approximately 200–275%, which is consistent with the literature [48]. Nevertheless, in the case of the samples containing Aloe vera, the swelling ratio in water was slightly higher than in PBS. This likely originates from the release of active substances from the pH-sensitive matrix, which allows this process to take place in the slightly alkaline (pH = 7.4) environment of PBS [49].



It is noteworthy that for all analyzed hydrogel samples, it was observed that the swelling ratio did not increase monotonically with time; rather, it reached a maximum at the early stages, mainly around the 15 min point. This effect has been observed in the literature [50]. This phenomenon is especially visible for samples containing Aloe vera. The swelling ratio was then almost 275%. Upon this maximum, the swelling ratio decreased slowly, an effect that was especially noticeable in PBS. This may be attributed to the expansion of the SA chains, which leads to the breakdown of the crosslinking bonds by the presence of the PO43− anion in the medium [51]. As a consequence, part of the polymer may dissolve in the aqueous medium, effectively leading to a decrease in the mass of the polymer.



The lowest swelling abilities were observed for the samples that were obtained at temperature of 65 °C. This likely resulted from a weakly crosslinked matrix, because the gel fraction was only 39.00 ± 5.79%. Moreover, the porosity of hydrogels directly influences their swelling capacity. The literature [52] clearly indicates that large hydrogel pores enable better contact with water molecules, which leads to a higher swelling ratio. However, in the case of smaller pores, the structure of hydrogels is more dense and compact. Hence, their water uptake is higher.




3.3. Fourier Transform Infrared Spectroscopy (FTIR)


FTIR spectra of SA/PVA hydrogels in pure form and modified with Aloe vera, which were obtained using a different reaction temperature, i.e., 65, 70, or 75 °C, are presented in Figure 3.



In the range of 3500–3000 cm−1 a broad band was observed, which is characteristic of stretching vibrations of the O-H groups coming from several components of the polymeric composition, i.e., sodium alginate (SA), poly (vinyl alcohol) (PVA), and additionally from Aloe vera. This band was more intensive in all samples containing 20% AV because of the presence of polysaccharides and stronger hydrogen bonds [35]. The stretching vibrations of C-H groups occur at a wavenumber of 2940 cm−1. Additionally, at 1035 cm−1 we observed vibrations from the C–O and C–OH bonds in glucan units present in the Aloe vera polysaccharide as well as in the alginate molecules. Referring to the chemical structure of alginates, the peaks at 1607 and 1450 cm−1 correspond to the asymmetric and symmetric stretching vibrations of carboxylate anion (COO−), respectively. The bands appearing at 1250 cm−1 and 1030 cm−1 were assigned to C-O-C in glycosidic bonds. Moreover, we observed bands located at 985 and 810 cm−1 that were attributed to COH out-of-plane bending and -CH2 twisting. In all spectra, vibrations appeared at 1730 cm−1, indicative of ester groups from the PEGDA. Moreover, the stretching vibrations of C-O-C group in PEGDA occur at 1164, 1190, and 1035 cm−1 [35,53,54,55].



Interestingly, when the crosslinking reaction was conducted for the mixtures containing Aloe vera, especially at 75 °C, the vibrations coming from -C=C bonds were less visible and they were shifted. This is in par with the observation that the gel fraction was high for this material, and the assumption that the crosslinking reaction was more complete.




3.4. Differential Scanning Calorimetry (DSC)


The DSC curves of the substrates are shown in Figure 4. Starting with PEGDA, the main feature was a strong melting endotherm around 18 °C, in agreement with the literature [56]. This melting endotherm was preceded by what appeared to be a cold crystallization exotherm. No clear glass transition step was observed, possibly because it was masked by the nearby cold crystallization. A kink around −15 °C has been interpreted by Ghadimi et al. [56] as a glass transition step; however, we consider this as part of the melting process. It should be mentioned that the detection of the glass transition of PEG is not an easy task due to its strong crystallinity, especially in its dry form, and values in the range of −80 to −70 °C are reported in the literature [57,58] for slightly hydrated systems.



The other major component of the system, PVA, showed a clear glass transition step at lower temperatures accompanied during the first run by an enthalpy relaxation endothermic peak. The glass transition temperature increased considerably between the two runs, likely as a result of different degrees of crystallinity and/or evaporation of water. At temperatures above 130 °C, we observed peaks associated with the melting of the polymer. Interestingly, the as-received material exhibited two peaks, possibly due to the existence of two types of crystallites, while in the second run only one broad peak was observed.



Sodium alginate did not exhibit any considerable effects, except for a weak endotherm around 65 °C, presumably attributed to melting. Aloe vera exhibited two endothermic peaks around −35 and 50 °C, probably due to the melting of two of its components. At 160 °C, a very strong endotherm corresponds to its degradation.



We now turn our attention to the hydrogels. During the first heating (Figure 5A) at low temperatures, a step corresponding to the glass transition was observed around −50 °C. We will discuss its dependence on composition and reaction temperature later in the text.



The materials reacted at 65 °C, both with and without Aloe Vera, exhibited an endothermic peak around 10 °C, which was attributed to the melting of unreacted PEGDA. Interestingly, for the material without Aloe vera prepared at 65 °C, melting was preceded by a cold crystallization endotherm, which indicated that crystallization in this system was not completed during cooling, either due to slow kinetics or to the significant supercooling needed for nucleation. The intensity of the melting peak is a measure of the extent of the crosslinking reaction, as reacted PEGDA chains are less likely to align and crystalize within the network. In that respect, the decrease in its intensity with reaction temperature is in agreement with the gel fraction and FTIR results. The fact that it occurred at all temperatures for the Aloe vera-containing networks may signify that this additive promoted nucleation of the basic polymer.



At higher temperatures, starting around 70 °C, a complex exothermic peak appeared, associated with the crosslinking reaction occurring in the system. This peak was very intense for the materials reacted at 65 °C, indicating that at this temperature the reaction proceeded very slowly and was not completed in the assigned time. This is further evidence that higher temperatures promoted the reaction. It is also worth mentioning that no endotherms that could be associated with water evaporation were visible in the DSC curves, except maybe for the unmodified material produced at 75 °C.



We now turn our attention to Figure 5B, and the second heating runs. Here, no exotherms associated with the crosslinking reaction appeared, indicating that the process was completed. Interestingly, the melting peaks vanished too, in agreement with the assumption that the extent of the reaction would be negatively correlated to the intensity of the melting peak. The latter option is corroborated by the trend observed in the first run, namely that water melting was suppressed with increased reaction temperature (and thus a higher degree of crosslinking).



At higher temperatures, in the region of 80–150 °C, there was a very broad endotherm that could be associated with an order–disorder transition of an origin that is not clear at this point. Superimposed on the broad endotherm, there was a narrow endotherm that was associated with the melting of PVA, which had migrated to lower temperatures. This suppression of melting temperature is associated with the development of smaller crystallites, as the semicrystalline polymer is restricted topologically in the complex network.



Glass transition temperature Tg, calculated at midpoint, as a function of reaction temperature is shown in Figure 6 for both heating runs. The values were somewhat elevated as compared to the values for PEG reported in the literature [57,58], which is a result of the reduction in constraints imposed by crosslinking as well as copolymerization with the much less mobile PVA. The suppression of crystallinity due to crosslinking allows the now amorphous segments to exhibit a well-defined glass transition step.



Indeed, the incompletely crosslinked systems synthesized at the low temperature of 65 °C had the lowest glass transition temperatures; however, due to the increased degree of crosslinking for materials prepared at 70 °C, and the corresponding restrictions of mobility the glass transition temperature increased. For the formulation lacking Aloe vera, the glass transition temperature did not increase further with a reaction temperature of 75 °C. Surprisingly, for the aloe-containing material, the glass transition temperature decreased by a few degrees. The reason behind this observation should be a mechanism that increases mobility when the reaction is performed at elevated temperatures. This mechanism is unclear at this point.



The glass transition temperature increased in the second run for the materials prepared at 65 °C, as a result of the completed crosslinking reaction. The effect was more pronounced in the unmodified hydrogel. As mentioned earlier, the Aloe vera formulation seemed to have a higher degree of crosslinking than in the initial materials. The materials prepared at 70 °C did not exhibit any considerable difference. However, the unmodified material prepared at 75 °C presented a noticeable increase, which could be associated with the endotherm of yet unclarified origin that was observed at 120 °C during the first heating run.




3.5. Scanning Electron Microscopy (SEM)


Figure 7 shows SEM micrographs recorded of the surface of all the materials under investigation. The surface of the hydrogels was very smooth, uniform, without pores, and similar for all analyzed samples. These results are consistent with the data from the literature [59,60]. However, some agglomerates were present in all the materials, with the exception of the hydrogel containing Aloe vera that was obtained using the highest reaction temperature (75 °C).



In order to shed some light on the nature of those aggregates, EDS point measurements of hydrogels were conducted (Figure 8) on both hydrogels prepared at 75 °C. The measurements confirmed the presence of the following elements on the surface of the sample without Aloe vera: C, O, Na, Au, and S. For the hydrogel containing Aloe vera, only C, O, and Au appeared. It is apparent that the gold came from the sputtering of the samples before measurement. The presence of sulfur can be associated with the unreacted initiator—ammonium persulfate. It was also noted that sodium appeared, which was derived from the basic polymer—sodium alginate. Most likely, the polymer was not properly crosslinked; this is why the sodium alginate was found on the surface of the analyzed sample. In this situation, it is possible to refer to the gel fraction. When a lower reaction temperature (65 °C) was used, the gel fraction was quite weak at about 40 and 58% for the hydrogel without and with Aloe vera, respectively. Using a higher temperature (75 °C), a higher gel fraction was obtained, which is visible for the samples containing Aloe vera.



In the next step, the morphology and cross-sections of selected hydrogels were tested after immersion in PBS solution for 24 h (Figure 9 and Figure 10).



This analysis showed that the surface was more varied and irregular. Moreover, the morphology of the samples without Aloe vera (75_0AV) was characterized by slightly larger spaces between the polymeric chains than in the case of the modified hydrogels (75_20AV) [35]. The presence of Aloe vera in the system causes more efficient progress of the crosslinking reaction, which was also confirmed based on the gel fraction results [60]. Additionally, the surface of the samples with Aloe vera was more compact and less porous, which could result from many active substances, such as mucopolysaccharides and polysaccharides, which penetrate into the free spaces of the crosslinked polymer.



The cross-sections of the hydrogel samples proved the porous 3D structure and exhibited multilayered internal networks in the matrix. It was estimated that the average pore size was less than 5 µm. Moreover, when we looked at the cross-sections deeply, we could also see that, in the case of aloe-containing hydrogel samples, the polymer networks were arranged closer to each other. In addition, the morphology was more irregular and less porous, which resulted from the presence of many the active substances derived from Aloe vera. This is shown in Figure 9.





4. Conclusions


In summary, the obtained results proved that the reaction temperature is a crucial parameter during hydrogel preparation using the sol casting method. Additionally, it was shown that the presence of Aloe vera in the reaction mixture had a positive impact and significantly improved the gel fraction content up to 72.56 ± 3.21% by using a reaction temperature of 75 °C. This was also confirmed by the FT-IR spectra and DSC curves. The physicochemical analysis of swelling abilities indicated that the tested hydrogels behave similarly in both distilled water and PBS solution, and the highest swelling ratios were in the range of approximately 200–275%. However, the lowest swelling values were determined for the samples that were obtained using a temperature of 65 °C, which was caused by a very weakly crosslinked matrix. Moreover, the SEM images of the morphology showed that the surface of the obtained was very smooth, uniform, without pores, and similar for all analyzed hydrogels. However, the cross-section of these materials showed that they were characterized by a porous structure, which created multi-layered three-dimensional networks. In the case of the hydrogels modified with Aloe vera, the surface was more compact and less porous, which may have resulted from the additional content of mucopolysaccharides and polysaccharides that penetrate into the free spaces of the crosslinked polymer. SEM-EDS analysis indicated that the use of lower reaction temperatures was not sufficient, as evidenced by the observed presence of sulfur from the unreacted initiator, ammonium persulfate.
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Scheme 1. The potential interactions between SA, PVA, Aloe vera, and PEGDA. 
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Figure 1. The gel fraction of obtained hydrogel materials. 
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Figure 2. Swelling ratio (%) in (A,C) distilled water and (B,D) PBS for SA/PVA hydrogels: (A,B) without and (C,D) with Aloe vera. Note that the x-axis is not linear. 
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Figure 3. FTIR spectra of hydrogels before and after modification with Aloe vera, obtained at temperatures of (A) 65 °C, (B) 70 °C, and (C) 75 °C. 
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Figure 4. Heating DSC curves of the substrates. The curves have been translated for clarity. 
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Figure 5. Heating thermograms of the hydrogels: (A) first heating; (B) second heating. Labels indicate the reaction temperature. 
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Figure 6. Glass transition temperature as a function of reaction temperature. 
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Figure 7. SEM micrographs presenting the morphology of obtained hydrogels before immersion in PBS solution. 
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Figure 8. SEM-EDS analysis of hydrogels obtained using a temperature of 75 °C, before and after modification with Aloe vera. 
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Figure 9. SEM micrographs presenting the morphology of hydrogels obtained using a temperature of 75 °C; samples were analyzed after immersion in PBS solution for 24 h. 
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Figure 10. SEM micrographs show the cross-section of obtained hydrogels. 
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