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SHORT ABSTRACT:
This protocol describes the development of a one-pot strategy for the fabrication and impregnation of starch aerogels. Some modifications were made within the traditional fabrication process, which allowed the integration of the three critical steps (gelatinization, retrogradation, and drying) of aerogel fabrication into a single step. 

LONG ABSTRACT:
The goal of this work was to develop a one-pot strategy for the fabrication and impregnation of starch aerogels with green coffee oil (GCO) in supercritical carbon dioxide (scCO2). For that purpose, different modifications were made to the production process to improve the integration of the three essential steps of aerogel fabrication. A strategy based on supercritical extraction (SCE) was proposed to address the conventional drying process, as well as the utilization of CO2 during the aerogel fabrication steps. The development of a novel drying approach was the most challenging task of this work as it should be performed without any solvent-exchange step. The results show that aerogels with high surface area (95 m2.g-1) could be produced using a continuous flow of CO2/ethanol (20 MPa, 40 &#176;C, 2 mL.min-1 CO2 with 11% v/v ethanol). The next step comprised the formation of aerogels in the presence of CO2. The optimal surface area was 185 m2.g-1. Finally, the integration of all the above steps was achieved, and gelatinization, retrogradation, and drying happened sequentially in the same vessel under CO2 atmosphere. This one-pot fabrication was followed by the impregnation with GCO using a high-pressure injection step. An impregnation efficiency of 24% was obtained with this one-pot strategy confirming that a fully integrated process for the fabrication and impregnation of starch aerogels could be attained.  

INTRODUCTION:
The fabrication of starch aerogels is often described in three major steps: formation of hydrogels, formation of alcohol gel through solvent exchange step, and drying1,2. The formation of hydrogel involves two steps: gelatinization followed by retrogradation. The gelatinization promotes irreversible physical changes3–5 in the structure of starch and results from the swelling and denaturation of starch granules. Retrogradation promotes the restructuring of free amylose, leading to the formation of a three-dimensional (3D) network. Drying, which is necessary to obtain an aerogel, usually includes a solvent exchange step, wherein water is progressively replaced by ethanol followed by CO2 SCE to remove the ethanol6. The solvent exchange step is vital to obtain high-quality aerogels and is usually the focus of different studies to improve the structural properties of these materials7,8. 

For example, Mehling and coworkers1 have used a multistage solvent exchange process (5 days) followed by supercritical extraction (SCE) to produce aerogels of high surface area (72 and 90 m2.g-1) from potato starch. Following the same concept, Zou and Budtova9 used a multistage solvent exchange process (4 days) followed by SCE over 5 h. These authors have obtained materials of surface area between 8 and 120 m2.g-1. Furthermore, Santos-Rosales and co-workers10 have used a multistage solvent exchange (48 h between each stage) followed by SCE over 4 h. This strategy allowed the production of aerogels of high surface area (183−228 m2.g-1). Another good example of starch aerogels with a surface area of 234 m2.g-1 is from the work of García-Gonzales et al.2 who reported a solvent exchange procedure over 24 h followed by four SCEs. A similar approach was reported by Ubeyitogullari and Ciftci11 to fabricate wheat starch aerogels with a surface area of 59.7 m2.g-1. 

Despite the production of improved aerogel materials in the above studies, all of them describe a complex solvent exchange method that can last between one and five days. In fact, this complex procedure is one of the major bottlenecks in aerogel production. Hence, the improvement of the drying procedure is essential to improve the whole fabrication process, which has encouraged the development of the present protocol. Therefore, the first goal of this study was to integrate the solvent exchange with the SCE in one single step. This strategy presented a clear advantage when compared with the several examples described above, as high-quality materials were obtained by SCE using a mixture of CO2 and ethanol. Only a few studies in the literature describe a similar approach12–15. For instance, Comin and co-workers12 have reported a similar approach to dry starch aerogels involving a two-stage extraction process consisting of a 4 h ethanol extraction (0.3 mL.min-1) followed by 1 h of scCO2 extraction (1 L.min-1, 15 MPa and 40 &#176;C). 

Nevertheless, the materials produced exhibited a low surface area (<10 m2.g-1) and extensive cracking. Moreover, Brown et al.11 have reported similar problems using a continuous solvent exchange process. Even though both studies produced aerogels with properties suitable for impregnation of bioactive molecules, none of these studies could produce high-quality materials integrating both solvent exchange and SCE steps. Gurikov et al.14 reported the preparation of alginate aerogels using a static high-pressure extraction with different scCO2/ethanol/water mixtures. Their results also show that the presence of scCO2 improved the solvent exchange step. More recently, Lebedev et al.15 also reported a static extraction strategy similar to that of Gurikov et al.14. These authors showed that an scCO2/2-propanol/water mixture was able to increase the surface area of alginate aerogels. These examples highlight the novelty and the success of the protocol described herein. Another goal of the present protocol was to evaluate the possibility of using CO2 to improve the properties of the aerogels. In fact, different authors have approached this subject. Francisco and Sivik16 evaluated the impact of CO2 on the gelatinization of different types of starches. Their results show that starch gelatinization could be attained at a lower temperature in the presence of scCO2. This result was explained by plasticization and hydrostatic effects of CO2 on the structure of starch. 

Moreover, Muljana and co-workers17 also reported a similar effect of CO2 on the gelatinization temperature. Thus, this protocol also introduces the positive effect that CO2 has on the production process. The combination of gelatinization, retrogradation, and drying in a one-pot process not only reduces the overall complexity of aerogel fabrication, but also allows the production of high-quality materials for impregnation with bioactive molecules. Additionally, an impregnation step was also added to this procedure to demonstrate a novel concept for the development of aerogel-based products. For this purpose, GCO was used because of its beneficial impact on human health18–21. Thus, the use of this fully integrated protocol for the fabrication/impregnation of aerogels could lead to the development of different, novel nutraceutical products.  

PROTOCOL: 

1.	Development of a supercritical drying method by using a mixture of supercritical carbon dioxide and ethanol

1.1. Prepare a hydrogel in the traditional way by heating 10 mL of a 15% w/v starch solution in water in a beaker at 120 &#176;C for 20 min with magnetic stirring (600 rpm), as described previously1,2,22, to promote starch gelatinization. 

1.2. For the retrogradation step, transfer 2 mL of this solution to a cylindrical tube, and incubate at 4 &#176;C for 48 h.

1.3. For the supercritical drying step, place the retrograded hydrogel in a 20 mL high-pressure, variable-volume cell. Transfer the cell to a thermostatic water bath at 40 &#176;C and pressurize it with scCO2 until the desired pressure (10–20 MPa). 

NOTE: Here, the cell was pressurized at 1 MPa.min-1.

1.4. Ensure a continuous flow of scCO2 (2 mL.min-1), containing ethanol (11% (v/v) or 22% (v/v), which corresponds to 0.22 or 0.44 mL.min-1), through the reactor for 4 h using a continuous high-pressure pump. Pump the ethanol into the system using a second high-performance liquid chromatography (HPLC) pump.

1.5. After this period, stop the ethanol flow, and start the flow of scCO2 at 2 mL.min-1 through the reactor for an additional 2 h. Leave the system to depressurize at a rate of 0.3 MPa.min-1. 

NOTE: A rapid depressurization process can promote fractures in the structure of the aerogel. The drying apparatus is depicted in Figure 1. 

[Place Figure 1 here].

2. Fabrication of starch aerogel in the presence of CO2 

NOTE: Three different temperatures (40, 90, and 120 &#176;C) were used to evaluate the impact of CO2 on the structural properties of the aerogel. 

2.1. Dissolve 0.5 g of starch in 5 mL of water in a 10 mL high-pressure reactor. Heat the reactor to the desired temperature and then pressurize with scCO2 at 1 MPa.min-1 to a final pressure of 20 MPa. Stir the pressurized starch solution for 20 min at 600 rpm to promote gelatinization, and then cool the reactor to room temperature.

2.2. For retrogradation, leave the pressurized starch solution in the reactor at 4 &#176;C for 48 h. Then, place the reactor in a thermostatic water bath at 40 &#176;C, and pressurize with scCO2 at 1 MPa.min-1 until the pressure reaches 20 MPa.

2.3. Ensure a continuous flow of scCO2 (2 mL.min-1) containing 11% v/v/ ethanol through the reactor for 4 h. Use a continuous high-pressure pump to maintain the flow rate of CO2 at 2 mL.min-1. Pump the ethanol into the system using a second HPLC pump at 0.22 mL.min-1.

2.4. After this period, stop the ethanol flow, and start the flow of scCO2 (2 mL.min-1) through the reactor over 2 h. Finally, leave the system to depressurize at a rate of 0.3 MPa.min-1. Characterize the materials obtained at the end of this process using the procedures described in section 5.

3. Evaluation of impregnation conditions

NOTE: The GCO extract and its characterization have been described previously23.

3.1. For the supercritical impregnation process, place 0.1 g of the aerogel obtained at the end of the process described in section 1 in a 25 mL high-pressure, variable-volume cell. Leave this cell in a thermostatic bath at 40 &#176;C, and pressurize with scCO2 at 1 MPa.min-1 until 10 MPa.

3.2. Leave the aerogel for impregnation for three different periods (6, 12, and 24 h), and depressurize the system at a rate of 0.1 MPa.min-1.

NOTE: These impregnation conditions were based on previously reported procedures24.

3.3. Fill a 0.1 mL loop mounted on a 6-way high-pressure valve (Figure 2) with GCO extract using a syringe. Pressurize the loop with scCO2 (flow of 2 mL.min-1) until 30 MPa and leave for 10 min to equilibrate. Turn the valve to the injection position to start the flow of scCO2 across the loop until the pressure inside the reactor reaches 30 MPa. Leave the system in this condition for 6, 12, or 24 h.

NOTE: The GCO extract was obtained and characterized using previously reported procedures23.

[Place Figure 2 here]

3.4. After this period, depressurize the system at 0.1 MPa.min-1, and collect the impregnated material. Determine the amount of impregnated oil using the extraction procedure described in the literature1, 7, 11.

3.5. Disperse 0.1 g of the impregnated aerogel in 5 mL of chloroform, and perform the extraction for 1 h at 50 &#176;C with magnetic stirring (600 rpm). Filter the extracts using a 0.2 &#181;m syringe filter, and collect the extracts in a 5 mL calibrated round flask. Evaporate the solvent under a flow of nitrogen, and determine the impregnation efficiency in mg of oil per 100 mg of aerogel.

4. One-pot process for fabrication and impregnation of starch aerogels

NOTE: This process used the optimized conditions from the previous steps using previously reported procedures24.

4.1. To fabricate the hydrogel in the presence of CO2, dissolve 0.5 g of starch in 5 mL of water in a 10 mL high-pressure reactor. Heat the reactor to the desired temperature, and then pressurize gently with scCO2 at 1 MPa.min-1 to a pressure of 20 MPa. Stir the pressurized starch solution for 20 min at 600 rpm to promote the gelatinization, and then cool the reactor to room temperature.

4.2. For retrogradation, leave the pressurized starch solution at 4 &#176;C for 48 h. Then, place the reactor in a thermostatic water bath at 40 &#176;C, and pressurize with scCO2 at 1 MPa.min-1 to a pressure of 20 MPa. 

4.3. Continuously flow scCO2 containing 11% v/v ethanol at 2 mL.min-1 through the reactor for 4 h. Use a continuous high-pressure pump to maintain the flow rate of CO2 at 2 mL.min-1 and a second HPLC pump for the ethanol at 0.22 mL.min-1.

4.4. After this period, stop the ethanol flow, and start the flow of scCO2 at 2 mL.min-1 through the reactor for 2 h. Decrease the pressure to 10 MPa to allow the supercritical impregnation take place, and maintain the reactor temperature at 40 &#176;C.

4.5. Fill a 0.5 mL loop mounted on a 6-way high-pressure valve (Figure 2) with GCO extract using a syringe. Pressurize the loop with scCO2 to a achieve a pressure of 30 MPa and leave for 10 min to equilibrate. Turn the valve to the injection position, and start the flow of scCO2 across the loop until the pressure inside the reactor reaches 30 MPa; leave the system in this condition for 12 h.

NOTE: The GCO extract was obtained and characterized using previously reported procedures23.

4.6. Depressurize the system at a rate of 0.1 MPa.min-1, and collect the impregnated material. See Figure 3 for a schematic representation of the one-pot system. Determine the amount of the impregnated oil using the extraction procedure described in the literature1,7,11.

[Place Figure 3 here].

4.7. Disperse 0.5 g of the impregnated aerogel in 25 mL of chloroform, and stir for 1 h at 50 &#176;C and 600 rpm for extraction. Use a 0.2 &#181;m syringe filter to filter the extracts, collect them in a calibrated round flask, and evaporate the solvent under a flow of nitrogen. Calculate the extracted mass by determining the difference between the flask weights, and determine the impregnation efficiency in terms of mg of oil per 100 mg of aerogel.

5. Characterization of aerogels

5.1. Determine the surface area of the aerogels using an ultra-high-purity nitrogen adsorption and desorption isotherms at 77 K using the Brunauer–Emmett–Teller (BET) method. 

5.1.1. Prior to the analysis, heat ~200 mg of sample at 115 &#176;C for 4 h under vacuum. 

5.1.2. Evaluate adsorption isotherms in the linear region of the BET plot (at a relative pressure p/p0 in the range of 0.05–0.3) using a multipoint BET for the determination of the surface area.

5.1.3. Estimate both volume and pore size using the Barrett–Joyner–Halenda (BJH) method.

5.2. Characterize aerogel morphology using Field Emission Scanning Electron Microscopy at 5 kV and 15 mA under high vacuum. Cut the materials transversely to obtain 1 mm thickness, place the slices on a double-sided carbon film, and sputter-coat with gold22.

5.3. Determine the diffraction pattern and the degree of crystallinity by X-ray diffraction.

5.3.1. Before the measurements, crush the samples, and scatter them in the equipment holder. 
Make sure the system is equipped with a copper target X-ray tube set to 40 kV and 40 mA. Expose the samples to the X-ray beam, and scan from 5 to 40 Å with an angular scanning velocity of 1.267&#176;.min-1,17, 22. 

5.3.2. Finally, calculate the degree of crystallinity (DC) using the following equation. 

				(1)

Where AC is the area under the curve for crystalline reflection, and Aa is the area under the curve for crystalline amorphous17, 25.

REPRESENTATIVE RESULTS: 
Traditionally, the process used to transform hydrogels into aerogels involves two major steps: solvent exchange and SCE. The first goal of this protocol was to integrate both steps into a continuous flow process. To that end, the impact of pressure and co-solvent (ethanol) composition on the surface area of the materials was examined. Surface area is an excellent indicator of the quality of the aerogel and allows a direct comparison with literature. 

Initial studies demonstrated that the extraction process should be performed for at least 6 h (4 h of CO2/ethanol mixture and 2 h of CO2)24. The results of this study are depicted in Figure 4 and show that high-surface area aerogels could be obtained using a mixture of CO2/ethanol. Optimal results were observed when materials exhibited a surface area of nearly 94 m2.g-1, which agrees with highest values reported in the literature using a solvent exchange step1, 7, 8, 22. When compared with the work of Comin et al.12 who reported surface area of <10 m2.g-1, the integrated approached described here can produce superior materials for the impregnation of different chemical compounds. 

[Place Figure 4 here]

The next stage of the present work was to evaluate the impact of CO2 on the gelatinization and retrogradation steps. Therefore, both gelatinization and retrogradation were carried out in the presence of CO2 at different temperatures (Figure 5). The results show the beneficial impact of CO2 on the surface area of the materials. In fact, these results are consistent with the best values reported in literature for starch aerogels (185 m2.g-1)1, 2, 11,21.

[Place Figure 5 here]

Figure 6 and Figure 7 highlight the importance of temperature for the quality of the materials. For instance, particle formation only occurred at 40 &#176;C (Figure 6A). 

[Place Figure 6 here]

Beyond this temperature, all the materials displayed a high degree of agglomeration, and their structures were significantly collapsed. This effect was also confirmed by X-ray diffraction as an increase in temperature promoted a reduction in the crystallinity of the materials (Figure 7).

[Place Figure 7 here]

Even though several studies have reported the impact of CO2 during gelatinization, none of them mention any effect of CO2 on the retrogradation process8–12. The results presented here suggest that CO2 could impact this process as all the materials obtained in the presence of CO2 exhibit a higher surface area. Moreover, several studies report that all the starch crystal structure is destroyed above 70  C26,27. Nevertheless, the results of this study show the presence of crystallinity at 120 &#176;C, which confirms the impact of CO2 on the retrogradation process. Therefore, this protocol not only introduces an improvement in the drying process, but could also enhance the properties of the materials produced with this process.

Finally, based on these encouraging results, all these steps were integrated into a one-pot process (Figure 8). To accomplish this, gelatinization and retrogradation were performed in the presence of CO2 and dried using the method described above. After this process, the material was impregnated with GCO through the gas phase. Nevertheless, before integrating both steps, the impregnation conditions were evaluated.

[Place Figure 8 here]. 

In this case, the starch aerogel was prepared using the procedure described in section 1 and impregnated with the GCO using the procedure described in section 3. This experiment allowed the comparison between a traditional impregnation procedure with the one-pot strategy described here (Figure 9).

[Place Figure 9 here]

Figure 9 shows that that the impregnation equilibrium could be attained after 12 h with an impregnation efficiency of 40.7%. These results are in agreement with the values reported in literature for the impregnation of similar molecules in starch aerogels1,3–5. Furthermore, the one-pot concept exhibited good impregnation efficiency (24%).

Figure 1: Schematic representation of the drying apparatus. Abbreviations: V-1–5 = valves; RHE1 = refrigerated heat exchanger; CV-1, 2 = check valves; PUMP1 = liquid CO2 pump; PUMP2 = high-performance liquid chromatography co-solvent pump; RPV1 = reactor pressure vessel; TIC = temperature indicator-controller; F1 = filter; PIC = pressure indicator-controller; BPV = Back pressure valve.

Figure 2: Schematic representation of the 6-Way high-pressure valve. (A) Filling the loop with GCO. (B) Injection position. Abbreviations: GCO = green coffee oil; V-4, 5 = valves.

Figure 3: Schematic representation of the one-pot system. Abbreviations: V-1–6 = valves; RHE1 = refrigerated heat exchanger; CV-1, 2: check valves; PUMP1 = liquid CO2 pump; PUMP2 = high-performance liquid chromatography co-solvent pump; RPV1 = reactor pressure vessel; 6-wV = 6-way valve; TIC = temperature indicator-controller; F1 = filter; PIC = pressure indicator-controller; BPV: back pressure valve.

Figure 4: Impact of the drying conditions on aerogel structural properties. ▪The squares indicate surface area.  The circles indicate the pore volume. This figure has been modified from Villegas et al.24.

Figure 5: Impact of temperature on the aerogel surface area in presence and absence of CO2. This figure has been modified from Villegas et al.24.

Figure 6: Micrographs of the materials obtained with different gelatinization temperatures. (A) 40 &#176;C, (B) 90 &#176;C, (C) 120 &#176;C. Supercritical drying at 20 MPa and 40 &#176;C with 11% v/v of ethanol. Scale bars = 50 &#181;m. This figure has been modified from Villegas et al.24. 

Figure 7: Characteristics of the materials obtained at the end of the process. (A) X-ray diffraction patterns of the materials. (B) Degree of crystallinity of the obtained materials. This figure has been modified from Villegas et al.24.

Figure 8: Graphical abstract of the one-pot process. 1. Gelatinization: formation of the gel from the water and starch solution at 40 &#176;C with scCO2. 2. Retrogradation: formation of the 3D network by decreasing temperature in CO2. 3. Supercritical drying: supercritical extraction with CO2 and ethanol. 4. scCO2 impregnation: impregnation of green coffee oil inside the aerogel. This figure has been modified from Villegas et al.24. Abbreviations: scCO2 = supercritical carbon dioxide; 3D = three-dimensional.

Figure 9: Comparison of impregnation efficiency of processes. Purple circles, Impregnation efficiency of the traditional process. Green square, Impregnation efficiency of the one-pot process. This figure has been modified from Villegas et al.24.

DISCUSSION: 
One of the critical steps of this protocol is the gradual removal of water in the supercritical drying step. To obtain materials with a good surface area, the flow should be maintained between 2 and 3 mL.min-1, otherwise an extensive pore-collapsed material will be obtained. Thus, judicious control of the extraction conditions is essential to obtain materials with the desirable properties for impregnation. Moreover, the size of the hydrogel is also a critical point. Large hydrogels could be difficult to dry and require a longer extraction process.   

The improvement of the drying process opened new avenues to enhance the overall aerogel fabrication process as both gelatinization and retrogradation steps could be integrated with drying (one-pot). The gelatinization temperature is the critical point of this one-pot concept. Therefore, to obtain particles like the ones described in Figure 6A, the gelatinization temperature should be set at 40 &#176;C to avoid extensive aggregation and dramatic reduction of surface area. 

Another critical point of this protocol is related to the pressurization and depressurization steps. Pressurization should be gentle (1 MPa.min-1). Faster pressurization could destroy the 3D structure of aerogel leading to an extensive collapse of the pore structure. Depressurization is also critical, especially after impregnation. Thus, depressurization should be very gentle (0.1–0.3 MPa.min-1) to avoid a dramatic decrease in the impregnation efficiency. 

The results obtained with this protocol allowed the integration of all aerogel fabrication steps (gelatinization, retrogradation, and drying), making this one-pot concept a very promising tool to develop novel strategies for different applications in the food, nutraceutical, pharmaceutical, or bioenergetic industries.
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