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Abstract
[bookmark: _GoBack]Herbal medicinal plant have been recognized as alternative and natural drugs for therapeutic purposes due to their high content of phytocompounds with anti-bacterial, antioxidant and anti-inflammatory properties.  Low solubility and poor absorption of medicinal compounds are seen as major challenges for herbal drugs. Impregnation of these substances into aerogels as a carrier is an innovative to improve poorly soluble compounds. In this work, alginate hydrogels were produced via sol-gel processing method and dried by supercritical CO2 drying to obtain high porous structure of alginate aerogels. Alginate is a type of polysaccharides that is widely applied in biomedical, pharmaceuticals, cosmetics, and foods due to its nontoxic, stability and versatility properties. Plant extracts of Clinacanthus nutans Lindau (C. nutans) were impregnated into the alginate aerogels via liquid media followed by supercritical drying and via supercritical CO2 assisted impregnation technique. Results exhibited that the initial concentration of polyphenols of the C.nutans extracts impregnated in the alginate aerogels is stable in the range of 0.796 to 0.745 mg/g in 6 month and drastically reduced after 9 month of storage duration. The herbal extract type C.nutans-100 loaded via supercritical CO2 impregnation has a comparable specific loading to the method of liquid media, range from 1.4 to 1.5 × 10-4 g/m2 whereas the specific loading of C.nutans-50 extract impregnated via liquid media showed higher compared with the loading by method of supercritical CO2. 
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Abstrak
Tumbuhan ubatan herba telah diiktiraf sebagai ubat-ubatan alternatif dan semula jadi untuk tujuan terapeutik kerana kandungan sebatian fito yang tinggi  dengan ciri-ciri anti-bakteria, anti-pengoksidaan dan anti-radang, kelarutan dan penyerapan yang rendah sebatian perubatan dilihat sebagai cabaran besar untuk ubat-ubatan herba. Hal memberi bahan ke dalam gel aero sebagai pembawa adalah suatu tindakan yang inovatif untuk meningkatkan keterlarutan sebatian yang kurang larut dalam air. Dalam kajian ini, gel aero alginat telah dihasilkan melalui kaedah pemprosesan sol-gel dan dikeringkan melalui CO2 supergenting untuk mendapatkan struktur berliang tinggi. Alginat adalah sejenis polisakarida yang sinonim dalam bioperubatan, farmaseutikal, kosmetik dan makanan disebabkan oleh sifatnya yang tidak toksik, kestabilan yang tinggi dan serba boleh dalam pelbagai bidang. Dalam kajian ini, ekstrak tumbuhan Clinacanthus nutans Lindau (C. nutans) yang diperolehi daripada teknik pengekstrakan gelombang mikro (MAE) telah diimpregnasi ke dalam gel aero alginat menggunakan kaedah penjerapan cecair diikuti dengan pengeringan menggunakan CO2 supergenting dan juga impregnasi menggunakan CO2 supergenting. Ekstrak herba C. nutans-100 yang diimpregnasi menggunakan bendalir CO2 supergenting menunjukkan kandungan spesifik yang hampir sama dengan kaedah media cecair iaitu dalam lingkungan 1.4 hingga 1.5 × 10-4 g/m2 berat. Manakala, bagi ekstrak C. nutans-50, kandungan spesifiknya yang diimpregnasikan menggunakan kaedah media cecair adalah lebih tinggi berbanding dengan kaedah CO2 supergenting iaitu , masing-masing.  sebanyak 5.4 × 10-5 g/m2 dan 4.9 × 10-6.

Kata kunci: supergenting, pengeringan, alginat, aerogel, Clinacanthus nutans Lindau 

Introduction
Alginate aerogels is a class of biopolymer polysaccharides characterized by a combination of unique properties of aerogels and polysaccharides mainly high surface area, open porosity, good compatibility and biodegradable. Aerogels are porous structure materials derived either from synthetic inorganic precursor such as silica or from organic resources such as polysaccharides biopolymer via sol-gel method to obtain wet gels and dried by supercritical CO2 drying. Nowadays, there is considerable growing attention on the use of biopolymer as aerogels for variety application. Numerous extensive works reported on the utilization of alginate aerogels contain desirable therapeutic properties as drug delivery application [1, 2]. Alginate is defined as natural polysaccharide biopolymer mainly recovered from brown algae. It contains of α-L-guluronic acid and β-D-mannuronic acid (M) residues, which linearly linked by 1,4-glycosidic linkage [3]. The natural biopolymer has been widely applied in several fields such as biomedical, pharmaceuticals, absorptions due to its biodegradable, biocompatible, non-toxic, low cost and stable.  

Over many decades, herbs has been recognized as complementary and alternative supplement to modern drugs. In fact, World Health Organization (WHO) has estimated that about 80% of world population use herbal medicine in their primary healthcare. However, a systematic approach to measure their safety [4] and the poor compounds absorption remain as major challenges to extensively apply in the pharmaceutical industry [5]. There are many techniques have been introduced to improve the solubility and bioavailability of poorly soluble drugs or compounds such as production of drugs in nanoparticles [6, 7], incorporation in lipid based carrier such as micelles, liposomes, micro- and nanoemulsion [8, 9] and use of highly-soluble incipient such as β-cyclodextrin via formation of inclusion complex [10, 11]. Another promising way that has received considerable interest is by impregnating the compounds via supercritical CO2 assisted technique in polymer or biopolymer materials [12, 13] and aerogels [14, 15]. 

The excellent characteristics of aerogels with large surface area and high pore volume make them attractive candidate for drugs delivery system to improve solubility of poorly soluble compounds [16]. In theory, high surface area and pore volume contribute to high compounds loading in the aerogels. The high loading capacity is very important as it provide large space for the compounds to be stored in pores of aerogels for drugs [14] and delivered to the target area with correct dosage or as absorbent for environmental issues [17]. However, these characteristics only can be obtained when the materials are dried by supercritical CO2 (SCCO2) to remove the liquid present in the solid pores. At supercritical condition, liquid-CO2 present as a single phase and has zero surface tension avoid capillary forces on the mesopores of the aerogels. Furthermore, the unique properties of the CO2 as the solvent such high diffusivity and low viscosity enables the penetration of the solvent into material pores and extract the liquid without deforming the structure of the material. On the other hand, in conventional method i.e. freeze and ambient pressure drying that are operated at sublimation pressure and by evaporation, respectively may lead to the formation of vapor-liquid phase that can create the capillary forces on the materials and cause high degree of shrinkage. As results, poor porosity and low specific surface area produced. Several studies have demonstrated that the SCCO2 drying is more effective than freeze drying [18]. Density of aerogels dried by SCCO2 showed higher density ranged from 0.08 to 0.24 g/cm3 and porosity as high as 96.1% in comparison to those dried by ambient pressure drying technique [19]. 

This works focus on the production of alginate aerogels via sol-gel method and dried by SCCO2 to be used as herbal carrier delivery. To the best our knowledge, to-date the use of biopolymer as a carrier for herbal delivery is very limited. The development of herbal or medicinal plant carrier is one of innovative technique to improve solubility and bioavailability of herbs in pharmaceutical industry. In this present study, medicinal plant extracts were impregnated into the alginate aerogels via liquid media and supercritical media i.e. SCCO2 assisted method. 
In the impregnation via SCCO2 assisted, the substance solubilized in SCCO2 at specified pressure and temperature in a vessel containing aerogels for a certain duration of time to allow equilibrium adsorption of the substance on the aerogels pores. This technique is more attractive as the CO2 is nontoxic, nonflammable and has been regarded as safe for food and pharmaceuticals application. 

However, most of medicinal compounds have poor solubility in SCCO2 that limits the application of the technique for wide range of compounds. On the other hand, via liquid media, the synthesized gels are contacted with the solution of substance for a certain time and followed by SCCO2 drying to extract the organic solvent and leaves the substance precipitate in the pore of the aerogels. In principle, the substance must be soluble in an organic solvent and insoluble or poor solubility in SCCO2. However, one of the drawbacks of the method is that the substance dissolved in an organic solvent may be co-extracted during the drying process due to effect co-solvent increase the solubility of the SCCO2, hence reduced the extract content. In addition, the final product also may still contain some traces organic solvent which therefore need proper drying procedure to remove the solvent. Both methods offers their advantages but also have some drawbacks. Therefore, investigation on these methods for the impregnation of medicinal plant extracts is essential to determine the most promising method for future development. 

Clinacanthus nutans Lindau (C. nutans) is a potential medicinal plant that has been traditionally applied to treat skin rashes, insect bites, gout, diabetes and to against herpes simplex virus [20]. The plant is widely grown in Southeast Asia countries such as Thailand, China, Indonesia and Malaysia. In this work, Clinacanthus nutans Lindau (C. nutans) extracts were impregnated into alginate aerogels by a conventional technique i.e. liquid media and more advance method that is SCCO2 impregnation. The objectives of this study are to investigate the characteristics of alginate aerogels dried by supercritical CO2 and to determine the specific loading of the alginate aerogels impregnated with the C. nutans extracts via liquid media and SCCO2. The stability of the C. nutans extracts, particularly total phenols content (TPC) and physical color appearance was also evaluated. Eventually, C. nutans extracts dissolution was performed to determine the behavior of the extract releases from the alginate aerogels from both impregnation methods.
Materials and Methods
The Clinacanthus nutans Lindau (C. nutans) plant was supplied by a traditional practitioner from Kuala Lumpur, Malaysia. For the extraction of the C. nutans by microwave-assisted extraction (MAE), the plant was grinded and dried prior to the extraction process. The method of the extraction has been described in Mustapa et al. [8]. For the preparation of alginate aerogels, sodium alginate, calcium carbonate (CaCO3), glucono-δ-lactone (GDL) and ethanol were purchased from Sigma Aldrich whereas double distilled water was purified by a Milli-Q water purifier system Millipore (Milford, MA, USA). All chemicals and materials used as received without any purification. 

Preparation of alginate aerogels
Alginate aerogels were prepared via internal setting method. In this technique, the GDL was added to the solution of sodium alginate and CaCO3 to lower the pH of the solution and initiate the gelation. Initially, the alginic sodium salt was dissolved in water (to obtain 1.5 to 2% w/w) followed by the addition of CaCO3 and stirred until it completely dissolved. The GDL was then added to the solution with continuous stirring. The hydrogels were then transferred into molds and stored in refrigerator (4 oC) until they were completely gelled. Prior to the supercritical drying (SCD), the hydrogels undergone a successive solvent exchange (30, 50, 70, 90% v/v in 24 hours for each concentration, and finished by twice washing with pure ethanol) to remove water and its impurities. The alginate hydrogels are then called as alcogels after the solvent exchange procedures was completed. 

Supercritical CO2 drying and liquid media 
To obtain blank alginate aerogels, the alcogels were subjected to the SCD which were conducted at 120 ± 5 bar and 40 oC for a duration of 4–5 hours. For the impregnation of C. nutans extracts via liquid media, the alcogels were soaked in solution of C. nutans in ethanol for maximum 3 days before the SCD, to allow maximum absorption of C. nutans extracts by the alginate alcogels. Previously, the C. nutans extracts were first extracted using microwave-assisted extraction [21]. Two types of C. nutans extracts were impregnated into the alginate aerogels i.e. C. nutans-50 and C. nutans-100. Briefly, the C. nutans extracted using 50-50% ethanol/water content are called as C. nutans-50 meanwhile the C. nutans extracted using absolute ethanol was named as C. nutans-100. After the duration was completed, the alcogels were dried by the supercritical CO2 like has been done for the blank alginate aerogels. 

Supercritical CO2 assisted impregnation
For the supercritical impregnation, the C.nutans extracts were loaded into the alginate aerogels using supercritical CO2 at 150 bar and 40 oC in 24 hours with small addition (10 wt.%) of absolute ethanol as a co-solvent to the SCCO2. The setup of the supercritical impregnation are similar to the work presented in Mustapa et al. [11]. The amount of C. nutans-50 and C. nutans-100 placed in the supercritical impregnation was same to the amount of the extracts used in the liquid method. From our preliminary study, higher portion of ethanol, more than 10 wt.% caused a severe shrinkage on the alginate aerogels during the depressurization. The large amount of ethanol lead to the vapor-liquid interface caused capillary forces on the pores structure and deformed the alginate aerogels. Furthermore, the duration of 24 hours was chosen to allow equilibrium adsorption of the plant extracts on the alginate aerogels. A known amount of C. nutans extracts was placed in an autoclave while the aerogels were placed on top of the C. nutans extracts separated by a mesh metals to avoid direct contact between the extracts and the aerogels. After the 24 hours was completed, the system was depressurized slowly at rate of 2 bar/min to avoid the formation of liquid CO2 in the autoclave. The presence of liquid CO2 may shrink the aerogels due to the formation of two phases of liquid-gas in the pores of the aerogels. 

Characterization of alginate aerogels
The textural properties of the alginate aerogels was characterized by nitrogen adsorption-desorption analysis using (Micrometer Analyzer, ASAP 2020 V4.02) at low temperature to determine the specific surface area, pore diameter and pore distribution. The alginate aerogels were degassed at 70 oC under vacuum prior to the analysis. The surface area was calculated based on the method of Brunauer, Emmett and Teller (BET) meanwhile the pore diameter and its distribution was calculated from the desorption isotherms. To determine thermal stability and residue decomposition of the alginate, differential scanning calorimetry (DSC) were carried out from 20 to           600 oC at a rate of 10 oC/min using DSC 822e Mettler Toledo SAE. All the analysis were repeated three times and the value was calculated as average and standard deviation. To examine the surface texture of the blank and impregnated alginate aerogels with C.nutans extracts were analyzed by using SEM JEOL JSM 820 and microanalysis (Bruker Quantax 2000). Before the analysis, the samples were splattered coated with gold layer and scanned at voltage of 2-4kV.



Physical stability test 
Stability analysis in terms of the physical appearance and color of the impregnated aerogels with the C. nutans extracts was also performed. This is to identify the quality of the product varies over a time period. To achieve this objective, alginate aerogels containing C. nutans-50 and C. nutans-100 were kept in glass vials, sealed, covered properly with aluminum foil to protect the aerogels from light and stored in vacuum desiccator at room temperature. After 3 months, the appearance of the aerogels were observed and recorded. The measurement were made in each 3 months interval for total duration of 12 months. In each measurements of 3 month, the extract content were quantified by UV-Vis spectrophotometer to determine the changes of the extract concentration over time, particularly the total phenols content (TPC). Prior to the analysis, the alginate aerogels were ground and submerged in ethanol to dissolve the extracts. The aliquot were then filtered and subjected to the TPC analysis preparation as mentioned in Mustapa et al. [21] followed by UV-Vis measurement against 765nm wavelength. This physical stability test was repeated twice and calculated as average and standard deviation. 

Dissolution test of C. nutans extracts
To determine the release kinetics behavior of the plant extracts impregnated in the alginate aerogels, dissolution tests were conducted in USP-certified Copley NE4-COPD dissolution tester equipment with saline phosphate buffer at pH 6.8. A known weight of the impregnated aerogels were placed in a basket and immersed in vessel containing the buffer solution. The system was maintained at a temperature of 37 ± 0.5 oC and kept stirred at 100 rpm. At each interval time, 2 ml of the aliquots was collected and replaced with 2 ml of fresh buffer solution that was maintained at 37 oC. The samples were analyzed by UV-Vis spectrophotometer at the wavelength with maximum absorption of the plant extract. The cumulative (%) amount of C. nutans released was calculated and plotted against time of the measurement. 

Results and Discussion
The nitrogen-desorption analysis on the blank alginate aerogels showed that the specific surface area, pore volume and diameter of the alginate were found in range from 86.94 to 125.9 m2/g, 0.42 to 0.8 cm3/g and 19.2 to 25.5 nm, respectively. The textural surface properties of alginate was increased with the increases of alginate concentration ratio from 1 to 2% w/w. Higher alginate content increase the crosslinking and the specific surface area of the aerogels. This is because increasing the alginate concentration would provide more functional groups of alginate molecules to be interacted with calcium cross linker agent [22]. Veronovski et al.  [23] also reported that increasing the alginate concentration result to more crosslinking of the alginate chains with the physical structure of the aerogels are more compact and stiff. High surface area of the aerogels is very important for the impregnation purposes. As a rule of thumb, higher specific surface area contribute to higher loading capacity. Nevertheless, other factors also may influence the aerogels capacity such as solubility of substance in solvent carrier, affinity interaction of aerogels material-solute and material-solvent. 

For the thermal analysis, a DSC diagram of the alginate aerogels is presented in Figure 1. It can be observed that a broad endothermic peak occurred at 70 oC was may attributed to the loss of water from the alginate aerogels. As the temperature increased, an exothermic appeared at 240 oC corresponds to the decomposition of the biopolymer. This observation was apparently different from the result reported by Veronovski et al. [23] where they found the decomposition of the alginate occurred at from 330 to 450 oC. 















Figure 1.  Thermal stability and residue decomposition of alginate aerogel by DSC measurement

Surface textures of blank and impregnated alginate aerogels with C.nutans extracts analyzed by SEM are presented in Figure 2. The images show that the textural of the blank alginate aerogels (Figure 2a) looks uniformly cross-linked and has smaller open pores in comparison to the texture of the alginate aerogels impregnated with the C. nutans-100 extract (Figure 2b). The structure of the alginate impregnated with C. nutans extract appear to be slightly swollen and bigger compared with the blank alginate aerogels. This could be due to the interaction between ethanol and alginate material during the impregnation via liquid media and effect of CO2 swell the material during the supercritical drying. In addition, longer impregnation time for 24 hours for this case also may lead to higher extent of swelling of the material matrix [24]. Eventually, higher swelling degree and high CO2 sorption facilitated the diffusion of compounds solution into the material matrix [25]. Future thorough investigation on the interaction between multicomponent of C. nutans extracts and alginate materials in the presence of other solvent such as alcohol or CO2 could interesting in order to understand the behavior of the impregnation using SCCO2. 
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Figure 2.  Textural surface of alginate aerogels: a) blank alginate (2 wt.%) and b) alginate aerogels (2 wt.%) impregnated with C. nutans-100 extract by liquid media impregnation method

The physical stability test of the alginate aerogels impregnated with the C. nutans-100 extracts are presented in Figure 3. It shows that at the first 3 month of the storage, the decreasing of the TPC content was insignificant from 0.796 to 0.745 mg/g. Meanwhile after 6 month, the TPC was started to decreased and found to be drastically reduced at month-12 to 0.332 mg/g of TPC. The decreasing of the TPC was continuously reduce until month-14 with 0.224 mg/g remained in the alginate aerogels. This result indicated that the reduction of the TPC still occur despite the samples were carefully covered and stored at room condition, due to the oxidation of some phenolic acid in the extract impregnated in the aerogels. However, the reduction of the TPC was slow could be due to minimal oxygen presence in the alginate pores [26]. As the duration continued until 12 month, the decreasing of the TPC became remarkable from 0.612 to 0.332 mg/g as more empty pores are occupied with oxygen thus encourage the oxidation of the polyphenols. Few study on the stability polyphenols content impregnated into a material also showed that the TPC was lower at the end of the storage that due to the oxidation process [26].  



Figure 3.  Variation of polyphenols content during storage 

On the other hand, qualitative analysis on the color variations of the impregnated aerogels with C. nutans extracts are presented in Figure 4. As exhibited in Figure 4, the color of the alginate aerogels had faded away after 13 month in the storage. It was observed that the green color of the C. nutans-100 extracts changed from green to yellow pale. This indicate that the chlorophyll was degraded with extension of storage duration. Theoretically, the degradation of chlorophyll can be influenced by environmental factors such as enzyme degradation and oxidation bleaching that caused by reactive oxygen [27]. Additional test was also observed for silica aerogels impregnated with C. nutans-100. The degree of decolorized of the C. nutans extracts was higher than the extracts impregnated into alginate aerogels. High opacity of the alginate aerogels may affects this observation. 
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Figure 4.  Sample of aerogels impregnated with C.nutans-100 images in stability test a) month-1 and b) month-12

The specific loading of C. nutans extracts into alginate aerogels were presented in Table 1. It is showed that the loading of the C. nutans-50 extracts via liquid media impregnation was higher with 5.4 × 10-5 g/m2 in comparison to the SCCO2 technique that yielding 4.9 × 10-6 g/m2. Poor solubility of phytocompounds in the C. nutans-50 extracts in SCCO2 that mainly comprises of large molecules compounds such as tannin, saponin and terpenoid was anticipated influenced the loading. Results also showed that the addition of 10 wt.% absolute ethanol in the SCCO2 impregnation did not enhanced the specific loading of C. nutans-50 and C. nutans-100, relatively to the liquid media method. The specific loading of C. nutans-100 via liquid media was found to have comparable values to the loading obtained by SCCO2 range from 1.4 to 1.5 × 10-4 g/m2. This situation probably due to competitive of affinity of CO2 sorption [28] and hydroxyl group on the alginate material may the loading of the extract. Thus, in this case, the selection of impregnation method for the C.nutans-100 extract is anticipated not crucial, considering the extract loading in the alginate aerogels.

Table 1.  Specific loading of C.nutans extracts by liquid media and supercritical CO2 impregnation into alginate aerogels

	Impregnation Technique
	Extracts
	Specific Loading 
(g/m2)

	Liquid media
	C.nutans-50
	5.4 × 10-5 ± 1 × 10-5

	
	C.nutans-100
	1.4 × 10-4 ± 2 × 10-5

	Supercritical CO2 assisted 
	C.nutans-50
	4.9 × 10-6 ± 4 × 10-5

	
	C.nutans-100
	1.5 × 10-4 ± 1 × 10-5



C.nutans release kinetics
C. nutans extracts release profile from the alginate aerogels are presented in Figure 5. The dissolution of the C. nutans-50 extract impregnated via SCCO2 is faster than the release from the alginate impregnated by liquid media; 70% of the C. nutans-50 in 2 hours. Meanwhile for the C. nutans-50 extract impregnated via liquid media, lower kinetic was observed i.e. 60% in 2 hours and tend to increase after 4 hours of the dissolution test. On the other hand, the release of the C. nutans-50 that impregnated via SCCO2 began to reduce after 3 hours and stabilize towards the end, with approximately 75% of total extract was released in 6 hours. The C. nutans-100 extract impregnated by liquid media showed apparently slower kinetics than the release of C. nutans-50. It is anticipated that the slow release of C. nutans-100 extract could be due to interaction between carboxyl groups on the alginate aerogels and hydroxyl groups that may present in some of multi-phytocompounds in the extract. This probably explain the extremely poor dissolution of C. nutans-100 extract impregnated by SCCO2, which only 3.5% (data not presented here) of the extract released after 8 hours of the duration. In contrast, high solubility of the phytocompounds present in the C. nutans-50 extract in water is anticipated enhance good dissolution of the extract into the fluid test from the alginate aerogels. 

These results indicated that, for the case of C. nutans-50 extract, the compounds impregnated by SCCO2 exhibited faster release from alginate biopolymer in comparison to the extracts impregnated by conventional technique i.e. liquid media method. Previous studies [29, 30] also have demonstrated that compounds loaded by SCCO2 showed faster compounds release than the conventional impregnation. 


Figure 5.  Release kinetics of C.nutans extracts from alginate aerogels (average ± standard deviation)

Conclusion
Impregnation of medicinal plant extracts, C.nutans results a variation of specific loading pattern, dependent on the type of C. nutans extracts and technique of impregnation. The selection of the most promising technique is based on the solubility of compounds and the target of the impregnation i.e. loading and release kinetics behavior. High loading of C. nutans-50 extract can be achieved via liquid media impregnation but exhibits slower release. Meanwhile the C. nutans-100 extract, liquid media and SCCO2 shows a comparable loading values but the impregnation via liquid media exhibited faster kinetic release. The release kinetics study revealed that the impregnation of the plant extracts in the alginate might have different behavior depending on the solubility of the compounds, interaction between the compounds and alginate matrix as well as the method of impregnations. The physical stability test on the C.nutans extracts impregnated in the alginate aerogels deteriorate after 13 months loaded in the carrier material. This indicates that the shelf-life of the extracts in the aerogels can be maintained until 6-9 months considering the quality of the polyphenols content. A proper coating on alginate aerogels to protect the impregnated compounds or design micro- or nanoparticles carrier shape could be stimulating and enhanced for future development of new herbal carrier. 
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