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Abstract 12 

Capsaicin (CC), the dominant pungent compound in hot chilies, is widely used as a flavouring 13 

agent, preservative, active compound in packaging film and functional foods. Capsicum chinense 14 

cv Bhut Jolokia is one of the richest sources of CC, yet scarcely studied. The present 15 

investigation aimed to optimize a clean and green method for extracting CC through supercritical 16 

fluid extraction (SFE) method. Low-grade, culled, and discarded fruits were used for the 17 

extraction, and process was optimized through central composite design of RSM.  The optimized 18 

extraction condition, 68.31 ℃/347.98 bars/102.50 min, resulted in maximum CC content (367.14 19 

± 1.12 mg/g) and oleoresin yield (7.23 ± 2.15 %) in a shorter extraction time (< 2 h). Accelerated 20 

thermal stability study suggested first-order degradation kinetics of CC at temperatures from 80 21 

to 140 ℃. The activation energy (kJ/mol) of the reaction was 71.86, while Q10 for 80 to 100 ℃, 22 

100 to 120, and 120 to 140 were 0.0548, 0.0574, and 0.1456, respectively. Valorisation of Bhut 23 

Jolokia for targeting an oleoresin with maximum CC opens a new window for its commercial 24 

exploitation in food industry. Furthermore, the study opens avenues for exploration of SFE-based 25 

extraction as clean, and sustainable method with reduced carbon footing. 26 

Keywords: 27 

Chili oleoresin; Supercritical carbon-dioxide extraction; Total phenolic content; Antioxidant 28 

activity; Thermogravimetric analysis; First-order kinetics 29 

Statement of Novelty 30 

The study employs a green supercritical fluid method for extraction of capsaicin from Capsicum 31 

chinense (cv Bhut Jolokia). The technology envisaged an innovative non-hybrid mode which 32 

yielded the highest capsaicin content in the shortest time (<2 h). Bhut Jolokia represents a 33 
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promising candidate for commercial oleoresin extraction given its exceptionally high capsaicin 34 

content (39.24 % of oleoresin). 35 

36 
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Highlights 37 

• Underutilized Capsicum chinense cv Bhut Jolokia was valorized. 38 

• Green and clean process employed for extraction of capsaicin-rich oleoresin. 39 

• Novel optimized process yielded maximum capsaicin in shortest time.  40 
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Graphical Abstract 41 

 42 
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1. Introduction 43 

Hot chili peppers are an important component of the staple diet of Asian and Mexican countries. 44 

They are indispensable in Indian curries, sauces, and pickles; and are valued for their 45 

characteristic aroma, taste, flavor, and pungency. Being the largest producer, India accounts for 46 

approximately 40 % (2.05 MT) of the world's total chili pepper production and is also the largest 47 

consumer, and exporter. India exported 0.56 MT of chilies to USA and China in the year 2021 48 

(FAO, 2021).  49 

Bhut jolokia (BJ), a cultivar belonging to the Capsicum chinense (Jacq.) species, is native to the 50 

northeastern region of India. It is primarily cultivated in the states of Manipur, Nagaland, and 51 

Assam and is commonly referred to as ‘U-morok’, ‘Naga king chili’, ‘Raja mircha’, ‘Ghost 52 

pepper’ etc. Traditionally, it is utilized as a flavoring agent in local cuisine and folk medicine for 53 

the treatment of asthma, gastrointestinal abnormalities, toothache, muscle pain, and arthritis 54 

(Bhagowati & Changkija, 2009). It was recognized as the ‘world’s hottest chili’ (1001304 55 

Scoville Heat Units) by the Guinness World Records in the year 2006 followed by a GI tag 56 

recognition in 2008  (Verma et al., 2013). The capsaicinoid content in BJ is approximately 338 57 

and 18 times higher than those in Scotch Bonnet and Jalapeno, respectively (Liu & Nair, 2010). 58 

Capsaicin (CC) contributes to about 69 % of the total capsaicinoid (Popelka et al., 2017)  and is 59 

the dominant pungency compound in BJ. The content of CC in BJ ranges from 21.87 to 59.87 60 

mg/g powder (Islam et al., 2015; Moirangthem et al., 2014; Schmidt et al., 2017; Sweat et al., 61 

2016);  higher than that reported in ‘Malagueta’ (1.02 mg/g) the widely studied Brazilian pepper 62 

(de Aguiar et al., 2013, 2018; Santos et al., 2015).  63 

Capsaicin is a potent nutraceutical compound and its selective impact on the peripheral portion 64 

of the sensory nervous system (specifically on the primary afferent neurons) is amongst its most 65 
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acknowledged attributes. Its ability to deplete neurotransmitter of painful impulses has 66 

established CC as a versatile therapeutic agent for alleviating rheumatoid arthritis, post-herpetic 67 

neuralgia, post-mastectomy pain syndrome, and diabetic neuropathy (Adhikari et al., 2023; 68 

Dludla et al., 2022). Other proven health-promoting effect includes anti-cancerous, anti-69 

inflammatory, anti-iron binding, anti-obesity, cardiovascular activity regulation, analgesic 70 

properties, and antimicrobial properties (Sanati et al., 2018; Xiang et al., 2022). 71 

Immunomodulatory response of CC on neurilemma cells due to the anti-inflammatory effect 72 

suggests its rational use for the treatment of Covid-19 (Grüter et al., 2020). 73 

The extraction of CC is a challenging step governing the production and mass availability of this 74 

bioactive compound (Castro-Muñoz et al., 2022). Conventional extraction demands exhaustive 75 

solvent extraction for long periods, coupled with heat treatment for long durations. Although the 76 

yields are high, the overuse of harmful solvents violates environmental and health guidelines. 77 

Hence, the urgency for developing cost-effective and clean extraction processes capable of 78 

preserving the nutritional, functional, and biological properties of CC, while ensuring high 79 

extraction yields must be addressed.  80 

Supercritical fluid extraction (SFE), particularly supercritical carbon dioxide (SC-CO2) 81 

extraction, is used for the extraction of bio-actives and has attracted attention as its advantages 82 

include non-toxicity, affordability, non-inflammability, chemically inert, abundant availability, 83 

and ease of removal from the extract when exposed to room conditions (25 ℃, 1 atm) (Al-84 

Maqtari et al., 2021). Supercritical solvents diffuse into the solid matrix like a gas while 85 

simultaneously solubilizing certain compounds of interest from the solid matrix. The low 86 

polarity of CO2 also makes it ideal for lipophilic compounds such as CC (de Aguiar et al., 2022). 87 

The use of co-solvents (ethanol) in conjunction with SC-CO2 is reported to improve its extraction 88 
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efficiency (Ahangari et al., 2021; Yen et al., 2015). Katherine et al., (2008) investigated SFE of 89 

lycopene from watermelon and reported the highest lycopene yield (36 %) at 60 ℃ and 20.7 90 

MPa, with 15 % ethanol (v/v) as co-solvent. Several SFE studies for the extraction of 91 

capsaicinoids or CC from different chili peppers are also available (de Aguiar et al., 2014; Perva-92 

Uzunalić et al., 2004; Santos et al., 2015; Shah et al., 2020; Silva & Martínez, 2014). However, 93 

the extraction period in reported studies is long (>5h); making the process uneconomical and 94 

detrimental to the stability of CC. Additionally, there are limited studies on CC extraction from 95 

Bhut Jolokia. For instance, Sarwa et al., (2017) attempted microwave and ultrasound-assisted 96 

extraction using acetone for the extraction of capsaicinoids. Bajer et al., (2015) applied 97 

pressurized hot extraction at extremely high temperatures (120-240 ℃) but extracted only 0.91% 98 

of CC. Deka and Hulle (2021) extracted only 1.72 % of capsaicin despite using SFE. 99 

Considering the above said deficiencies related to low yield under different extraction conditions 100 

and vast potential of Bhut Jolokia as a promising source of CC, a systematic study was planned 101 

to target high yield and CC content.  102 

The main objective envisaged was to optimize a non-hybrid SFE technique for maximizing CC 103 

extraction from discarded BJ fruits. A central composite design (CCD) of the response surface 104 

methodology (RSM) was employed for optimization. Ethanol was used as a co-solvent to 105 

improve the polarity of SC-CO2. The optimized BJ oleoresin (BJO) was characterized for 106 

functional quality in terms of total phenolic content and antioxidant activity. Additionally, the 107 

oxidative stability and thermal stability of BJO were established through an accelerated thermal 108 

stability study and thermogravimetric analysis, respectively.  109 

2. Materials and Methods 110 
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2.1 Chemicals 111 

Capsaicin standard (≥93% assay) was purchased from M/s Wako Pure Chemical Industries Ltd., 112 

Japan while liquid CO2 (≥95% purity) was acquired from M/s Amit Laboratory, New Delhi. All 113 

solvents and chemicals used in the analysis were of HPLC grades.  114 

2.2 Material 115 

Ten kg of sun-dried Capsicum chinense (cv Bhut Jolokia) was procured from two farm locations 116 

in Imphal, Manipur, India. Generally, after drying, top-quality graded fruits enter into spice mix 117 

whereas low culled fruits are discarded or collected for low-grade powder. These low-grade 118 

fruits were utilized for the extraction of oleoresin in this study. 119 

2.2.1. Preparation of Chili Fruits 120 

The fruits were cleaned and further dried using a recirculatory air dryer (AN CRYO RDAD-80, 121 

Ancryo Instruments Pvt. Ltd., India) at 60 ℃ with an airflow rate of 3 m/s for 2 h and 15 % 122 

relative humidity till moisture content of 10 % was achieved.  The fruits were pulverized in a 123 

mixer-grinder (HL1605 Philips; 230 V, 50 Hz 500 W), sieved through BS 16 mesh (≤1 mm); 124 

loaded into airtight containers, and stored at –20 ℃ till further analysis. For homogeneity, two 125 

sets of powdered samples were considered for optimization by replicating some of the 126 

experimental runs (one from each sample) to assess the variability between samples (Section 127 

2.5). Since the variability between the responses received from each sample was small (Table 1), 128 

further optimization was carried out by taking both the replicated points (both axial and center 129 

points). Trials were conducted at optimized levels of the input factors on a different sample 130 

prepared for the validation purpose and the result are presented in the paper to ensure the 131 

reproducibility of results.  132 
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2.3 Compositional Analysis of Capsicum chinense (cv Bhut Jolokia) Powder  133 

The dried chili powder was analyzed for the carbohydrate, protein, crude fat, ash, and moisture 134 

contents in triplicates as per standard methods (AOAC, 2000; Shah et al., 2020). 135 

2.3.1 Soxhlet Extraction  136 

The oleoresin or the global yield (GY) of the BJ powder was determined by employing the 137 

Soxhlet extraction (SOX) method as described by Santos et al. ( 2015) with minor modifications. 138 

Hexane (100 mL) was used for extraction from Bhut Jolokia powder (3 g) for 6 h. The solution 139 

was evaporated in a rotary evaporator (Heidolph, Germany) at 40 ℃ vapor temperature, 335 140 

mbar vacuum, and 50 ℃ water bath temperature to obtain a brownish-orange thick oleoresin 141 

which was weighed and stored at –20 ℃ until further analysis. The CC content was analyzed as 142 

per the protocol given in section 2.6.  143 

2.3.2 Global Yield 144 

After the removal of solvent, weight of BJO (XBJO) was measured using an analytical balance. 145 

The oleoresin yield or global yield (GY) was determined using the following formula. 146 

𝐺𝑙𝑜𝑏𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 =  𝑋𝐵𝐽𝑂 𝑋𝑓⁄ × 100       (1) 147 

where 𝑋𝐵𝐽𝑂 = weight of BJO (g), 𝑋𝑓 = weight of feed (g). 148 

2.4 Instrumentation for Supercritical Fluid Extraction 149 

Extraction was performed out in a supercritical fluid extraction (SFE) system (Model No 7100, 150 

Thar Technologies Inc., USA) (Fig. 1). For each experiment, chili powder (100 g) was wrapped 151 

in a muslin cloth with the free ends fastened using threads to prevent the migration of particles 152 
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from the extraction vessel to other parts of the system and loaded into the extraction chamber (1 153 

L). The extraction parameters were controlled using the system’s software (Super Chrom SFC 154 

Suite v5.9, Thar Technologies Inc., USA).  155 

The extraction parameter investigated were: pressure (150, 225, 300, 375, and 450 bar); 156 

temperature (40, 50, 60, 70, and 80 ℃); and time (30, 60, 90, 120, and 150 min). Pressure levels 157 

were decided as per a previous report from our laboratory (Patel et al., 2019). Temperature 158 

range, on the other hand, was selected such that the lower limit was well above the critical 159 

temperature of CO2 (31.1 ℃) and the upper limit was capped at 80 ℃ to check the thermal 160 

degradation of CC. The maximum extraction period was restricted to 150 min in line with the 161 

objective to optimize an SFE technique with a shorter extraction period while CO2 flow rate was 162 

set at 35 g/min as fixed for the SFE system in previous work (Patel et al., 2019). Further, to 163 

accentuate the extraction efficiency, ethanol at 5% (w/w) was used as a co-solvent. Post 164 

extraction, ethanol from the extract was vaporized in a rotary evaporator at 40 ℃ vapor 165 

temperature, 175 mbar vacuum, and 50 ℃ water bath temperature. Quantification of CC was 166 

carried out according to the protocol presented in section 2.6, and GY was calculated as per 167 

section 2.3.2. 168 

2.5 Experimental Design and Statistical Analysis 169 

Response surface methodology (RSM) was employed to optimize the extraction parameters 170 

(temperature, pressure, and time) for maximization of CC and GY in BJO. A five-level central 171 

composite design (CCD) was used for the experimentation. The experimental layout was 172 

obtained using the Design Expert software (ver. 13) (Licensed to ICAR-CMFRI, Kochi) for three 173 

input factors viz., temperature (℃), pressure (bar), and time (min). A total of 28 experiments 174 
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were conducted (Table 1) which include the replicated axial and center points to provide 175 

sufficient degrees of freedom for testing the lack of fit of the model. Second order polynomial 176 

model was fitted to establish a functional relationship between the responses (CC and GY) and 177 

the input factors (temperature, pressure, and time). Analysis of variance (ANOVA), R2, and lack 178 

of fit statistics were used for assessing the statistical significance of the fitted model. This model 179 

was employed for further optimization using Design Expert software by assigning suitable goals 180 

for each of the input factors and responses; factors were set to ‘in range’ while the responses 181 

were set to ‘maximize.’ Multi-response optimization was done to find out the optimum settings 182 

which maximize the responses, and optimum values for input factors were chosen based on the 183 

desirability function  (Derringer & Suich, 1980). Optimized responses were further validated 184 

with significance assessed at p<0.05. Three-dimensional surface plots were provided to depict 185 

the behavior of the response variables with varying levels of the input factors. 186 

2.6 Quantification of Capsaicin 187 

An Ultra-Fast Liquid Chromatography (UFLC) (Shimadzu Corporation, Nakagyo-ku, Japan) 188 

equipped with DGU-20 A5R (degassing unit), LC – 20 AD prominence chromatograph (pump), 189 

SIL 20 ACHT prominence autosampler, CBM20A communication bus module, SPD – M20A 190 

prominence diode array detector and CTO – 20 AC prominence column oven was employed for 191 

the quantification of CC from the extract. A shim-pack solar C18 reverse phase column (4.6 x 250 192 

mm; 5 μm particle size) was used with an isocratic elution of acetonitrile and water (70:30) 193 

having a flow rate of 0.8 mL/min, 15 min run time and column temperature was set at 40 ℃. A 194 

volume of 20 µL was injected and detection was observed at 280 nm. LabSolution software was 195 

used for the quantification of CC and data analysis. All samples for analysis were freshly 196 



 

 

13 

 

prepared by making a 1000 ppm solution of the BJO in acetonitrile. This was then filtered 197 

through a syringe filter (0.22µm PVDF hydrophilic membrane, Himedia). 198 

For the calibration curve, a 1000 ppm (1 mg/mL) stock solution of CC standard was prepared in 199 

acetonitrile. From this, 50, 100, 200, 300, and 500 ppm working concentrations of the standard 200 

were prepared. The area obtained under each chromatogram was plotted against its respective 201 

concentration for constructing the calibration curve. Guidelines of the International Council on 202 

Harmonisation were employed for method validation. 203 

2.7 Total Phenolic Content  204 

The total phenolic content (TPC) of the optimized BJO was determined according to the method 205 

described by Ayob et al. (2021) with some modifications. Briefly, a 1000 ppm solution of BJO 206 

was initially prepared in acetonitrile; 100 µL of this solution containing 650 μg/mL of optimized 207 

BJO was added to 3 mL of distilled water; 500 µL of Folin-Ciocalteau reagent was added; and 208 

incubated for 2 min. Subsequently, 2 mL of 20 % sodium carbonate solution was added and 209 

absorbance at 750 nm was measured against a reagent blank after 30 min of incubation. The 210 

results were expressed as mg Gallic acid equivalents (GAE)/100 g dw. 211 

2.8 Antioxidant Activity (AOX) 212 

2.8.1 Ferric Ion Reducing Antioxidant Power (FRAP) 213 

The reducing power of optimized BJO was ascertained with the FRAP assay as per the protocol 214 

reported by Visakh et al. (2022) with minor modifications. FRAP reagent was freshly prepared 215 

by mixing 10 mM TPTZ (2,4,6-Tripyridyl-S-triazine prepared in 40 Mm HCl), 20 mM FeCl3, 216 

and 300 mM acetate buffer (pH 3.6) in the ratio 1:1:10. Thereafter, 100 μL of acetonitrile 217 



 

 

14 

 

solution containing 650 μg/mL of optimized BJO was added to 3 mL of FRAP reagent, 218 

incubated at 37 ℃ for 10 min, and optical density was read at 593 nm.  219 

2.8.2 2,2-Diphenylpicrylhydrazyl (DPPH) Radical Scavenging Activity Assay  220 

The free radical scavenging capacity of optimized BJO was measured from the stable 2,2-221 

diphenyl-1-picrylhydrazil (DPPH) radicals scavenged by the optimized BJO (Visakh et al., 222 

2022). A volume of 100 μL of acetonitrile solution containing varying concentrations of BJO 223 

(10–50 μg/mL) was taken in a series of test tubes, 3.9 mL of DPPH reagent was added, and after 224 

30 min of incubation in the dark, absorbance was read at 517 nm. Results were expressed in 225 

µmolTE/g. Additionally, the half maximal inhibitory concentration (IC50) value was assessed 226 

using probit linear regression analysis.  227 

2.9 Thermogravimetric Analysis of Optimized Bhut Jolokia Oleoresin 228 

Thermal stability of optimized BJO (≈4 mg) was determined using a thermogravimetric analyzer 229 

(TGA 2 STARe system, METTLER TOLEDO, Switzerland), under nitrogen with a flow rate of 230 

100 mL/min and heated from 25 to 700 ℃ at a heating rate of 10 ℃/min. 231 

2.10 Accelerated Thermal Stability 232 

To understand how CC degrades during high-temperature processing, optimized BJO was 233 

directly added to a carrier oil viz., rice bran oil (RBO) at a rate of 1 % (w/v) and homogenized (T 234 

25 Ultra Turrax, IKA). This oil was heated to different temperatures (80, 100, 120, and 140 ℃) 235 

in a magnetic stirrer (Tarson Digital Spinot) for 90 min each with continuous stirring to ensure 236 

uniform heating. An independent thermometer was utilized for simultaneous monitoring of 237 

temperature throughout the experiment. Aliquots were drawn every 15 min for a total duration of 238 

90 min, cooled immediately, and refrigerated at 4 ℃ until analysis. 239 
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The experimental data were fitted using first-order reaction (Eq. 2) and half-lives (t1/2) of CC 240 

corresponding to each temperature were calculated as given in Eq. 3. The goodness of fit was 241 

established through the coefficient of determination (R2) and the sum of squared residuals (SSR) 242 

(Eq. 4).  243 

𝐶𝑡 = 𝐶𝑜𝑒(−𝑘𝑡)          (2) 244 

where Co and Ct = CC content at the initial time and time t (mg/mL of oil), respectively, and k = 245 

degradation rate (h-1). 246 

𝑡1 2⁄ = ln(2) 𝑘⁄          (3) 247 

where t1/2 = half-life of CC (h). 248 

𝑆𝑆𝑅 = ∑ {(𝐶𝑡 − 𝐶𝑒𝑥𝑝𝑡)2}        (4) 249 

where Ct = observed CC content at time t, and Cexpt = expected CC content at time t. 250 

Furthermore, the dependence of the thermal degradation of CC in RBO was ascertained by 251 

calculating the activation energy (Ea) and temperature quotient (Q10) values using Eq. 5 and Eq. 252 

6. 253 

𝑘 =  𝑘𝑜𝑒−𝐸𝑎 𝑅𝑇⁄           (5) 254 

where k = degradation rate (h), ko = Arrhenius constant, Ea = activation energy J/mol, R = 255 

Universal gas constant (8.31 J/mol K), T = temperature (K). 256 

𝑄10 =  (𝑘2 𝑘1⁄ )10 𝑇2− 𝑇1⁄
        (6) 257 
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where k1 and k2 = degradation rate corresponding to temperature T1 and T2, respectively. 258 

3. Results and Discussion 259 

3.1. Compositional Analysis of Capsicum chinense (cv Bhut Jolokia) 260 

The physicochemical composition of BJ powder in terms of carbohydrate, protein, crude fat, ash, 261 

and moisture was 64.79, 11.29, 4.98, 7.88, and 11.05 %, respectively (Table 2). The values 262 

obtained conform with the previous results (Deka & Swami Hulle, 2021; Kuna et al., 2018). The 263 

conventional SOX yielded 11.73 ± 1.15 % of oleoresin (referred to as GY i.e., global yield) and 264 

CC content of 485.83 ± 45.79 mg/g.  The GY obtained was nearly twice the content reported in a 265 

previous study (6.23 %) (Deka & Swami Hulle, 2021). The differences may be attributed to the 266 

quality of raw materials, cultivation practices, and processing conditions (Das et al., 2016; de 267 

Aguiar et al., 2018).  268 

3.2. Supercritical Extraction of Bhut Jolokia Oleoresin 269 

The statistical significance of temperature, pressure, and time on the response factors was 270 

investigated through a second-order model using ANOVA (Tables 3 & 4). Second-order models 271 

with a non-significant lack of fit were developed for both CC and GY (Eq. 7 & 8).  272 

3.2.1 Effect of Extraction Parameters on Capsaicin Content in Bhut Jolokia Oleoresin 273 

The CC content in BJO ranged from 305.68 to 392.39 mg/g, with the highest and lowest levels 274 

observed in the 4th and 7th run, respectively (Table 1). ANOVA revealed that a quadratic model 275 

can significantly explain the impact of the extraction parameters on the CC content (Table 3). 276 

The test of significance (Table 4) indicated that the linear impact of temperature, pressure, and 277 

time; as well as the interaction effects of temperature and pressure were statistically significant 278 
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(p<0.01). The quadratic effects of all input factors were highly significant (p<0.0001). The 279 

quadratic model (Eq. 7) so developed was significant and had a non-significant lack of fit, 280 

indicating that it can effectively depict the effect of the extraction parameters on the CC (R2 = 281 

0.89). 282 

𝐶𝐶 (𝑚𝑔 𝑔⁄ ) =  ─ 220.70 +  12.34A +  0.82B +  1.59C +  0.01AB283 +  0.02AC ─ 0.0004BC ─ 0.13𝐴2 ─ 0.002𝐵2 ─ 0.01𝐶2 284 

                   (7) 285 

where A = temperature (℃), B = pressure (bar), C = time (min).  286 

The interaction effect of temperature and pressure (Fig. 2 (a)) was found to be significant (Table 287 

4). Increasing both these parameters increased CC content from 312.10 to 392.39 mg/g but at 288 

higher temperatures and pressure (> 60 ℃ and >300 bar), CC content reduced (349.93 mg/g at 289 

450 bar and 338.62 mg/g at 80 ℃). At a given temperature, increasing the pressure is known to 290 

increase the solvent density of supercritical fluids which in turn improves its solvating power. On 291 

the other hand, the opposite holds true for temperature (Leila et al., 2022). This is the reason for 292 

the reduction of CC at temperatures beyond 60 ℃. At extreme extraction conditions, the 293 

combined effect of temperature and pressure may have reduced the solvating power of CO2 or 294 

degraded CC resulting in lower CC yield. This shift in the effect of pressure from positive to 295 

negative on CC content was also observed at 75 bar by Deka and Hulle (2021) and 400 bar by 296 

Shah et al. (2020).  297 

For all levels of temperature, increasing extraction duration up to 90 min promoted CC 298 

extractability, however, beyond 90 min, a reduction in CC content was observed (Fig. 2 (b)). A 299 

similar trend was also noted for all levels of pressure (Fig. 2 (c)). The highest CC content 300 

(392.39 mg/g) was achieved after 90 min (4th run) while after 150 min, (18th run), CC content 301 
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dropped to 310.09 mg/g. The initial increase in CC concentration for all levels of pressure and 302 

temperature elucidates the linear effect of time which was found to be statistically significant 303 

(Table 4). The reduction at longer extraction periods, particularly at higher pressure levels, was 304 

accounted to the compaction of the sample matrix due to extreme pressure which interfered with 305 

the flow path of SC-CO2 (Lad & Kar, 2021). Another reason for such a phenomenon could be the 306 

lower solubility of CC as compared to triacylglycerols and carotenoids (de Aguiar et al., 2014).  307 

The extraction efficiency of CC with SFE was found to be in the range of 62.93 to 80.77 % in 308 

comparison to conventional SOX. Despite low yields, our results are satisfactory considering two 309 

important facts: firstly, the short extraction period (<2 h) and, secondly, a clean process free of 310 

toxic solvents. Previous works have reported higher recovery after extended extraction periods. 311 

Perva-Uzunalic et al. (2004) reported that about 96 % of total capsaicinoids were extracted at 312 

400 bar and 80 ℃ after 5.6 h of extraction. Likewise, de Aguiar et al. (2013) reported the highest 313 

CC yield (42 mg/g extract) at long extraction periods (5.3 h). A careful perusal of previous works 314 

reveals that though capsaicinoid yield in these cases is high, the process is uneconomical due to 315 

the long extraction duration.  316 

It is noteworthy to observe that the maximum CC obtained in this study (4th run) was about 3 to 317 

18 times higher than earlier reported results in extracts from ‘Malagueta’ and ‘Habanero’ pepper 318 

extract, respectively (de Aguiar et al., 2018; Martins et al., 2017). 319 

 3.2.2 Effect of Extraction Parameters on Oleoresin Yield 320 

The yield of oleoresin in all SFE runs was lower than conventional SOX (11.73 %); quite 321 

expected as the boiling solvent permits easy access to the active sites within the substrate 322 

allowing easy solubilization of the target biomolecule into the solvent in conventional SOX. In 323 
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addition, a longer extraction period (6 h) ensured the complete extraction of CC along with other 324 

compounds resulting in a high GY.  The lower GY as perceived for all runs of SFE could be due 325 

to the presence of some non-polar solutes that are soluble in hexane but insoluble in SC-CO2 326 

(Uquiche et al., 2005). Similar differences between conventional SOX and SFE were reported by 327 

de Aguiar et al. (2013) and Santos et al. (2015). The GY varying from 2.17 to 9.15 % in our SFE 328 

study corresponded to 18.50 to 78 % of GY obtained using SOX. 329 

ANOVA table (Table 4) for GY obtained using SFE showed that the linear effects of all the 330 

extraction parameters were significant out of which temperature and time were highly significant 331 

(p<0.0001). The quadratic effect of temperature and pressure was significant at p<0.05. All other 332 

terms were found to be statistically non-significant (Table 4). A second-order polynomial 333 

equation (Eq. 8) with a good correlation (R2 = 0.90) was found to be significant for GY (Table 334 

3). An insignificant lack of fit indicated that this model can logically explain the effect of the 335 

input parameters (temperature, pressure, and time) on GY.  336 𝐺𝑌 (%) =  ─ 13.91 +  0.30A +  0.02B +  0.03C +  0.0003A 338 +  0.0009AC ─ 0.00002BC ─ 0.003𝐴2 ─ 0.000059𝐵2 ─ 0.0002𝐶2
 339 

                 (8) 337 

where A = temperature (℃), B = pressure (bar), C = time (min).  340 

For a given extraction period, at all levels of pressure, increasing the temperature from 40 to 80 341 

℃ positively impacted the GY (Fig. 2 (d)) but the effect of pressure on GY was not as prominent 342 

as that of temperature whose linear effect was found to be highly significant (p<0.0001). Del 343 

Valle et al. (2003) reported an increment in extraction yield from pelletized Jalapeño peppers as 344 

the temperature was increased from 35 to 65 ℃ at 360 bar. 345 
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At all levels of temperature, for a given pressure level, increasing the extraction duration from 30 346 

to 150 min increased the GY (Fig. 2 (e)). Likewise, GY increased as the temperature was 347 

elevated from 40 to 80 ℃ for all levels of extraction period. The surface plot predicts that 348 

maximum GY can be achieved at higher levels of temperature and extraction period; the linear 349 

effect of both these parameters was highly significant (p<0.0001). Higher temperature increases 350 

solute volatility, enhances solubility, and improves extraction efficiency; however, this can also 351 

lower the density of SC-CO2 and reduce its solvating power (Leila et al., 2022). Thus, it is 352 

important to arrive at a temperature that will increase the solute volatility without compromising 353 

the density of SC-CO2. This may be the reason for the reduced yield at 80 ℃ in the 16th run 354 

(6.48%) with the maximum GY achieved at 60 ℃ in the 18th run (9.15%) after an extraction 355 

period of 150 min. Other SFE studies on chilies also support that longer extraction periods favor 356 

higher GY (Perva-Uzunalić et al., 2004; Uquiche et al., 2005).  Longer extraction duration 357 

ensured enough time to achieve diffusion extraction as well as adequate contact time between the 358 

analyte and SC-CO2 thereby, improving its extractability. During SFE of Biquinho pepper, 359 

diffusion extraction was reported to dominate the SFE process after 80 min at 150 bar and 60 ℃ 360 

(de Aguiar et al., 2014).  361 

A similar trend, as discussed above, was observed for the interaction of pressure with time at 362 

constant temperature (Fig. 2 (f)). However, the positive impact of longer extraction periods on 363 

GY is less pronounced than that of temperature. The improvement in GY is justified as 364 

increasing pressure for a given temperature leads to an increase in SC-CO2 density which in turn 365 

augments its solvating power and hence, promotes higher solubility of the target compound. 366 

Moreover, elevated pressure levels are known to encourage mass transfer between the analyte 367 

and the SC-CO2 (Shah et al., 2020). The positive impact of pressure and time on the GY has also 368 
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been documented in other SFE studies (Deka & Swami Hulle, 2021; Perva-Uzunalić et al., 2004; 369 

Shah et al., 2020).  370 

Interestingly, runs of SFE yielding maximum CC content did not necessarily coincide with high 371 

GY (Table 1). The 4th run, with the highest CC (392.39 mg/g), had a corresponding low yield 372 

(6.52%). Probably extraction variables (temperature, pressure, and time) were more favorable for 373 

extraction of CC than other related compounds (triacylglycerols, carotenoids, etc.) in oleoresin  374 

(de Aguiar et al., 2014; Deka & Swami Hulle, 2021; Del Valle et al., 2003). This highlights the 375 

potential of SFE to produce commercially valuable extracts of high purity such as BJO with a 376 

high concentration of CC.  377 

3.3 Optimization and Model Validation 378 

Appropriate goals were assigned to the input as well as response factors and optimized using 379 

Design Expert software. Since our main target was to maximize CC, the highest level of 380 

importance was assigned to CC. The optimum extraction condition was 68.31 ℃/347.98 381 

bar/102.50 min with a desirability value of 0.84. The values of CC and GY were predicted to be 382 

380.65 mg/g and 7.82 %, respectively. For validation, experiments were conducted in duplicate 383 

at the optimized extraction condition and the CC and GY were determined to be 367.14 ± 1.21 384 

mg/g and 7.23 ± 2.15 %, respectively. The relative deviation was found to be 3.55 % and 7.54 % 385 

for CC and GY, respectively, indicating a reasonably good agreement of the experimental values 386 

with that of the predicted values.  387 

3.4 Total Phenolic Content and Antioxidant Activity  388 

The antioxidant activity (AOX) of BJO ranged between 55.9 ± 1.94 to 64.66 ± 2.16 µmolTE/g in 389 

DPPH and FRAP assay, respectively, corresponding to TPC of 2.37 ± 0.01 g GAE/100. The IC50 390 
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value in the DPPH assay was 37.57 ± 0.52 mg/mL. Our results agree with the findings of 391 

Meckelmann et al. (2013); where the TPC in the capsicum accessions ranged from 1.5 and 3.69 g 392 

GAE/100 g and AOX between 3 and 92 µmolTE/g.  393 

Generally, AOX of chili oleoresin is due to the synergistic action of different 394 

phytochemicals, ascorbic acid, carotenoids, Vitamin E, reducing sugar, and phenolic and 395 

flavonoid compounds, including CC (Dubey et al., 2015; Machado et al., 2021). A 396 

high concentration of CC is one of the major contributors to AOX in hot peppers; during 397 

maturation, the process of capsaicinoid synthesis supersedes that of the synthesis of 398 

flavonoids. During advanced stages of pepper maturation synthesis of flavonoids converges with 399 

the capsaicinoids pathway, resulting in the disappearance of flavonoids (Meckelmann et al., 400 

2013). Kogure et al. (2002) reported CC to be a strong scavenger of several radicals and 401 

attributed its scavenging activity to the C7-benzyl carbon of the vanillin and 8-methyl-6-402 

noneamide.  Glycosides of ferulic, sinapic acid and quercetin, luteolin, and apigenin are the 403 

major phenolics and flavonoids reported in hot chili peppers (Bae et al., 2012).  404 

3.5 Thermogravimetric Analysis of Optimized Bhut Jolokia Oleoresin 405 

The thermograms (TG/dTG curves) showed three weight loss (WL) steps (Fig. 4). The BJO 406 

registered a residue of 40.51 % in the first WL step (97.83 to 308 ℃) with maximum 407 

decomposition occurrence at peak temperature of 271 ℃. Rezazadeh et al. (2022) reported a 408 

much lower residue of 26 % by 100 ℃ in red pepper extract. The difference is likely as the red 409 

pepper extract used in their study was locally procured while in our study, Bhut Jolokia oleoresin 410 

was extracted under controlled conditions in our laboratory. On the contrary, Huang et al., (2019) 411 
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reported a weight residue of nearly 10% of pure CC with its peak thermal decomposition at 325 412 

℃.  413 

A peak temperature of 371.67 °C was recorded for the second WL step (308 to 416.5 °C) with a 414 

residue weight of 9.70 %. Finally, third WL step (416.5 to 691.17 ℃) corresponded to the 415 

terminus of the thermal degradation process with only 0.62 % of the initial weight remaining 416 

(Table 6). The decomposition at elevated temperatures is typical of chili oleoresin therefore, 417 

interventions such as encapsulation can be employed to protect against thermal degradation (Bai 418 

et al., 2023; de Aguiar et al., 2022; Rezazadeh et al., 2022). 419 

3.6 Accelerated Thermal Stability 420 

The incorporation of chili oleoresin in foods requires careful consideration of its thermal stability 421 

to preserve its flavor and nutritional value. Since CC is lipophilic, the CC-rich oleoresin (1% 422 

w/v) was dissolved in a carrier oil i.e., RBO, and subjected to accelerated storage study (80 to 423 

140 ℃ for 90 min) to understand the degradation mechanism. Oil was chosen as a medium, to 424 

simulate the degradative heating effects of domestic/elevated processing on BJO. Degradation of 425 

CC was monitored over time, and as can be seen from Fig. 3 with increasing temperature and 426 

time duration, high degradation was observed at elevated temperatures. After 90 min, 78.99, 427 

57.67, 38.56, and 7.84 % of CC were retained at 80, 100, 120, and 140 ℃, respectively. As 428 

anticipated, a rise in temperature from 80 to 100 to 120 to 140 ℃, resulted in a reduction in the 429 

half-life (h) corresponding to 4.13, 1.99, 1.27, and 0.38, respectively (Table 5). This suggests 430 

that the degradation of CC was temperature-dependent (Zhang et al., 2021). Further, the rate 431 

constant of the degradation reaction was higher for elevated temperatures (Table 5). There are 432 

scanty reports on degradation kinetics of CC although generating such information is essential 433 
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and a prerequisite for determining its effective incorporation in varied food matrixes, including 434 

bakery goods, packaging films, and pharmaceuticals.  435 

The reaction kinetics of the thermal degradation of CC revealed a first-order reaction with an 436 

activation energy of 71.86 kJ/mol. Furthermore, the high R2 and lower values of SSR also 437 

suggested that the first-order model was suitable for kinetics studies and half-life estimation 438 

(Song et al., 2017). Studies concerning the kinetics of chili oleoresins in carrier oils are not 439 

available for comparison. However, Bustamanate, et al. (Bustamante et al., 2022) and Zhang et 440 

al. (Zhang et al., 2021) studied the thermal degradation of CC during cooking (100 to 210 ℃) 441 

and in hotpot oil (120 to 180 ℃) and found the degradation to follow first-order kinetics with 442 

activation energies corresponding to 84.0 kJ/mol and 52.77 kJ/mol, respectively. In another, 443 

drying of red chili pepper reportedly complied with second-order kinetics with an activation 444 

energy of 45.10 kJ/mol (Arifin et al., 2018). The lower temperatures (40 to 70 ℃) employed in 445 

their study may have resulted in lower activation energy. Structural changes in CC like formation 446 

of vanillyl nonanoate through condensation of vanillylamin and fatty acid derivatives may occur 447 

during heating (Arifin et al., 2018). Additionally, 8-methyl-6-nonenoamide has been identified as 448 

the primary product while vanillin and 8-methyl-6-nonenoic acid as secondary products during 449 

decomposition (Zhang et al., 2021).  450 

Temperature sensitivity of CC in terms of Q10 was in conformity with degradation rate constants. 451 

The Q10 value of 80 to 100, 100 to 120, and 120 to 140 ºC were 0.0548, 0.0574, and 0.1456, 452 

respectively, demonstrating an increase in the degradation rate as the temperature was gradually 453 

raised. Further, Q10 was > 2.5 times higher between 120 to 140 ºC than at lower temperatures 454 

indicating the susceptibility of CC at these temperatures. Thus, it seems that decomposition of 455 

CC is dependent on the initial concentration of reactant and reaction conditions i.e., time and 456 
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temperature of the reaction. The finding suggests that CC can be protected in an emulsion-based 457 

delivery system for improving its stability, strengthening a strong basis for future lines of 458 

research. 459 

4. Conclusions  460 

An innovative green supercritical fluid extraction process was optimized to target high capsaicin 461 

content and oleoresin yield from Capsicum chinense (cv Bhut Jolokia) in shortest extraction 462 

duration (<2h).  The optimized extraction technique using CO2 as the main solvent and ethanol as 463 

a co-solvent in a non-hybrid SFE setup yielded oleoresin with high CC content (367.14 mg/g) 464 

and functional quality. High AOX and oxidative stability of BJO as established by accelerated 465 

storage conditions, establishes CC from BJ as a functional ingredient for food applications.  The 466 

study adds another dimension of research for encapsulating CC in polymer matrixes to expand its 467 

use in the food industry.   468 



 

 

26 

 

References  469 

Adhikari, R., Jung, J., Shiwakoti, S., Park, E. Y., Kim, H. J., Ko, J. Y., You, J., Lee, M., & Oak, 470 

M. H. (2023). Capsaicin inhibits aortic valvular interstitial cell calcification via the redox-471 

sensitive NFκB/AKT/ERK1/2 pathway. Biochemical Pharmacology, 212, 115530. 472 

https://doi.org/10.1016/J.BCP.2023.115530 473 

Ahangari, H., King, J. W., Ehsani, A., & Yousefi, M. (2021). Supercritical fluid extraction of 474 

seed oils – A short review of current trends. Trends in Food Science & Technology, 111, 475 

249–260. https://doi.org/10.1016/J.TIFS.2021.02.066 476 

Al-Maqtari, Q. A., Al-Ansi, W., Ali Mahdi, A., Ali Saeed Al-Gheethi, A., Sajid Mushtaq, B., Al-477 

Adeeb, A., Wei, M., & Yao, W. (2021). Supercritical fluid extraction of four aromatic herbs 478 

and assessment of the volatile compositions, bioactive compounds, antibacterial, and anti-479 

biofilm activity. Environmental Science and Pollution Research, 28, 25479–25492. 480 

https://doi.org/10.1007/s11356-021-12346-6/Published 481 

AOAC. (2000). International A: official methods of analysis of the AOAC international. The 482 

Association: Arlington County. 483 

Arifin, U., Reaction, M. D.-B. of C., & 2018, undefined. (2018). Thermal degradation kinetics of 484 

capsaicin on blanching-brine-calcium pretreatment red chili pepper drying. 485 

Ejournal2.Undip.Ac.Id, 13(2), 365–372. https://doi.org/10.9767/bcrec.13.2.1660.365-372 486 

Ayob, O., Hussain, P. R., Suradkar, P., Naqash, F., Rather, S. A., Joshi, S., & Ahmad Azad, Z. 487 

R. A. (2021). Evaluation of chemical composition and antioxidant activity of Himalayan 488 

Red chilli varieties. LWT, 146, 111413. https://doi.org/10.1016/J.LWT.2021.111413 489 

Bae, H., Jayaprakasha, G. K., Jifon, J., & Patil, B. S. (2012). Variation of antioxidant activity and 490 

the levels of bioactive compounds in lipophilic and hydrophilic extracts from hot pepper 491 

(Capsicum spp.) cultivars. Food Chemistry, 134(4), 1912–1918. 492 

https://doi.org/10.1016/J.FOODCHEM.2012.03.108 493 

Bai, X., Wan, P., Liu, J., Yao, J., & Chen, D. W. (2023). Investigation on the changes of 494 

carotenoids and capsaicinoids in chili oil at different frying temperature by using 1H NMR. 495 

Current Research in Food Science, 6, 100411. https://doi.org/10.1016/J.CRFS.2022.100411 496 

Bajer, T., Bajerová, P., Kremr, D., Eisner, A., & Ventura, K. (2015). Central composite design of 497 

pressurised hot water extraction process for extracting capsaicinoids from chili peppers. 498 

Journal of Food Composition and Analysis, 40, 32–38. 499 

https://doi.org/10.1016/J.JFCA.2014.12.008 500 



 

 

27 

 

Bhagowati, R. R., & Changkija, S. (2009). Genetic variability and traditional practices in Naga 501 

King Chili landraces of Nagaland. Asian Agri-History, 13(3), 171–180. 502 

http://www.indiaenvironmentportal.org.in/files/Genetic%20variability%20and%20tradition503 

al%20practices%20in%20Naga.pdf 504 

Bustamante, K., Guajardo, J. I., & Cahill, T. (2022). Thermal Degradation of Capsaicin and 505 

Dihydrocapsaicin during Cooking. Journal of the Arizona-Nevada Academy of Science, 506 

49(2), 99–108. https://bioone.org/journals/journal-of-the-arizona-nevada-academy-of-507 

science/volume-49/issue-2/036.049.0207/Thermal-Degradation-of-Capsaicin-and-508 

Dihydrocapsaicin-during-Cooking/10.2181/036.049.0207.short 509 

Castro-Muñoz, R., Gontarek-Castro, E., & Jafari, S. M. (2022). Up-to-date strategies and future 510 

trends towards the extraction and purification of Capsaicin: A comprehensive review. 511 

Trends in Food Science and Technology, 123, 161–171. 512 

https://doi.org/10.1016/J.TIFS.2022.03.014 513 

Das, S., Teja, K. C., Duary, B., Agrawal, P. K., & Bhattacharya, S. S. (2016). Impact of nutrient 514 

management, soil type and location on the accumulation of capsaicin in Capsicum chinense 515 

(Jacq.): One of the hottest chili in the world. Scientia Horticulturae, 213, 354–366. 516 

https://doi.org/10.1016/J.SCIENTA.2016.10.041 517 

de Aguiar, A. C., dos Santos, P., Coutinho, J. P., Barbero, G. F., Godoy, H. T., & Martínez, J. 518 

(2014). Supercritical fluid extraction and low pressure extraction of Biquinho pepper 519 

(Capsicum chinense). LWT - Food Science and Technology, 59(2), 1239–1246. 520 

https://doi.org/10.1016/J.LWT.2014.06.014 521 

de Aguiar, A. C., Osorio-Tobón, J. F., Silva, L. P. S., Barbero, G. F., & Martínez, J. (2018). 522 

Economic analysis of oleoresin production from malagueta peppers (Capsicum frutescens) 523 

by supercritical fluid extraction. The Journal of Supercritical Fluids, 133, 86–93. 524 

https://doi.org/10.1016/J.SUPFLU.2017.09.031 525 

de Aguiar, A. C., Sales, L. P., Coutinho, J. P., Barbero, G. F., Godoy, H. T., & Martínez, J. 526 

(2013). Supercritical carbon dioxide extraction of Capsicum peppers: Global yield and 527 

capsaicinoid content. The Journal of Supercritical Fluids, 81, 210–216. 528 

https://doi.org/10.1016/J.SUPFLU.2013.05.008 529 

de Aguiar, A. C., Viganó, J., da Silva Anthero, A. G., Dias, A. L. B., Hubinger, M. D., & 530 

Martínez, J. (2022). Supercritical fluids and fluid mixtures to obtain high-value compounds 531 

from Capsicum peppers. Food Chemistry: X, 13, 100228. 532 

https://doi.org/10.1016/J.FOCHX.2022.100228 533 



 

 

28 

 

Deka, D., & Swami Hulle, N. R. (2021). Supercritical fluid extraction of Bhut Jolokia oleoresin 534 

and its quality analysis. SN Applied Sciences, 3(2), 1–12. https://doi.org/10.1007/S42452-535 

021-04218-Y/TABLES/3 536 

Del Valle, J. M., Jiménez, M., Napolitano, P., Zetzl, C., & Brunner, G. (2003). Supercritical 537 

carbon dioxide extraction of pelletized Jalapeño peppers. Journal of the Science of Food 538 

and Agriculture, 83(6), 550–556. https://doi.org/10.1002/JSFA.1407 539 

Derringer, G., & Suich, R. (1980). Simultaneous Optimization of Several Response Variables. 540 

Journal of Quality Technology, 12(4), 214–219. 541 

https://doi.org/10.1080/00224065.1980.11980968 542 

Dludla, P. V., Nkambule, B. B., Cirilli, I., Marcheggiani, F., Mabhida, S. E., Ziqubu, K., Ntamo, 543 

Y., Jack, B., Nyambuya, T. M., Hanser, S., & Mazibuko-Mbeje, S. E. (2022). Capsaicin, its 544 

clinical significance in patients with painful diabetic neuropathy. Biomedicine & 545 

Pharmacotherapy, 153, 113439. https://doi.org/10.1016/J.BIOPHA.2022.113439 546 

Dubey, R. K., Singh, V., Upadhyay, G., Pandey, A. K., & Prakash, D. (2015). Assessment of 547 

phytochemical composition and antioxidant potential in some indigenous chilli genotypes 548 

from North East India. Food Chemistry, 188, 119–125. 549 

https://doi.org/10.1016/J.FOODCHEM.2015.04.088 550 

FAO. (2021). FAOSTAT. https://www.fao.org/faostat/en/#data 551 

Grüter, T., Blusch, A., Motte, J., Sgodzai, M., Bachir, H., Klimas, R., Ambrosius, B., Gold, R., 552 

Ellrichmann, G., & Pitarokoili, K. (2020). Immunomodulatory and anti-oxidative effect of 553 

the direct TRPV1 receptor agonist capsaicin on Schwann cells. Journal of 554 

Neuroinflammation, 17(1). https://doi.org/10.1186/S12974-020-01821-5 555 

Huang, Z., Xu, R., Ge, X., & Cheng, J. (2019). Complexation of capsaicin with hydroxypropyl-556 

β-cyclodextrin and its analytical application. Spectrochimica Acta Part A: Molecular and 557 

Biomolecular Spectroscopy, 223, 117278. https://doi.org/10.1016/J.SAA.2019.117278 558 

Islam, M. A., Sharma, S. S., Sinha, P., Negi, M. S., Neog, B., & Tripathi, S. B. (2015). 559 

Variability in capsaicinoid content in different landraces of Capsicum cultivated in north-560 

eastern India. Scientia Horticulturae, 183(1), 66–71. 561 

https://doi.org/10.1016/J.SCIENTA.2014.12.011 562 

Kogure, K., Goto, S., Nishimura, M., Yasumoto, M., Abe, K., Ohiwa, C., Sassa, H., Kusumi, T., 563 

& Terada, H. (2002). Mechanism of potent antiperoxidative effect of capsaicin. Biochimica 564 

et Biophysica Acta (BBA) - General Subjects, 1573(1), 84–92. 565 

https://doi.org/10.1016/S0304-4165(02)00335-5 566 



 

 

29 

 

Kuna, A., Sahoo, M. R., Sowmya, M., Mayengbam, D., Dasgupta, M., Sreedhar, M., & 567 

Tholemfhuang, S. (2018). Nutrient and Antioxidant Properties of Value Added King Chilli 568 

(Capsicum chinense) Products. Int.J.Curr.Microbiol.App.Sci, 7(6), 1–8. 569 

https://doi.org/10.20546/ijcmas.2018.706.001 570 

Lad, J. D., & Kar, A. (2021). Supercritical CO2 extraction of lycopene from pink grapefruit 571 

(Citrus paradise Macfad) and its degradation studies during storage. Food Chemistry, 361, 572 

130113. https://doi.org/10.1016/J.FOODCHEM.2021.130113 573 

Leila, M., Ratiba, D., & Al-Marzouqi, A. H. (2022). Experimental and mathematical modelling 574 

data of green process of essential oil extraction: Supercritical CO2 extraction. Materials 575 

Today: Proceedings, 49, 1023–1029. https://doi.org/10.1016/J.MATPR.2021.08.125 576 

Liu, Y., & Nair, M. G. (2010). Capsaicinoids in the hottest pepper Bhut Jolokia and its 577 

antioxidant and antiinflammatory activities. Natural Product Communications, 5(1), 91–94. 578 

https://doi.org/10.1177/1934578X1000500122 579 

Machado, F. B., Lopes de Macêdo, I. Y., Campos, H. M., Gonçalves Moreno, E. K., Batista 580 

Silva, M. F., Raimundo de Oliveira Neto, J., Feitosa Ramalho, R. R., Nascimento, A. dos 581 

R., Vaz, B. G., Carlos da Cunha, L., Ghedini, P. C., Diculescu, V. C., & de Souza Gil, E. 582 

(2021). Antioxidant activity of thirty-six peppers varieties and vasorelaxant of selected 583 

varieties. Food Bioscience, 41, 100989. https://doi.org/10.1016/J.FBIO.2021.100989 584 

Martins, F. S., Borges, L. L., Ribeiro, C. S. C., Reifschneider, F. J. B., & Conceição, E. C. 585 

(2017). Novel Approaches to Extraction Methods in Recovery of Capsaicin from Habanero 586 

Pepper (CNPH 15.192). Pharmacognosy Magazine, 13(Suppl 2), S375. 587 

https://doi.org/10.4103/0973-1296.210127 588 

Meckelmann, S. W., Riegel, D. W., Van Zonneveld, M. J., Ríos, L., Peña, K., Ugas, R., 589 

Quinonez, L., Mueller-Seitz, E., & Petz, M. (2013). Compositional characterization of 590 

native Peruvian chili peppers (Capsicum spp.). Journal of Agricultural and Food Chemistry, 591 

61(10), 2530–2537. https://doi.org/10.1021/JF304986Q 592 

Moirangthem, S. S., Gogoi, S., Thongbam, P. D., Ramya, K. T., Fiyaz, R. A., & Pandey, D. S. 593 

(2014). Effect of sowing time and crop geometry on the Capsaicinoid content in Bhoot 594 

Jolokia (Capsicum chinense Jacq.). Journal of Food Science and Technology, 51(9), 1974–595 

1981. https://doi.org/10.1007/S13197-012-0684-1/FIGURES/4 596 

Patel, A. S., Kar, A., Dash, S., & Dash, S. K. (2019). Supercritical fluid extraction of β-carotene 597 

from ripe bitter melon pericarp. Scientific Reports 2019 9:1, 9(1), 1–10. 598 

https://doi.org/10.1038/s41598-019-55481-4 599 

Perva-Uzunalić, A., Škerget, M., Weinreich, B., & Knez, Ž. (2004). Extraction of chilli pepper 600 

(var. Byedige) with supercritical CO2: Effect of pressure and temperature on capsaicinoid 601 



 

 

30 

 

and colour extraction efficiency. Food Chemistry, 87(1), 51–58. 602 

https://doi.org/10.1016/J.FOODCHEM.2003.10.016 603 

Popelka, P., Jevinová, P., Šmejkal, K., & Roba, P. (2017). Determination of Capsaicin Content 604 

and Pungency Level of Different Fresh and Dried Chilli Peppers. Folia Veterinaria, 61(2), 605 

11–16. https://doi.org/10.1515/FV-2017-0012 606 

Rezazadeh, A., Kia, E. M., Hamishehkar, H., Jahani, B. K. G., & Ghasempour, Z. (2022). 607 

Capsaicin-incorporated zein electrospun nanofibers: Characterization and release behavior. 608 

Food Bioscience, 49, 101843. https://doi.org/10.1016/J.FBIO.2022.101843 609 

Sanati, S., Razavi, B. M., & Hosseinzadeh, H. (2018). A review of the effects of Capsicum 610 

annuum L. and its constituent, capsaicin, in metabolic syndrome. Iranian Journal of Basic 611 

Medical Sciences, 21(5), 439. https://doi.org/10.22038/IJBMS.2018.25200.6238 612 

Santos, P., Aguiar, A. C., Barbero, G. F., Rezende, C. A., & Martínez, J. (2015). Supercritical 613 

carbon dioxide extraction of capsaicinoids from malagueta pepper (Capsicum frutescens L.) 614 

assisted by ultrasound. Ultrasonics Sonochemistry, 22, 78–88. 615 

https://doi.org/10.1016/J.ULTSONCH.2014.05.001 616 

Sarwa, K. K., Mazumder, B., & Rudrapal, M. (2017). Effect of extraction methods and long term 617 

storage on capsaicinoids content of  Bhut Jolokia  fruits. Indian Journal of Natural Products 618 

and Resources (IJNPR) [Formerly Natural Product Radiance (NPR)], 8(1), 69–77. 619 

https://doi.org/10.56042/IJNPR.V8I1.11938 620 

Schmidt, A., Fiechter, G., Fritz, E. M., & Mayer, H. K. (2017). Quantitation of capsaicinoids in 621 

different chilies from Austria by a novel UHPLC method. Journal of Food Composition and 622 

Analysis, 60, 32–37. https://doi.org/10.1016/J.JFCA.2017.03.015 623 

Shah, N. A., Prasad, R. V., & Patel, B. B. (2020). Optimization of Supercritical Fluid Extraction 624 

of Paprika (cv. Reshampatti) Oil, Capsaicin and Pigments. Flavour and Fragrance Journal, 625 

35(5), 469–477. https://doi.org/10.1002/FFJ.3579 626 

Silva, L. P. S., & Martínez, J. (2014). Mathematical modeling of mass transfer in supercritical 627 

fluid extraction of oleoresin from red pepper. Journal of Food Engineering, 133, 30–39. 628 

https://doi.org/10.1016/J.JFOODENG.2014.02.013 629 

Song, J., Wang, X., Li, D., & Liu, C. (2017). Degradation kinetics of carotenoids and visual 630 

colour in pumpkin (Cucurbita maxima L.) slices during microwave-vacuum drying. 631 

International Journal of Food Properties, 20, S632–S643. 632 

https://doi.org/10.1080/10942912.2017.1306553 633 

Sweat, K. G., Broatch, J., Borror, C., Hagan, K., & Cahill, T. M. (2016). Variability in 634 

capsaicinoid content and Scoville heat ratings of commercially grown Jalapeño, Habanero 635 



 

 

31 

 

and Bhut Jolokia peppers. Food Chemistry, 210, 606–612. 636 

https://doi.org/10.1016/J.FOODCHEM.2016.04.135 637 

Uquiche, E., Valle, J. M. Del, & Ihl, M. (2005). Microstructure‐Extractability Relationships in 638 

the Extraction of Prepelletized Jalapeño Peppers with Supercritical Carbon Dioxide. Wiley 639 

Online Library, 70(6), e379–e386. https://doi.org/10.1111/j.1365-2621.2005.tb11442.x 640 

Vaughn Katherine, L. S., Clausen Edgar, C., King Jerry, W., Howard Luke, R., & Julie, C. D. 641 

(2008). Extraction conditions affecting supercritical fluid extraction (SFE) of lycopene from 642 

watermelon. Bioresource Technology, 99(16), 7835–7841. 643 

https://doi.org/10.1016/J.BIORTECH.2008.01.082 644 

Verma, P., Rawat, K. K., Kumar Verma, P., Rawat, K. K., Das, N., & Pradhan, B. (2013). A 645 

botanical enigma of India’s hottest chilli Bhoot Jolokia (Capsicum chinense Jacq) 646 

Characterizing Patterns and Processes of Alpine Ecosystem in Indian Himalaya with special 647 

emphasis to Cryptogams View project. New York Science Journal, 6(11). 648 

http://www.sciencepub.net/newyork 649 

Visakh, N. U., Pathrose, B., Chellappan, M., Ranjith, M. T., Sindhu, P. V., & Mathew, D. 650 

(2022). Chemical characterisation, insecticidal and antioxidant activities of essential oils 651 

from four Citrus spp. fruit peel waste. Food Bioscience, 50, 102163. 652 

https://doi.org/10.1016/J.FBIO.2022.102163 653 

Xiang, Y., Xu, X., Zhang, T., Wu, X., Fan, D., Hu, Y., Ding, J., Yang, X., Lou, J., Du, Q., Xu, J., 654 

& Xie, R. (2022). Beneficial effects of dietary capsaicin in gastrointestinal health and 655 

disease. Experimental Cell Research, 417(2), 113227. 656 

https://doi.org/10.1016/J.YEXCR.2022.113227 657 

Yen, H. W., Yang, S. C., Chen, C. H., Jesisca, & Chang, J. S. (2015). Supercritical fluid 658 

extraction of valuable compounds from microalgal biomass. Bioresource Technology, 184, 659 

291–296. https://doi.org/10.1016/J.BIORTECH.2014.10.030 660 

Zhang, R., Chen, K., Chen, X., Yang, B., & Kan, J. (2021). Thermostability and kinetics analysis 661 

of oil color, carotenoids and capsaicinoids in hotpot oil models (butter, rapeseed oil, and 662 

their blends). LWT, 152, 112216. https://doi.org/10.1016/J.LWT.2021.112216 663 

  

  



 

 

32 

 

Acknowledgments 664 

The first author gratefully acknowledges Post Graduate School, ICAR-Indian Agricultural 665 

Research Institute, New Delhi for providing financial assistance in the form of IARI Senior 666 

Scholarship for Ph.D. and the Director, ICAR-Indian Agricultural Research Institute, for 667 

providing all the necessary laboratory facilities.  668 

CRediT authorship contribution statement 669 

Vikono Ksh: Investigation, Validation, Data curation, Formal analysis, Writing – original draft, 670 

& review. Vishnu Anand: Investigation, Formal analysis, Writing – original draft Virendra 671 

Singh Rana: Resource, Writing – review & editing. Jigni Mishra: Resource. Eldho 672 

Varghese: Formal analysis, Data curation, & Validation. Neelam Upadhyay: Data curation, 673 

Writing – review & editing. Charanjit Kaur: Supervision, Data curation, Formal analysis, 674 

Writing – review & editing. 675 

Funding The inhouse funding received by the Division of Food Science & Post Harvest 676 

Technology from ICAR – Indian Agriculture Research Institute, New Delhi was utilized. 677 

Data Availability Data will be made available on request. 678 

Statements and Declarations 679 

Competing Interest The authors declare no competing interests. 680 

 



Figures

Figure 1

Diagram of the supercritical �uid extraction unit: PC – Pre-cooler; FM – Flowmeter; C – Chiller; CS – Co-
solvent; P1 – CO2 pump; P2 – Co-solvent pump; SM – Static mixer; PH – Pre-heater; EV – Extraction
vessel (1 L); PG – Pressure gauge; TC – Thermocouple; V – on/off valve; ABPR – Automated back
pressure regulator; FC – Fraction collector; MBPR – Manual back pressure regulator; DV1    and DV2 –
Drain valve.



Figure 2

Response surface plots to visualize the effect of input variables (temperature, pressure, time) on the
capsaicin content (a-c) and the global yield (d-f).



Figure 3

Degradation kinetics of capsaicin in rice bran oil (a) and degradation kinetics analysis of capsaicin using
�rst-order model (b).



Figure 4

Thermogravimetric (TG) and differential thermogravimetric (dTG) curves of optimized Bhut Jolokia
oleoresin.
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