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Papaya (C. papaya) is a rich source of bioactive compounds. However, fruit bioactive content varies 

greatly depending on factors such as the variety and growing location. In this study, three yellow-

fleshed papaya cultivars (Lāʻie Gold, Rainbow, Kapoho Solo) and two red-fleshed cultivars (Sunset 

and Sunrise) were harvested from different locations throughout the Hawaiian Islands and analyzed 

for their mineral and carotenoid content using ICP-MS and HPLC, respectively. Bioaccessibility of 

carotenoids across papaya cultivars were compared using an in-vitro digestion model. Yellow-fleshed 

papayas contained two major carotenoids: β-carotene and β-cryptoxanthin. In addition to these two 

carotenoids, red-fleshed papayas also contained high lycopene levels. Varietal and geographical 

differences were evident in both carotenoid content and their bioaccessibility. β-cryptoxanthin was 

the main carotenoid among yellow-fleshed cultivars, Laie Gold, Rainbow and Kapoho Solo (242.9-

739.5 µg/100 g), followed by β-carotene (152.4-331.0 µg/100 g). The red-fleshed varieties, Sunset 

and Sunrise, contained 1089.6-1570.4 µg lycopene /100 g. Papayas (100 g) contained 6% and 8% of 

the dietary reference intake (DRI) for Cu and Mg, respectively, but less than 3% of the DRI for other 

minerals. Among yellow-fleshed papayas, total carotenoid bioaccessibility was highest in the 

Rainbow variety from Keaʻau and Kapoho farms on the Island of Hawaii. Bioaccessibility of 

lycopene from red-fleshed papayas ranged from 1.5 to 11.4%. Altogether, these findings suggest that 

not only variety, but also different growing location alter the content and bioaccessibility of 

carotenoids in papaya.  

Keywords: Papaya; Carotenoids; Minerals; Extraction; Bioaccessibility; Food matrix; β-Carotene; β-

Cryptoxanthin; Lycopene 
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1. Introduction 1 

Papayas are the fourth most worldwide traded tropical fruit, following bananas, mangoes, and 2 

pineapples. According to the USDA (2019), Hawaii produced 5,875 tons of papayas, reaching an 3 

estimated $4.9 million in 2019. Several papaya cultivars are grown in Hawaii, including yellow-4 

fleshed and red-fleshed cultivars. Yellow-fleshed cultivars include Lāʻie Gold/Kamiya, Kapoho, 5 

and UH Rainbow (F1 cross hybrid between Kapoho and UH SunUp). In contrast, red-fleshed 6 

cultivars include Sunrise, Sunset, and UH SunUp (genetically transformed Sunset) (Nishina et al., 7 

2000). Papaya trees are fast-growing herbaceous trees that produce best in warm conditions (21-8 

32°C) and prefer full sun and well-drained porous soils. The pulp, peel, seeds, leaves, shoots, and 9 

roots are considered a good source of bioactive phytochemical compounds. Papaya consumption is 10 

widespread in many countries and is available on the market for the whole year, representing a 11 

significant source of dietary antioxidants. The majority of commercially produced papayas are 12 

consumed fresh, while a lesser part is processed into juices, concentrates, and purees (Wojdyło et 13 

al., 2008).  14 

Carotenoids are major bioactive compounds found in papayas. β-carotene, β-cryptoxanthin, lutein, 15 

and lycopene are the major types of carotenoids found in papaya (Wall, 2006). Among these, β-16 

carotene and β-cryptoxanthin have provitamin A activity. Vitamin A is an essential nutrient needed 17 

in for the visual system's normal functioning, growth, development, immune function, and 18 

reproduction. Vitamin A deficiency (VAD) can cause visual impairment and is the most prevalent 19 

cause of childhood blindness in developing countries. VAD also contributes significantly to 20 

morbidity and mortality (Black et al., 2013; Damodaran et al., 2007; World Health Organization, 21 

2005).  22 

The complexity of the chemical profile and the variation of carotenoid concentrations in papaya 23 

fruits are caused by differences in growth period, growing season, geographical location, and, most 24 

importantly, genetic variation (Awad et al., 2000; Chen et al., 2018; Wojdyło et al., 2008). Several 25 
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studies have been made on papaya's characteristic phytochemical compounds; however, they are 26 

often restricted to a few cultivars (Wojdyło et al., 2008). Identification and quantification of natural 27 

phytochemical content in fruits rarely consider these factors and composite samples reported in the 28 

literature often mask this variability (Lee & Kader, 2000; Shewfelt, 1990). Additionally, the 29 

interpretation of previous studies on carotenoid content in papaya is complicated due to differences 30 

in extraction techniques, quantification of compounds, and non-representative samples. 31 

Environmental factors have a significant effect on phytochemical content. These factors may be 32 

pedoclimatic, such as soil type, sun exposure, rainfall, or cultivation. Exposure to sunlight has a 33 

considerable effect on carotenoids, and the degree of ripeness affects their concentrations and 34 

proportions. In general, carotenoid content increases with ripening (Saini & Keum, 2017). Most 35 

carotenoids are directly involved in plants' responses to different stress types: they contribute to 36 

protection against damage, and their concentration may increase after infection as a defense 37 

mechanism (Manach et al., 2004). Wall (2006) determined the variability of carotenoid contents in 38 

papaya cultivars grown in different locations throughout the Hawaiian Islands. Yellow-fleshed 39 

cultivars, such as Kapoho, Lāʻie Gold, and Rainbow, were found to contain large amounts of β-40 

cryptoxanthin, β-carotene, lutein, and β-cryptoxanthin esters. Red-flesh cultivars, including Sunrise 41 

and SunUp, also contained high contents of lycopene and lutein. Although the nutrient and 42 

phytochemical content of various tropical fruits has been investigated previously, there is limited 43 

work on Hawaiian papayas across varieties. Furthermore, a clear link between the effect of 44 

processing and carotenoid bioavailability should be established to better identify the potential 45 

benefits of papayas from Hawaii.  46 

The bioactivity of plant-derived carotenoids on human health does not only depend on the chemical 47 

structure but also their absorption and metabolism in the human body (Liu et al., 2012). In-vitro 48 

models have been developed as inexpensive and fast pre-clinical alternatives to assess the effect of 49 

various factors on the bioaccessibility and bioavailability of carotenoids (Schweiggert et al., 2012). 50 

Bioaccessibility is described as the fraction of phytochemicals released from a food source into the 51 
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circulation and made available for subsequent tissue uptake and metabolism (Kean et al., 2008; 52 

Parker et al., 1999). For the carotenoids and other lipophilic components to be absorbed and made 53 

available for uptake, they must first be released from the food matrix through digestion and 54 

incorporated into bile salt mixed micelles in the intestinal lumen (Kean et al., 2008). Natural 55 

processing steps that occur in our body as we digest food, including matrix disruption and cell 56 

cluster disintegration, are the main steps required to release carotenoids from the food source. 57 

However, extensive processing may also lead to oxidation and degradation of these compounds 58 

(Bohn et al., 2015). Hydrocarbon carotenoids, such as β-carotene, have been shown to have reduced 59 

bioavailability compared to oxygenated carotenoids, including lutein and zeaxanthin. Oxygenated 60 

carotenoids are relatively more polar than hydrocarbon carotenoids and are more easily 61 

incorporated into the lipid micelles within the gastrointestinal (GI) tract (i.e, allowing for higher 62 

uptake). Previous work by Van het Hof et al. (1999) supports this by showing that lutein from 63 

vegetables is absorbed five times more than β-carotene. Bioaccessibility of carotenoids can be 64 

simulated in-vitro by mimicking physiological conditions, including pH changes, enzyme activities, 65 

and other processes occurring during oral, gastric, and intestinal digestion (Schweiggert et al., 66 

2012). However, there is still a lack of knowledge surrounding the bioaccessibility and bioactivity 67 

of carotenoids and why some are absorbed more efficiently than others (Bohn et al., 2015; Liu et 68 

al., 2012; Prasain et al., 2011; Schweiggert et al., 2012). Several factors may affect the absorption 69 

of carotenoids, such as the food matrix (Zhang & Zhong, 2013), the amount and type of fat (Goltz 70 

et al., 2012), dietary fibers (Riedl et al., 1999), and how they are processed. For instance, 71 

carotenoids can come into contact with dietary fibers and bind onto their surface. This may alter 72 

both their bioaccessibility after ingestion and bioavailability following absorption (Cervantes-Paz et 73 

al., 2016). Various in vivo studies have reported that pectin, a type of dietary fiber, reduced 74 

carotenoids' absorption (Riedl et al., 1999; Zanutto et al., 2002). Riedl et al. (1999) demonstrated 75 

that pectin derived from citrus peel affected the bioavailability of β-carotene, reducing it by 42%. 76 

Horvitz et al. (2004) showed that carotenoids' low absorption in carrots is proportional to the 77 
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vegetable's high fiber content. In plant-derived foods, carotenoids are stored in chloroplasts and 78 

chromoplasts. The morphology of the chloroplasts and the initial physical state of carotenoids, such 79 

as in liquid-crystalline or lipid-dissolved form as in papayas or a solid-crystalline physical condition 80 

in tomatoes and carrots, may have a significant impact on the liberation efficiency from the food 81 

matrix (Schweiggert et al., 2012, 2014). In vitro studies performed by Schweiggert et al. (2012) 82 

demonstrated an enhanced release of lycopene and β-carotene from papayas compared to that from 83 

carrots and tomatoes. These findings were further confirmed by a randomized cross-over study 84 

comparing the bioavailability of several carotenoids from carrots, tomatoes, and papayas in healthy 85 

human subjects. The uptake of β-carotene from papayas was three times higher compared to uptake 86 

from carrots and tomatoes (Schweiggert et al., 2014). Additional research is required to accurately 87 

predict the actual bioavailability and biological activity of carotenoids and their metabolites in vivo 88 

(Yeum & Russell, 2002).  89 

This study's first objective was to identify and quantify carotenoid content across papaya (Carica 90 

papaya) varieties collected from different locations throughout Hawaii. The second objective was to 91 

estimate carotenoids' digestive stability and bioaccessibility using a 3-stage in vitro model. Gaining 92 

a better understanding of carotenoid bioaccessibility, namely the effects of plant variety and 93 

processing on bioaccessibility, will optimally deliver benefits from tropical fruits for the consumers 94 

and add value to exported products. From a nutritional standpoint, consumers could use this 95 

knowledge to select agricultural commodities to meet dietary requirements. Although previous 96 

work has investigated papaya carotenoid composition or carotenoid bioaccessibility, the work 97 

presented in this study looks at specific unique cultivars and will thus contribute to the greater 98 

collection of papaya compositional knowledge. Ultimately, reliable fruit compositional data is 99 

critical as database information is used to evaluate nutritional adequacy of diets and conduct 100 

epidemiological research relating to diet to health and nutrition outcomes. The findings from this 101 

research will also generate new knowledge that can expand our understanding of how varietal 102 

factors impact papayas' potential health benefits.  103 
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2. Materials and Methods 104 

2.1 Fruit sampling 105 

Papaya fruits were obtained from commercial plantations in the Hawaiian Islands during May and 106 

August 2019. The fruits were harvested from nine different plantations across different islands.  107 

Wainaku (19°44′50″N, 155°6′3″W), Hāmākua (19°5936″N, 155°1425″W), Keaʻau (19°37′16″N, 108 

155°2′30″W), and Kapoho (19°30′9.84″N, 154°50′45.72″W) farms are located on the island of 109 

Hawaii (commonly referred to as the Big Island), while Kamiya (21°34'36.1"N, 157°53'35.2"W), 110 

Kahuku (21°40′49″N, 157°57′1″ W), Kualoa (21°30′39.6″N, 157°50′13.2″W) and Poamoho 111 

(21°32'41.8"N, 158°05'53.5"W) farms on the island of Oʻahu. All plantations reside in warm areas 112 

(70-90°F) with full sun and well-drained porous soils. Further details regarding details of 113 

microclimate conditions have been reported elsewhere (Giambelluca et al., 2014). All locations 114 

followed similar production practices involving drip irrigation and synthetic fertilizer application, 115 

and pesticide application. Fruits were harvested from plantations with soils representing the 12 soil 116 

orders in the U.S. Department of Agriculture (USDA) classification system. Andisol and Hamakua 117 

soils characterize the soil composition on Keaʻau and Wainaku farms on the Big Island. Kahuku 118 

and Kamiya farms both include Mollisol soils, while Oxisol, Inceptisol, and Histosol soils are 119 

characteristic of Poamoho, Kualoa, and Kapoho farms, respectively. Papaya cultivars included 120 

yellow-fleshed (Kapoho Solo, Lāʻie Gold/Kamiya and Rainbow) and red-fleshed cultivars (Sunrise 121 

and Sunset).  122 

Papaya fruits (5 to 7) at color break (surface yellowing at the blossom end) to 1/8 ripe (1/8 surface 123 

area yellow) were harvested from randomly selected trees at each plantation. This is the typical 124 

harvest index for the market. Fruits were harvested by hand while standing on the ground, and for 125 

taller trees, a modified plumber’s helper was used to snap the papaya from the stem and catch the 126 

fruit before it fell on the ground. Fruits were allowed to ripen at 22°C in closed cardboard boxes to 127 

full yellow color, as typically done for the market, before processing. Multiple fruits per plant were 128 
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combined to create composite samples of edible tissue for extraction and analysis. Raw and ripe 129 

papayas were washed with soap and water and sliced into quarters. For papayas of the same cultivar 130 

collected at the same location, the fruits were peeled, seeds removed, and the flesh of each fruit was 131 

pooled together and homogenized in a food processor (Sunbeam Products, Inc.; Boca Raton, FL, 132 

U.S.) for up to one minute or until a smooth consistency was achieved. Pooled samples were 133 

divided for further analyses (moisture content, total soluble solids, mineral analysis, carotenoid 134 

extraction, and digestion). For samples subjected to carotenoid extraction and digestion tests, 135 

processed papaya pulp samples were stored at -20°C until further use.  136 

2.2 Chemicals 137 

Solvents used for this study, including acetone, HPLC-grade acetonitrile (ACN), and ethyl acetate, 138 

were supplied by Fisher Scientific (Fair Lawn, NJ, U.S.). Butylated hydroxytoluene (BHT) was 139 

purchased from MP Biomedicals (Solon, OH, U.S.). Analytical standards of β-carotene and 140 

zeaxanthin were purchased from Alfa Aesar (Ward Hill, MA, U.S.) and Fisher Scientific (Fair 141 

Lawn, NJ, U.S.). Lycopene, lutein, and trans-β-Apo-8’-carotenal were purchased from Sigma-142 

Aldrich (St. Louis, MO, U.S.). β-cryptoxanthin was purchased from Santa Cruz Biotechnology 143 

(Dallas, TX, U.S.). Pancreatin from porcine pancreas and uric acid 99% were purchased from Alfa 144 

Aesar (Ward Hill, MA, U.S.). Pepsin (EC 3.4.23.1) from porcine gastric mucosa, lipase (EC 145 

3.1.1.3), α-amylase (EC 3.2.1.1), urea, sodium chloride, sodium hydroxide (NaOH), sodium 146 

bicarbonate (NaHCO3), hydrochloric acid (HCl), and triethylamine (TEA) were purchased from 147 

Fisher Scientific (Fair Lawn, NJ, U.S.). Bile extract and mucin from porcine gastric mucosa were 148 

supplied by Santa Cruz Biotechnology (Dallas, TX, U.S.) and LEE Biosolutions (Maryland 149 

Heights, MO, U.S.), respectively.  150 

2.3 Carotenoid analysis  151 
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Carotenoids were extracted under subdued yellow light and cold temperatures by combining 3 g of 152 

papaya pulp with 10 mL extraction solvent (acetone/0.1 % BHT ethyl acetate 60:40 v/v) in a 15 mL 153 

centrifuge tube. The samples were flushed with nitrogen, vortexed for 5 seconds, and then sonicated 154 

for 5 min. (Branson Ultrasonics, Danbury, CT, U.S.). Once sonicated, 1 mL of aqueous saturated 155 

sodium chloride (NaCl) was added to the sample and centrifuged for 5 min at 5,104 x g at 4° C 156 

(Beckman Coulter, Indianapolis, IN, U.S.). Upon separation, the ethyl acetate layer was removed 157 

and separated into a fresh borosilicate tube. Precisely 2 mL of 0.1 % BHT ethyl acetate was added 158 

to the sample, and the extraction was repeated two more times. Carotenoid extraction was 159 

performed in triplicate and samples were kept on ice. The total carotenoid concentration was 160 

measured at 450 nm with a spectrophotometer (Thermo Fisher Scientific, Waltham, MA, U.S.) 161 

using the Beer-Lambert Law equation and a molar extinction coefficient of 2560 M-1cm-1 in ethyl 162 

acetate (Britton, Liaaen-Jensen, & Pfander, 2012). For recovery tests, samples were spiked with an 163 

internal standard solution of trans-β-Apo-8’-carotenal in ethanol before extraction. Following 164 

extraction, the solvent was then dried from the sample under blowing nitrogen using a 12-position 165 

N-EVAP nitrogen evaporator (Organomation, Berlin, MA, U.S.). All extracts were stored at -80 °C 166 

and HPLC analysis was performed within a week of extraction.  167 

2.4 Carotenoid Analysis and Quantification 168 

Reverse Phase – High-Performance Liquid Chromatography (RP-HPLC) (Waters Corporation, 169 

Milford, MA, U.S.) was used to separate and quantify the provitamin A pigments (β-carotene, β-170 

cryptoxanthin, and zeaxanthin) as well as lycopene and lutein. An established but unpublished 171 

protocol within the Bingham Laboratory was used with modifications. Briefly, an elution gradient 172 

using two mobile phases composed of acetonitrile, Water, and TEA (9:1:0.1) (Solvent A) and 100% 173 

ethyl acetate (Solvent B) were employed. Samples were concentrated (as needed) under blowing 174 

nitrogen. Samples were resolubilized in 500 µL of Solvent A and 500 µL of Solvent B and 175 

sonicated for 20 seconds, followed by centrifugation for 5 min at 12,700 x g to remove any 176 
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particulates before RP-HPLC separation. Duplicate samples (150 µL) were transferred into amber 177 

HPLC vials for injection. Carotenoids were analyzed using a Phenomenex Kinetex C18 (2.6 µm 178 

Core-shell, 100 x 4.6 mm) RP-HPLC column connected to an automated Waters 2695 interfaced 179 

with a Waters 996 Photodiode Array (PDA) detector using Millenium32 (v3.2) software that 180 

collected signals in the 200-600 nm range with maximum detection at 450 nm. Separation and 181 

quantification of the provitamin A pigments (β-carotene, β-cryptoxanthin) and nonprovitamin A 182 

carotenoids (lycopene, lutein, and zeaxanthin) were performed by injecting 40 µL of a sample and 183 

subjecting it to gradient separation using Solvent A and Solvent B. A flow rate of 1.8 mL/min and a 184 

gradient of Solvent A (100 % to 33.3 %) in 4.8 min followed by a wash of 100% Solvent B for 0.3 185 

min was used. The run time was 9 min with an additional 2 min post-run. Both the autosampler and 186 

the column temperature was set at 25 °C. Analytical standards of β-carotene, β-cryptoxanthin, 187 

zeaxanthin, lutein, and lycopene were used for external calibration. β-Cryptoxanthin esters were 188 

tentatively identified with absorbance spectra matching that of free β-cryptoxanthin and quantified 189 

using a β-cryptoxanthin standard, as reported by numerous studies (Breithaupt & Bamedi, 2001; 190 

Cano et al., 1996; Ma et al., 2017; Mutsuga et al., 2001; Schweiggert et al., 2014; Wall, 2006). It 191 

should be noted that the absorbance spectra of β-cryptoxanthin is almost identical to that of β-192 

carotene. Thus, to strengthen the tentative identification of β-cryptoxanthin esters, 4 mL of select 193 

papaya extracts (Rainbow and Sunrise) were saponified with 0.5 mL of 40% potassium hydroxide 194 

in methanol (w/w) for 30 minutes. Peaks that matched the absorbance spectra of β-cryptoxanthin 195 

and were observed to decrease as a result of saponification were identified as β-cryptoxanthin 196 

esters. Concentrations of standards were determined using spectrophotometry and molar extinction 197 

coefficients. The extinction coefficient used for lutein and zeaxanthin in methanol was 1450 M-1cm-
198 

1 (445 nm) and 1410 M-1cm-1 (450 nm), respectively and for β-carotene, β-cryptoxanthin and 199 

lycopene in hexane were 13950 M-1cm-1 (451 nm), 1360 M-1cm-1 (450 nm), and 1850 M-1cm-1 (471 200 

nm), respectively. According to HPLC retention times and absorbance spectra acquired by the PDA 201 

detector, sample peaks were identified according to authentic standards. The method used yielded 202 
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good peak separation with the following elution times: 2.40 min (lutein), 2.46 min (zeaxanthin), 203 

4.08 min (β-cryptoxanthin), 4.65 min (lycopene), and 5.29 min (β-carotene). Additional peaks of 204 

known and unknown carotenoids were detected within this time interval but did not interfere with 205 

the analysis.  206 

2.5 Moisture and Total Soluble Solids (°Brix) 207 

Fruit moisture content was determined by gravimetric measurement of weight loss after drying the 208 

samples (20 g) in a laboratory oven (Thelco Technologies Inc, Addison, IL, U.S.) at 60 °C until a 209 

constant weight was obtained. The measured weight loss was used to calculate the moisture content 210 

(%) of the sample. Total soluble solids (°Brix) were measured using a refractometer (Reichert 211 

Technologies, Münich, Germany).  212 

2.7 Fruit mineral analysis  213 

Raw and ripe composite fruit samples were sent to the Agricultural Diagnostic Service Center at the 214 

University of Hawaii at Manoa (Honolulu, HI) for complete mineral analysis. Fruit mineral analysis 215 

was performed using inductively coupled plasma-atomic emission spectrometry (ICP-AES) 216 

according to AOAC (2000) official method. The detection limit was 1 ppb.  217 

2.7 In-vitro digestion 218 

The bioavailability of samples was modeled using a 3-stage in-vitro bioaccessibility model, with 219 

conditions previously described by Garrett et al. (1999) and as adapted by Kean et al. (2008). 220 

Briefly, the method consisted of first an oral phase digestion using α-amylase for 10 min. at 37 °C, 221 

second a digestion using pepsin at pH 2.5 for 1 h at 37 °C to stimulate gastric digestion, followed 222 

by third an intestinal digestion with bile salts and pancreatin at pH 6.5 for 2 h at 37 °C.  The in-vitro 223 

study was performed in triplicate. Simultaneously, a test control salad containing tomatoes, julienne 224 

carrots, baby spinach, romaine lettuce, and Chinese wolfberry was included in the study to test the 225 



 10

method and extraction procedure (Failla et al., 2014). Analytical data were then compared to those 226 

of Failla and co-workers. Repeatability of digestion methodology across laboratories is an important 227 

concern. The 3-stage in-vitro bioaccessibility model chosen for this study differs from that of the 228 

INFOGEST harmonized digestion protocols. Our methods did not use enzyme inhibitors, 229 

chymotrypsin and did not perform an enzyme activity assay prior to digestion. However, this 230 

protocol was shown to generate similar carotenoid retention and bioaccessibility across diverse 231 

foods compared to the INFOGEST method (Rodrigues et al., 2017).  232 

Composite papaya samples (8 g) were transferred to a 50 mL centrifuge tube to which 0.4 g (5% 233 

w/w) canola oil was added. Oral phase base solution (6 mL) and 0.190 g of α-amylase were added 234 

to each reaction tube and vortexed for 5 min. Once mixed, the reaction tube was flushed with 235 

nitrogen, sealed with parafilm, and placed horizontally in a water bath at 37 °C, shaking at 90 236 

oscillations per minute. After 10 min, the sample was removed from the water bath and 237 

immediately placed on ice. The volume was brought up to 30 mL with 0.9 % w/v NaCl solution, 238 

and the pH was adjusted to equal 4.0 ± 0.1 using 1 M HCl. Once the desired pH was reached, 2 mL 239 

of pepsin solution (10 mg/mL) was added to the sample, and the pH was adjusted to equal 2.5 ± 0.1 240 

using 1 M HCl. The sample was brought up to 40 mL with 0.9 % w/v NaCl solution, flushed with 241 

nitrogen, sealed with parafilm, and placed horizontally in a water bath at 37 °C at 90 oscillations 242 

per minute for 1 h. During this time, the bile extract solution (30 mg/mL) was prepared in a 0.1 M 243 

NaHCO3 solution and sonicated for 30 min. At 45 min into incubation, the pancreatin-lipase 244 

solution (20 mg/mL pancreatin and 10 mg/mL lipase) in 0.1 M NaHCO3 was prepared. For 245 

intestinal digestion, the sample was removed from the water bath and immediately placed on ice. 246 

The pH was adjusted to equal 4.0 ± 0.1 by the addition of 0.1 M NaHCO3.  247 

Precisely 2 mL of pancreatin-lipase solution was added to the sample, followed by 3 mL bile extract 248 

solution. The pH was adjusted to equal 6.5 ± 0.1 using 0.1 M NaHCO3. The mixture's volume was 249 

brought up to 50 mL with 0.9 % w/v NaCl, flushed with nitrogen, sealed with parafilm, and placed 250 

horizontally in a water bath at 37 °C at 90 oscillation per minute for 2 h. Following simulated 251 
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digestion, a 15 mL aliquot for each finished digesta or digested (DG) sample was collected, flushed 252 

with nitrogen, and stored at -20 °C. To isolate the aqueous (AQ) micellar, or bioaccessible fraction 253 

believed to contain carotenoids, 30 mL aliquots of the digesta were centrifuged at 10,528 x g for 1 254 

h. The aqueous supernatant was drawn off with a 3 mL syringe and filtered through a 0.22 µm 255 

polypropylene filter (Millipore, Billerica, MA, U.S.) to remove unmicellarised carotenoids.  256 

2.7 Carotenoids extraction from AQ and DG fraction from fresh papayas digestion 257 

Carotenoids were extracted from the AQ fraction and DG with 4 mL extraction solvent (acetone/0.1 258 

% BHT ethyl acetate 1:3). Samples were vortexed for 1 min followed by centrifugation for 2 min at 259 

1,276 x g. Following centrifugation, the organic layer was transferred to a borosilicate tube. 260 

Extraction was repeated two more times. Carotenoid extraction was performed in triplicate and 261 

samples were kept on ice at all times. The total carotenoid concentration was measured at 450 nm 262 

with a spectrophotometer (Thermo Fisher Scientific, Waltham, MA, U.S.). The solvent was then 263 

dried under blowing nitrogen. For recovery tests, samples were spiked with a constant amount (100 264 

μL of 0.05 mg/mL) of  internal standard solution of trans-β-Apo-8’-carotenal before extraction. All 265 

samples were stored at -80 °C prior to HPLC analysis, which was performed within a week of 266 

extraction.  267 

AQ samples were resolubilized in 100 μL of mobile phases A and B (50 μL acetonitrile: 50 μL 268 

ethyl acetate), and DG samples were resolubilized in 2 mL mobile phases A and B (1 mL 269 

acetonitrile: 1 mL ethyl acetate). Samples were sonicated for 20 seconds, followed by centrifugation 270 

for 5 min, at 12,678 x g. Carotenoid content in the AQ fraction and DG following intestinal 271 

simulation was quantified after using the HPLC protocol described in section 2.4. Digestive 272 

stability (DS) was determined as the concentration of the target carotenoid in the resulting DG 273 

([C]DG) relative to the starting concentration in the raw material ([C]RM), with Equation 1:  274 

 275 
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Bioaccessibility was assessed as the micellarization efficiency (ME), that is, the fraction of target 278 

carotenoids in the micellar fraction ([C]AQ) relative to the amount in the digesta, given by Equation 279 

2:  280 
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2.8 Statistical Analysis 283 

All extractions and bioaccessibility simulations were conducted in triplicate with carotenoid content 284 

reported as the mean (n=3) of three independent extractions and standard deviation for each papaya 285 

cultivar and harvest location. Data were analyzed with JMP version 14.0 (SAS Institute Inc.; Cary 286 

NC, U.S.). Data were subjected to a two-way factorial analysis of variance (ANOVA) with α = 287 

0.05, and the Tukey-Kramer method was conducted post-hoc for mean comparisons (α = 0.05).  288 

3. Results and Discussion  289 

3.1 Nutritional composition analysis 290 

Papaya contained over 80% water (Table 1). Differences (P < 0.05) were observed across cultivars 291 

and within the same cultivar grown at different locations, except for red-fleshed papayas harvested 292 

from the same farm.   293 

Another essential quality parameter for papaya in terms of consumer acceptability is the sugar 294 

content. Soluble solids content (SSC) estimates fruit sugar content and is used as a maturity index. 295 

SSC levels ranged from 12.56 to 14.67 °Brix (Table 1), indicating differences across cultivars and 296 

geographical regions. For instance, SSC was significantly different for Sunset from the Island of 297 
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Hawaiʻi (Wainaku) and Sunset from Oʻahu (Poamoho). In general, moisture content and °Brix 298 

values compared favorably with those reported for ripe papaya by the U.S. Department of 299 

Agriculture - Agricultural Research Service (USDA-ARS, 2019) and other studies (Lako et al., 300 

2007; Wall, 2006). Soluble solids, minerals, carotenoids, and proteins are thought to increase with 301 

ripening, while moisture and fiber content decrease during the maturation process (Roberts et al., 302 

2008).  303 

Mineral analysis of essential nutrients showed that, on average, 1 cup (145 g) of papaya could 304 

provide 6% and 8% of the dietary reference intake (DRI) for Mg and Cu, respectively; however, 305 

they contribute less than 3% of the DRI for most of the other minerals (Table 2 and 3), which aligns 306 

with previous work as documented by Wall (2006). Even though boron is not an essential nutrient, 307 

it was included in the study as it is known to improve bone growth and maintenance (Pizzorno, 308 

2015). Significant differences between varieties and within varieties growing at the same locations 309 

under identical fertility practices were found. The mineral content of red-fleshed cultivars, 310 

including Sunset and Sunrise papayas harvested from Wainaku and Poamoho farms, was higher for 311 

P, K, Ca, Mg, and Na yellow-fleshed papayas. A similar trend was observed for yellow-fleshed 312 

Rainbow papaya harvested from Wainaku farm. This is most likely due to the different soils where 313 

fruits were grown and harvested, which greatly influence mineral composition of fruit (Campostrini 314 

et al., 2018).  315 

In general, papaya flesh levels of Fe, P, K, and Zn in this study were greater than those listed on the 316 

USDA nutrient database but lower than those listed for Mg and Na. However, the different 317 

cultivars' mineral levels were within the range reported in other studies and the USDA-ARS for raw 318 

papaya  (Tripathi et al., 2011; Wall, 2006; USDA-ARS, 2019). Wall (2006) reported the mineral 319 

levels for Rainbow papaya harvested from Kapoho and Keaʻau farms. The mineral contents were 320 

6.8 mg P, 113.2 mg K, 16.0 mg Ca, 24.5 mg Mg, 8.1 mg Na, 0.40 mg Fe and 5.2 mg P, 120.0 mg 321 

K, 12.1 mg Ca, 27.4 mg Mg, 7.1 mg Na and 0.31 mg Fe per kg of fresh weight, respectively. The 322 

genetically engineered varieties such as Rainbow, SunUp, and Lāʻie Gold showed no obvious 323 



 14

pattern of change compared to the non-genetically engineered varieties and similar observations 324 

were reported by Roberts et al. (2008) and Tripathi et al. (2011). Both studies specifically 325 

compared the mineral content of the hybrid Rainbow cultivar to the transgenic line. They reported 326 

that the cultivars grown in the same locations under identical fertility practices did not differ for 327 

mineral content. 328 

3.2 Carotenoid content 329 

Identification and quantification of carotenoids in eleven cultivars of C. papaya grown in Hawaii 330 

indicated that red- and yellow-fleshed varieties had different carotenoid profiles (Figure 1). Two-331 

way factorial ANOVA indicated that both cultivar and location were significant (P < 0.05) factors 332 

for β-cryptoxanthin, β-carotene, and lycopene content in papayas. The interaction of cultivar and 333 

location (cultivar*location) was also significant for lycopene but not for other carotenoids. Yellow-334 

fleshed papaya contained two major carotenoids, including β-carotene (152.4 – 331.0 µg/100 g of 335 

fresh weight) and β-cryptoxanthin (242.9 – 739.5 µg/100 g of fresh weight). In addition to these 336 

two carotenoids, red-fleshed papaya also contained high amounts of lycopene (1089.6 – 1570.4 337 

µg/100 g of fresh weight). Extraction recovery was 98% (n=11). Several other minor peaks were 338 

detected (Figure 1), but they could not be identified due to the lack of commercial authentic 339 

standards.  340 

Even though all papaya cultivars were harvested at 1/8 color break and allowed to ripen to full 341 

yellow color at room temperature (23°C), they may have ripened differently after harvest. 342 

Moreover, although extractions were performed as soon as papayas turned ripe and quantification 343 

was performed within one week, chemical changes of carotenoids are difficult to avoid, even at 344 

very low temperatures (Rodriguez-Amaya, 2001). Carotenoids are susceptible to isomerization, 345 

oxidation, and epoxidation, which are the principal causes of extensive loss (Lee & Kader, 2000). 346 

Like most fruits, papaya is a climacteric fruit thus its final composition is the result of various 347 

chemical and physiological changes that occur before and after harvest (Roberts et al., 2008). In 348 
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general, the content of total carotenoids in papayas' flesh is known to increase during the maturation 349 

stage. During this process, chlorophyll degrades with the simultaneous synthesis of carotenoids 350 

increasing in yellow-orange color (Roberts et al., 2008; Rodriguez-Amaya, 2016). Aside from the 351 

remarkable variation across cultivars influenced by genetic factors, nutritional variation also occurs 352 

due to factors, such as light, heat, acids, processing and storage conditions or isomerization of 353 

trans-isomers, the usual configuration of carotenoids, to cis-forms (Rodriguez-Amaya, 2001, 2016). 354 

Neither lutein nor zeaxanthin were detected in this study. However, a previous study has reported 355 

lutein, in low amounts, in Kapoho Solo, Lāʻie Gold, Rainbow, Sunrise, and Sunset varieties (Wall, 356 

2006). Extractions were thus repeated with some modifications. The carotenoid extracts were 357 

concentrated under blowing nitrogen to detect carotenoids present in low amounts potentially. 358 

Simultaneously, to test the extraction procedure's reliability, a control salad is known to contain 359 

several carotenoids, including lutein, which was subjected to the same extraction procedure and 360 

quantified by HPLC. Lutein was detected in the control salad, however not in the papaya samples, 361 

indicating that the lack of lutein was not due to the extraction method. As some minor peaks (Figure 362 

1) were not identifiable, select yellow (Rainbow) and red (Sunrise) fleshed papaya extracts were 363 

analyzed with an HPLC method using a C-30 column (Kean et al., 2008) to confirm the absence of 364 

lutein and zeaxanthin. Overall, this suggests that the lack of lutein presence may be due to a 365 

different carotenoid profile in these papaya cultivars than those previously reported (Wall, 2006). 366 

β-Carotene, β-cryptoxanthin, and lycopene contents (μg per 100 g of fresh pulp) varied widely 367 

across papaya varieties. Varietal differences have been demonstrated in numerous fruits 368 

(Rodriguez-Amaya, 2001; Yano et al., 2005). β-Carotene levels ranged from 152.4 to 331.0 μg/100 369 

g across different cultivars (Table 4), the highest being present in Rainbow (Keaʻau), followed by 370 

Lāʻie Gold (Kualoa). These values agree with other studies using HPLC, in which papaya β-371 

carotene levels across varieties ranged from 71 to 380 μg/100 g (Kimura et al., 1991; Müller, 1997; 372 

Tee & Lim, 1991). Additionally, these values fall within range of the values reported by the USDA-373 

ARS (2019) database (Papaya, raw; SR Legacy; 9226) (31-910 μg/100 g) based on 76 papaya 374 



 16

samples (variety not specified). β-Carotene levels reported by Wall (2006) for Rainbow (Kapoho) 375 

(161.3 μg/100) and Rainbow (Keaʻau) (316.4 μg/100) were lower compared to those found in this 376 

study.  377 

Significant geographical differences were also observed across Lāʻie Gold, Rainbow, Sunset, and 378 

Sunrise cultivars (Figure 4) Sunrise (232.6 μg/100 g) and Sunset (264.9 μg/100 g) varieties 379 

harvested from the Poamoho farm had a two-fold higher concentration of β-carotene compared to 380 

the same array harvested from the Wainaku farm (153.6 and 152.4 μg/100 g). The same trend was 381 

observed for Rainbow papayas harvested from three different locations. Their levels of β-carotene 382 

ranged from 212.3 to 331.0 μg/100 g, indicating that there is a significant difference within the 383 

same cultivar grown at various locations.  384 

β-Cryptoxanthin esters were identified as the predominant peak eluting after 6 min., with 385 

absorbance spectra matching free β-cryptoxanthin. In this study, β-cryptoxanthin and the ester form 386 

were expressed as “total β-cryptoxanthin.” Total β-cryptoxanthin was the primary carotenoid 387 

among yellow-fleshed papayas and compared favorably with other studies (Breithaupt & Bamedi, 388 

2001; Rodriguez-Amaya, 2016; Schweiggert et al., 2014; Wall, 2006). Similar to β-carotene, 389 

significant differences across varieties were observed. A 3-fold difference was observed across total 390 

β-cryptoxanthin levels, the highest being present in yellow-fleshed Rainbow (Keaʻau) papaya and 391 

the lowest in red-fleshed Sunrise (Wainaku) fruit (Table 4). β-Cryptoxanthin content of papaya 392 

(n=76, variety not specified) as reported by the USDA-ARS (2019) ranged from 13 to 1264 µg/100 393 

g, with an average of 589 µg/100 g. This is in line with the values determined in this study.  394 

High contents of β-cryptoxanthin were also reported by Wall (2006), ranging from 426 to 1034.4 395 

µg/100 g. Yano et al. (2005) reported the concentration of β-cryptoxanthin among 75 Japanese 396 

fruits and obtained the highest levels from Sunrise (3.2 mg/100 g) and yellow-fleshed “sweet” (1.6 397 

mg/100 g) of fresh weight papayas. Significant differences were also found within the same cultivar 398 

growing at different geographical locations, as in the case for Sunrise, Sunset, and Rainbow fruits. 399 

During the ripening stage, carotenoids accumulate in papayas, leading to alterations in tissue 400 
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pigmentation. Carotenoid formation begins with the condensation of isopentenyl diphosphate (IPP) 401 

(C5) and its isomer dimethylallyl diphosphate (DMADP), resulting in the synthesis of geranyl 402 

diphosphate (C10) (GPP) (Britton, Pfander, & Liaaen-Jensen, 1998). The condensation of two GPP 403 

molecules and elimination of diphosphate generates a phytoene, a colorless pigment (C40). 404 

Phytoene is then converted to α-carotene and subsequently converted into lycopene (Britton et al., 405 

1998; Fraser & Bramley,2004) by α-carotene desaturase (ZDS). In yellow-fleshed papayas, 406 

lycopene is rapidly converted into β-carotene via lycopene beta-cyclase (LCY-β), which is, in turn, 407 

converted into xanthophylls (β-cryptoxanthin and zeaxanthin)via β-carotene hydroxylase (β-CH) 408 

(Blas et al., 2010). However, in red-fleshed cultivars, the conversion of lycopene in cyclic 409 

carotenoids is inhibited, resulting in lycopene accumulation.   410 

Although vitamin A content has not been studied here, the provitamin A activity of β-carotene and 411 

β-cryptoxanthin is well documented (Rodriguez-Amaya, 2001, 2016). Depending on the variety and 412 

stage of maturity, papaya is considered a significant source of provitamin A carotenoids. According 413 

to the USDA-Nutrient Database, 100 g papaya provides 47 µg RAE/100 g for vitamin A content 414 

(USDA-ARS, 2019). Vitamin A levels reported in previous studies calculated from β-carotene and 415 

β-cryptoxanthin carotenoids ranged from 18.7 to 74.0 µg RAE/100 g in raw papaya (Wall, 2006). 416 

Wall (2006) concluded that, depending on the cultivar and stage of maturity, 100 g of fresh papaya 417 

would provide between 2% and 10% of the USDA DRI for vitamin A for the average adult. 418 

The red-fleshed cultivars, including Sunrise and Sunset, had high lycopene concentrations. 419 

Differences in lycopene content were evident among cultivars, although they were confined to a 420 

similar range (Table 4). Similar lycopene levels in raw papaya (1350 to 3674 μg/100 g) have been 421 

published previously (Schweiggert et al., 2014; Yano et al., 2005) and also fall in the range (678 – 422 

3674 μg/100 g, with an average of 1830 μg/100 g) of the values reported by the USDA-ARS 423 

(2019). Lycopene content was significantly different between Sunset and Sunrise varieties from 424 

Wainaku; however, no difference was found between Sunset and Sunrise harvested from Poamoho. 425 

As expected, a significant difference due to the geographical location was observed between the 426 
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two farms. The composition of carotenoids of red-fleshed papaya was first studied by Yamamoto 427 

(1964), who reported 63.5% lycopene, followed by β-cryptoxanthin (19.2%) and β-carotene (4.8%). 428 

A similar profile was observed in this study, with lycopene being the most prominent carotenoid 429 

across red-fleshed papayas, followed by β-cryptoxanthin and β-carotene.  430 

Genetic and environmental factors can affect carotenoid content in plants (Rodriguez-Amaya, 431 

2001). In particular, soil type is an essential factor that affects carotenoid and mineral content in 432 

fruits. The Hawaiian Islands show great diversity in soil types that can vary even over small 433 

distances on the same island. The factors that contribute to soil formation also vary tremendously 434 

(Deenik & McClellan, 2007). In this study, papaya cultivars are grown in Oxisol, Andisol, and 435 

Mollisol soils showed high total carotenoid content than papayas grown on other grounds. Andisol 436 

and Mollisol soils in Hawaii are very fertile and naturally rich in essential nutrients, such as Ca, 437 

Mg, and K. Despite their low fertility, Oxisol soils show excellent physical properties for water 438 

retention and porosity. They can be transformed into very productive and fertile soils. Also, the 439 

amount of rainfall determines the degree of fertility (Deenik & McClellan, 2007; 440 

Trakoonyingcharoen et al., 2005). A report from Sangsoy et al. (2017) concluded that Oxisol soil 441 

increased the papaya fruits' carotenoid content. They found that organic matter was positively 442 

correlated with total nitrogen levels, reported to promote carotenoid synthesis (Trakoonyingcharoen 443 

et al., 2005). Although papaya fruits in this study were harvested at the color break and allowed to 444 

ripen at 22°C under the same conditions, slight variabilities in the stage of maturity and during the 445 

ripening process could contribute to significant differences in carotenoid concentrations (Sancho et 446 

al., 2011). These results coincide with those of Kimura et al. (1991), Rivera-Pastrana (2010), and 447 

Wall (2006), who performed studies on the contents of the major carotenoids in C. papaya under 448 

different farming systems, suggesting that the differences in carotenoid content across cultivars and 449 

varieties could be attributed to production practices and geographical location.  450 

3.3 Bioaccessibility  451 
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All papaya cultivars harvested from different locations were subjected to enzymatic treatment, 452 

including pepsin, α-amylase, pancreatin, and lipase-bile salts. A comparison of the carotenoid 453 

profile before and after simulated digestion gave information about the availability for absorption in 454 

the small intestine (Goñi et al., 2006). Figure 2 shows the amount of carotenoid in the aqueous 455 

fraction relative to the total digesta for β-carotene, β-cryptoxanthin, and lycopene, respectively.  456 

Significant varietal differences were evident in both the free and bioaccessible fractions for each 457 

carotenoid (β-carotene, β-cryptoxanthin, and lycopene). Two-way factorial ANOVA indicated that 458 

cultivar and location were significant (P <0.05) factors for digestive stability (DG) and the aqueous 459 

fraction (AQ) for β-cryptoxanthin and β-carotene. For lycopene, cultivar and the interaction of 460 

cultivar*location was significant for the digestive stability; no factors were significant for the 461 

aqueous micellarized fraction. In general, most of the carotenoids were found in the total digesta 462 

following simulated intestinal digestion. Ultracentrifugation of the digesta yielded an aqueous 463 

supernatant containing the carotenoids released from the food matrix, which are assumed to be 464 

present in mixed micelles. Microfiltration to obtain the bioaccessible portion altered the 465 

concentration of β-carotene, β-cryptoxanthin, and lycopene substantially, as previously described 466 

(Garrett et al., 1999; Schweiggert et al., 2012). Results obtained with the control test salad reported 467 

a micellarization efficiency of 13.6% for lutein, 14.53% for β-carotene, and 11.7% for lycopene. 468 

These values are comparable to the ones obtained by Failla et al. (2014) for lutein (17.5%), β-469 

carotene (14.9%), and lycopene (5.5%), considering the differences in the exact variety of 470 

vegetables used and thus initial phytochemical profile.  471 

The concentration of β-carotene, β-cryptoxanthin, and lycopene in the total digesta from papayas 472 

ranged from 14.5 to 43.9, 19.3 to 82.1, 139.8 to 219.7 μg/100 g, respectively (Figure 2). All three 473 

major carotenoids were detected in the aqueous fraction following simulated digestion, although the 474 

efficiency of their transfer from the food matrix varied widely across papaya varieties. The 475 

bioaccessibility values of these papaya varieties were independent of carotenoids' initial content, as 476 

reported in a previous study (Veda et al., 2007). Bioaccessibility of β-carotene was highest in the 477 
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Rainbow (Kapoho) variety at 20.5% and lowest in the Sunset (Poamoho) variety at 1.7% (Figure 2). 478 

The percent bioaccessible β-cryptoxanthin was highest in the varieties Rainbow (Keaʻau) at 11.7% 479 

and Sunrise (Poamoho) at 11.5% and lowest in Sunset (Poamoho) variety at 1.1%. Given these 480 

results, Rainbow papayas tended to have a higher percent of bioaccessible β-carotene and β-481 

cryptoxanthin compared to yellow-fleshed Lāʻie Gold, Kapoho Solo, and red-fleshed Sunset and 482 

Sunrise varieties.  483 

Besides showing the significant varietal difference, these results indicate that only a small portion 484 

of carotenes and xanthophylls was bioavailable and ready for absorption, suggesting that a 485 

considerable proportion of the carotenoids the pulp remained in the food matrix after digestive 486 

enzymatic treatment. A similar trend was observed by Schweiggert et al. (2012), who studied the 487 

bioaccessibility of carotenoids in ripe papaya using a similar in vitro model. Veda and co-workers 488 

(2007) determined β-carotene bioaccessibility of two varieties of papaya growing in India. A 489 

significant varietal difference was only detected when milk was added to the fruit pulp (Veda et al., 490 

2007). They reported a 40% increase in the bioaccessibility of β-carotene in the presence of 491 

exogenous milk, which could be attributed to the fact of protein and fat since proteins have been 492 

shown to enhance micelle formation and stabilize fat emulsions (Veda et al., 2007; West & 493 

Castenmiller, 1998). Overall, the bioaccessibility of β-carotene in the prescence of milk was higher 494 

than the bioaccessibility reported in this study; however, direct comparison is difficult since a 495 

different protocol was used for the simulated digestion and carotenoid extraction (Veda et al., 496 

2007). 497 

Furthermore, numerous reports observed more excellent absorption of β-cryptoxanthin compared to 498 

β-carotene from test meals (Borel et al., 1996; Garrett et al., 1999; Pullakhandam & Failla, 2014; 499 

Sy et al., 2012) as well as from carrot, mango, papaya and tomato (Schweiggert et al., 2012). 500 

Xanthophylls are more readily transferred to mixed micelles than carotenes because they are located 501 

on the surface of fat droplets rather than within the lipid core (Failla et al., 2014). This contrasts 502 

with the results in the present study, where β-cryptoxanthin absorption was lower compared to β-503 
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carotene. The majority of the β-cryptoxanthin present in these papaya varieties exists as an ester, 504 

and mixed micelles' efficiency to incorporate esters is much less than that of free xanthophylls as 505 

reported previously (Chitchumroonchokchai & Failla, 2006; Failla et al., 2014). This may partially 506 

explain the lower micellarization efficiency of β-cryptoxanthin compared to other studies. However, 507 

since some minor peaks were not identified in this study, it is possible that some of the β-508 

cryptoxanthin may have isomerized during the digestion process and may have eluted elsewhere, 509 

thus lowering our calculated micellarization efficiency. Future work using a C-30 column (Kean et 510 

al., 2008) could better assist with isomer identification.  511 

The percent bioaccessible lycopene ranged from 1.48% to 11.43% and was highest in the Sunrise 512 

variety from the Poamoho farm (Figure 2). Micellarization efficiency of lycopene from Sunrise 513 

varieties averaged at 9.7%. This was notably lower for Sunset varieties at 1.6%. Although lycopene 514 

digestive stability averaged 55% (across all red-fleshed papayas), with a range of 40.2% to 65.9%, 515 

micellarization efficiency was relatively poor in this study and as reported by several others (Clark 516 

et al., 2000; Garrett et al., 1999; Schweiggert et al., 2012). There are several plausible explanations 517 

for the low bioaccessibility of lycopene. Schweiggert et al. (2012) reported that chromoplast 518 

morphology has a significant impact on the liberation efficiency of carotenoids from the food 519 

matrix. In papaya, β-carotene and β-cryptoxanthin and their esters accumulate into globular-tubular 520 

chromoplasts occurring in a liquid crystalline or lipid-dissolved form. Conversely, lycopene is 521 

deposited into crystalloid chromophores and appears in a solid-crystalline structure (Schweiggert et 522 

al., 2011; 2014). They concluded that the liberation of carotenoids deposited into non-crystalline 523 

chromophores is significantly higher than those present in crystalloid structures (Pee et al., 1998; 524 

Schweiggert et al., 2012), further supporting our results. Furthermore, lycopene crystalloids have 525 

shown to better protect the papaya chromoplast against breakdown during digestion, explaining the 526 

relatively high digestive stability compared to β-carotene and β-cryptoxanthin (Schweiggert et al., 527 

2012). Interestingly, previous in-vitro digestion studies with tomatoes reported that lycopene levels 528 

did not decrease significantly after filtration (Brown et al., 1989; Schweiggert et al., 2012). It is 529 
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hypothesized that this effect could be due to the higher pectin levels found in papayas (0.66 – 1.0%) 530 

compared to tomatoes (0.2 – 0.6%), which could potentially hinder lycopene bioaccessibility and 531 

absorption. An important characteristic of pectin is its ability to form gels and increase an aqueous 532 

medium (Guimaraẽs et al., 2009). Consequently, the high pectin levels found in papaya could 533 

increase viscosity in the intestinal fluids resulting in higher retention of lycopene and other 534 

carotenoids, which could have been removed by microfiltration (Schweiggert et al., 2012, 2014). 535 

Nonetheless, further research is required to fully elucidate phytochemical and biopolymer 536 

interactions in the food matrix during digestion.  537 

Besides chromoplast structure and food matrix, many other factors influence the absorption of 538 

carotenoids from papayas (Goñi et al., 2006; Jeffery et al., 2012; Salter‐Venzon et al., 2017; 539 

Schweiggert et al., 2014). Following digestion, hydrophobic carotenoids are absorbed in the small 540 

intestine, packaged into plasma, and secreted into the lymph system for transport to the bloodstream 541 

and subsequent uptake by peripheral tissues. For efficient absorption, carotenoids must be 542 

incorporated into mixed micelles during digestion in the upper intestine (van Loo-Bouwman et al., 543 

2014). However, it has been suggested that when several carotenoids are delivered simultaneously 544 

into the intestinal tract at high concentrations, they compete for micelle formation and subsequent 545 

intestinal absorption (Maiani et al., 2009; van den Berg & van Vliet, 1998; van het Hof et al., 546 

2000).  547 

Carotenoids may also compete with one another for uptake and metabolism in the enterocyte and 548 

incorporation into the plasma, hindering absorption and subsequent uptake (Kostic et al., 1995; 549 

Schweiggert et al., 2014; van het Hof et al., 2000). Borel et al. (1996) documented that when a 550 

large portion of carotenoids is ingested, a sizable fraction can be stored temporarily in the epithelial 551 

cells until lipids from a subsequent meal enable the micellarization into chylomicrons and promote 552 

their absorption. Co-consumption of lipid is known to stimulate the absorption of carotenoids and 553 

has been reported to be necessary for optimal absorption (Failla et al., 2014; Goltz et al., 2012; 554 

Thurnham, 2007). Previous studies have shown that both the amount of co-consumed lipid and the 555 
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source can affect carotenoid absorption (Brown et al., 2004; Failla et al., 2014; Goltz et al., 2012; 556 

Parker et al., 1999; Roodenburg et al., 2000; Unlu et al., 2005).  557 

Failla et al. (2014) demonstrated that micellarization efficiency during digestion depends on the 558 

presence and source of fat and the carotenoids' respective hydrophobicity. It has been reported that 559 

micelles containing polyunsaturated fatty acid (PUFA) are more extensive than those containing 560 

monounsaturated fatty acid (MUFA) and that the larger micelles diffuse more slowly through the 561 

intestine resulting in a decreased rate of carotenoid absorption (Clark et al., 2000; Hollander & 562 

Ruble, 1978). Brown et al. (2004) documented a significant dose-dependent increase in carotenoid 563 

absorption when consumed with 0, 6, and 28 g of canola oil. Similarly, Goltz et al. (2012) reported 564 

that carotenoids' absorption, particularly xanthophylls and carotenes, is enhanced when co- 565 

consumed with MUFA rich canola oil compared to PUFA rich lipid sources. However, while they 566 

noticed an overall effect by adding lipids, they did not observe a significant increase in carotenoid 567 

absorption by increasing canola oil levels. This trend was less pronounced for lycopene, as 568 

observed in this study.  569 

4. Conclusion 570 

In this study, three yellow-fleshed papaya cultivars, namely Lāʻie Gold, Rainbow, Kapoho Solo, 571 

and two red-fleshed cultivars, Sunset and Sunrise, were harvested from different locations 572 

throughout the islands of Hawaii and analyzed for their mineral and carotenoid content. Papayas (1 573 

cup; 140 g of fresh weight) contained 6 and 8% of the dietary reference intake (DRI) for Cu and 574 

Mg, respectively, but less than 3% of the DRI for other minerals. It was found that yellow-fleshed 575 

papayas are an excellent nutritional source of β-carotene and β-cryptoxanthin, while red-fleshed 576 

papayas contained high amounts of lycopene. The maximum levels of β-carotene and β-577 

cryptoxanthin were found in the Rainbow papaya cultivar from the Keaʻau farm. In contrast, the 578 

Sunset cultivar from the Wainaku farm contained the highest amount of lycopene. Significant 579 

varietal differences in the bioaccessibility of β-carotene, β-cryptoxanthin, and lycopene were 580 
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observed. Among the yellow-fleshed papayas, total carotenoid bioaccessibility was highest in the 581 

Rainbow variety from the Keaʻau and Kapoho farms. Among red-fleshed papayas, the highest 582 

bioaccessibility for lycopene was found for Sunrise papayas from the Poamoho farm. All three 583 

significant carotenoids were detected in the aqueous fraction following simulated digestion, 584 

although the efficiency of their transfer from the food matrix varied widely across papaya varieties. 585 

Two-way factorial ANOVA indicated that both cultivar and location were significant factors for β-586 

cryptoxanthin, β-carotene, and lycopene content in papayas and bioaccessibility of the non-587 

lycopene carotenoids. Altogether, these results indicate that both the geographical location and the 588 

papaya variety are significant factors contributing to carotenoid content and its bioaccessibility. 589 
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Figure 1. Representative HPLC chromatograms of yellow-fleshed papaya (top) and red-fleshed 

papaya (bottom). Peak identification: (1) β-cryptoxanthin, (2) lycopene, (3) β-carotene, (4) β-

cryptoxanthin ester. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 
Figure 2. Digestive stability and bioaccessibility of β-carotene (top), β-cryptoxanthin (middle), and 

lycopene (bottom) across papaya varieties grown in Hawaii, respectively. Values are means (± 

standard deviation) (n=3). Different letters denote samples that are significantly different (α = 0.05).  

 



 

 

Table 1. Mean total soluble solids and moisture content across papaya (Carica papaya) cultivars 

grown in Hawaii 

Cultivar Locationa Soluble Solids (°Brix)b Moisture (%)b 

Laie Gold Kamiya 13.83 ± 0.06# 83.46 ± 0.05#¥ 

Laie Gold Kahuku 14.67 ± 0.12† 82.79 ± 0.01¥ 

Laie Gold Kualoa 14.57 ± 0.06† 83.66 ± 0.00#§¥ 

Rainbow Wainaku 12.90 ± 0.00¤ 85.77 ± 0.00† 

Rainbow Kapoho 14.50 ± 0.06† 82.15 ± 0.00¥ 

Rainbow Keaʻau 14.13 ± 0.06‡ 82.62 ± 0.00¥ 

Kapoho Solo Hāmākua 13.20 ± 0.10§ 85.56 ± 0.00†¤§ 

Sunrise Wainaku 11.83 ± 0.06¤ 86.81 ± 0.00† 

Sunrise Poamoho 14.00 ± 0.10#‡ 85.04 ± 0.00#¤§ 

Sunset Wainaku 12.56 ± 0.05¥ 86.41 ± 0.00†¤ 

Sunset Poamoho 14.10 ± 0.10‡ 84.84 ± 0.00#¤§ 
a Kamiya, Kahuku, Kualoa and Poamoho are on the island of Oahu. Keaʻau, Kapoho, Hāmākua 

and Wainaku are on the Island of Hawaiʻi (Big Island) 
b Values are means (± standard deviation) of triplicates per cultivar at each location 
#†‡§¥¤ Levels not connected by same symbol are significantly different  

 

 

Table 2. Mineral content (P, K, Ca, Mg, Na) of papaya cultivars grown in Hawaii 

Cultivar  Locationa Pb Kb Cab Mgb Nab 

mg/100 g fresh weight 

Laie Gold Kamiya   8.5 ± 0.7‡ 145.6 ± 0.8¥¤ 13.8 ± 0.3† 15.7 ± 1.0‡ 6.2 ± 0.3† 

Laie Gold Kahuku   6.0 ± 1.0¥ 146.1 ± 0.2‡ 12.8 ± 0.1
«
 15.5 ± 0.6¥ 4.3 ± 0.1# 

Laie Gold Kualoa   6.8 ± 0.2§ 172.4 ± 0.8§¥ 12.9 ± 0.2§ 13.5 ± 0.7§ 4.2 ± 0.3§ 

Rainbow Wainaku 12.8 ± 0.2
«
 186.4 ± 7.5¤ 27.0 ± 0.6‡ 21.5 ± 0.6†‡ 2.5 ± 0.1¥¤ 

Rainbow Kapoho  10.9 ± 0.3
≈
 145.0 ± 1.8

«
 11.6 ± 0.7

≈
 15.6 ± 0.4¥ 2.1 ± 0.1¤ 

Rainbow Kea’au   5.6 ± 0.1▪ 122.8 ± 3.6≈   9.7 ± 0.1
∼

 15.3 ± 0.3¥ 2.2 ± 0.1¤ 

Kapoho Solo Hāmākua   8.6 ± 0.1
∼

 172.4 ± 1.0¤ 16.5 ± 0.6¤ 14.0 ± 0.5¤ 2.2 ± 0.2¤ 

Sunrise  Wainaku 14.3 ± 0.1¤ 210.4 ± 6.1‡§ 12.8 ± 0.1
«≈

 17.2 ± 0.2§ 2.7 ± 0.1¥ 

Sunrise Poamoho 14.5 ± 0.7† 201.7 ± 1.0¥¤ 26.1 ± 0.1# 18.7 ± 0.5# 4.7 ± 0.6† 

Sunset Poamoho   7.8 ± 0.3# 163.6 ± 0.6#† 15.7 ± 0.9# 11.0 ± 0.0#† 3.1 ± 0.2‡ 

Sunset Wainaku 15.9 ± 0.0¥ 251.2 ± 6.1# 18.9 ± 0.0¥ 15.2 ± 0.2¥ 4.2 ± 0.2‡ 

DRIc (mg/day) 700  4700  1000  320;420  1500 
a Kamiya, Kahuku, Kualoa and Poamoho are on the island of Oahu. Kea’au, Kapoho, Hāmākua and 

Wainaku are on the island of Hawaii.  
b Values are means (± deviation) of triplicates per cultivar at each location 
c Dietary reference intake (DRI) established by the U.S. Department of Health & Human Services 

(2011). Values are given for female and male adults (19-50 years).  
#†‡§¥¤«≈∼▪ Levels not connected by same symbol are significantly different  

 



 

 

Table 3. Mineral content (Fe, Mn, Zn, Cu, B) of papaya cultivars grown in Hawaii 

Cultivar  Locationa Feb Mnb Znb Cub Bb 

mg/100 g fresh weight 

Laie Gold Kamiya 0.24 ± 0.01# 0.06 ± 0.00¥ 0.24 ± 0.01§ 0.01 ± 0.00§ 0.13 ± 0.01¥ 

Laie Gold Kahuku 0.33 ± 0.01†‡ 0.01 ± 0.00¤ 0.13 ± 0.01†‡ 0.03 ± 0.00§ 0.15 ± 0.01¥ 

Laie Gold Kualoa 0.34 ± 0.01¥¤ 0.02 ± 0.00¤ 0.08 ± 0.01§ 0.01 ± 0.00§ 0.13 ± 0.00‡§ 

Rainbow Wainaku 0.30 ± 0.02†‡§ 0.11 ± 0.00†‡ 0.10 ± 0.01‡§ 0.07 ± 0.00# 0.20 ± 0.00# 

Rainbow Kapoho  0.24 ± 0.00¥¤ 0.10 ± 0.01‡§ 0.12 ± 0.01†‡§ 0.07 ± 0.01#† 0.16 ± 0.00§¥ 

Rainbow Kea’au 0.25 ± 0.01¥¤ 0.02 ± 0.00¤ 0.29 ± 0.01# 0.03 ± 0.00§ 0.15 ± 0.01¥ 

Kapoho 

Solo 

Hāmākua 0.21 ± 0.02¤ 0.12 ± 0.00† 0.11 ± 0.02†‡§ 0.03 ± 0.00§ 0.18 ± 0.00†‡ 

Sunrise  Wainaku 0.35 ± 0.00† 0.15 ± 0.01# 0.12 ± 0.02†‡§ 0.05 ± 0.00‡ 0.19 ± 0.00#† 

Sunrise Poamoho 0.53 ± 0.00§¥ 0.07 ± 0.01§¥ 0.09 ± 0.00§ 0.02 ± 0.01§ 0.13 ± 0.01#† 

Sunset Poamoho 0.30 ± 0.01‡§ 0.02 ± 0.01† 0.10 ± 0.00† 0.02 ± 0.00§ 0.13 ± 0.00#† 

Sunset Wainaku 0.28 ± 0.02‡§¥ 0.16 ± 0.01# 0.10 ± 0.01‡§ 0.06 ± 0.00†‡ 0.20 ± 0.01#† 

DRIc (mg/day) 18; 8 1.8; 2.3 8; 11 0.90 N.D.d 

a Kamiya, Kahuku, Kualoa and Poamoho are on the island of Oahu. Kea’au, Kapoho, Hāmākua and 

Wainaku are on the island of Hawaii.  
b Values are means (± standard deviation) of triplicates per cultivar at each location 
c Dietary reference intake (DRI) established by the U.S. Department of Health & Human Services 

(2011). Values are given for female and male adults (19-50 years).  
d N.D.: not detectable 
#†‡§¥¤ Levels not connected by same symbol are significantly different  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 4. Carotenoid content of papaya cultivars grown in Hawaii 

Cultivar Locationa β-caroteneb  β-cryptoxanthin b lycopeneb lutein zeaxanthin 

µg/100 g fresh weight 

Laie Gold Kamiya 204.8 ± 1.9¥ 665.3 ± 11.9† N.D.c N.D. N.D.  

Laie Gold Kahuku 315.0 ± 1.4# 654.0 ± 20.7#† N.D. N.D. N.D. 

Laie Gold Kualoa 323.9 ± 8.6# 713.7 ± 16.2#† N.D. N.D. N.D. 

Rainbow Wainaku 212.3 ± 4.6‡¥ 439.6 ± 3.8¥ N.D. N.D. N.D. 

Rainbow Kapoho  239.0 ± 11.4†‡ 432.1 ± 6.7¥ N.D. N.D. N.D. 

Rainbow Kea’au 331.0 ± 14.4# 739.5 ± 17.8# N.D. N.D. N.D. 

Kapoho 

Solo 

Hāmākua 215.6 ± 12.2‡¥  538.0 ± 14.8‡ N.D. N.D. N.D. 

Sunrise  Wainaku 153.6 ± 4.6§ 242.9 ± 2.1§ 1352.7 ± 17.4‡ N.D. N.D. 

Sunrise Poamoho 232.6 ± 3.0‡¥ 405.9 ± 33.7¥ 1089.6 ± 7.0† N.D. N.D. 

Sunset Poamoho 264.9 ± 17.9† 384.4 ± 17.5¥ 1134.0 ± 15.5‡ N.D. N.D. 

Sunset Wainaku 152.4 ± 4.5§ 292.6 ± 14.0§ 1570.4 ± 32.7# N.D. N.D. 

a Kamiya, Kahuku, Kualoa and Poamoho are on the island of Oahu. Kea’au, Kapoho, Hāmākua and 

Wainaku are on the island of Hawaii.  
b Values are means (± standard deviation) of triplicates per cultivar at each location 
c N.D.: not detectable  
#†‡§¥ Levels not connected by same symbol are significantly different  

 

 




