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Nutriomic analysis is a postgenomic-based study of nutritious components (nutriome). There is a
need for an in vitro digestion and absorption model to unravel interactive factors varying nutriome
release from various food materials that cannot be directly studied in humans. Effects of processing
and in vitro digestion steps on carotenoid, sugar, and organic acid release from tomato, papaya, and
mango products were comprehensively studied for the first time in this research. In vivo chewing
experiments using 24 healthy adult volunteers was carried out prior to chewing simulation. Microscopy
showed that cutting and blending alone were unlikely to mimic chewing at swallowing point. Using
general linear model (GLM) ANOVA and principal component analysis (PCA), effects of interaction
between digestion steps and processing types on the nutriome release were significant (p < 0.05)
when 90% particles of 0.5 (dried) and 1.5 cm (fresh) were digested in vitro. Generally, dried and
fresh fruits released lower levels of nutriome components than juices. PCA indicated nutriome release
from tomato products was affected by the factors studied more than those from papaya and mango
products. Fruit type is the main determinant factor relative to processing and digestion steps because
it determines the extent of matrix that breaks down and consequent nutriome diffusion rates. It is
predicted that pectin plays a role in determining the rate of nutriome release and absorption, which
requires further investigation.
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INTRODUCTION

Doring (1) defined a study of the nutritious components of
foods and their relationships to activities of the individual
biology of humans (e.g., digestion and uptake, health) as
nutriomics. For optimal biological functions, it is important to
consider the total complement of nutritional molecules (nutri-
ome), as there are a large number of potential interactions of
food components with the human biology, particularly at the
level of gene transcription and regulation. Hence, nutriomic
analysis aims to discern the roles of nutriome components in
the human digestive system, comprehensively.

Genetically, health is an equilibrium state of healthy-unhealthy
conditions, called epigenetic (2) illustrating the complexity of
the interactions and providing a schematic framework for the
assessment of the efficacy of food nutriomes. Mechanistic
understanding of functional ingredients acting in the human body
to gain a healthy net resultant in epigenetic driven condition is
still not well established. First, to exert its functions in human

health certain levels of bioavailability of the beneficial com-
ponents in the human body are required. This is currently beyond
nutrient contents in the foods and residual levels of metabolites
in urine or feces, but in vivo studies with human subjects are
unlikely. Moreover, surrogate models from animals may have
no physiological similarities. Therefore, assessing the claim of
the efficacy is not an easy task, mainly due to lack of the many
systematic data required. Extensive research is required from
many disciplines comprehensively, though, and an in vitro model
mimicking the human network system is necessarily available
for routine claim assessment in functional food manufacturing.

Although enzyme and bile salt concentrations and reaction
conditions of in vitro digestion have been well studied for single-
nutrient bioavailability determinations, less attention has been
paid to the beginning (chewing) and end (uptake) of the human
digestive process; for example, models do not involve a chewing
step (3-9); powders or pulverized solid samples are used (3-9);
extracts of bioactive compounds are studied (10); or mincing
is performed (11). In addition, absorptive tissues were mimicked
using dialysis tubes (12-14) or cell monolayers (3-10) or
referred to animal in vivo studies (15, 16). Cell monolayers are
the most important potential model because physiological
characteristics of epithelial brush borders are expressed even
though at lower levels (17-23).
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The novelty of the present nutriomics analysis involves (a)
the use of simulated chewed particles and the use of Caco-2
cell monolayers as a model of apical-basolateral transport that
mimics membrane modeling of the intestinal human brush
border in delivering nutriome from the intestinal lumen to the
circulatory portal entrance, in addition to the conventional
biochemical mimics of mouth, stomach, and intestinal environ-
ments and (b) the use of principal component analysis (PCA)
to map detectable nutriome components and their interactions.
The first paper in this pair investigated in vitro digestion of
minimally processed fruits and vegetables, mapping the possible
interactions of nutriome components using PCA.

Fruits and vegetables are frequently consumed as minimally
processed solid products, the tissues and cell walls of which
may be undisrupted. Here, the nutrients are located in cells
encased by cell walls composing the food matrices at the macro
level. Such natural organizations may limit nutrient bioavail-
ability along the gastrointestinal tract, and processing is expected
to modify bioavailability (24). It is evident that cell rupturing
in ingested foods is crucial for nutrient bioavailability of
processed and unprocessed samples (25) in vitro and in vivo
(26), respectively. Furthermore, the activity of in vitro pepsin
or pancreatin does not solubilize or degrade cell wall compo-
nents of spinach (27). Thus, nutrient bioavailability from plant
foods may ultimately depend on particle characteristics after
the chewing process.

The importance of chewing can be seen from the reported
reduction of plasma glucose level when participants swallowed
without chewing samples of diced potato or apple, whole rice,
or sweet corn (28). The effects of chewing on important tropical
fruit such as fully ripe mango papaya and on their products,
which are known to affect diabetes patients (29, 30), have not
been described systematically. Thus, the physical changes of
particles during in vivo chewing and the rheological conse-
quence for swallowing were investigated. The in vivo chewing
products were then simulated for the in vitro digestion model.

Chewing of solid foods is a complex process governed by
neurophysiology mechanisms (31, 32), which generate new
surface areas and produce a food bolus, a mixture of chewed
particles and saliva. The final products of chewing vary
depending on the food types and texture of the ingested foods,
with this process being compounded by differences in the
chewing ability of individual humans (33). At the end of
chewing, particles can range from micrometers to 0.5 cm
size (34-37); however, particles with 1.5 cm length or more
have been obtained from the chewing of pasta and bread (11).
In addition, effects of texture on chewing have been shown;
for example, tender meat was comminuted better than tough
meat boli during chewing (38). Compactness and agglomerations
also occur during chewing (36, 37). However, the effects of
chewing on in vitro bioavailability have not yet been studied
systematically.

Studies of bioavailability using powders and diced, pureed,
or blended samples may lead to less realistic bioavailability
values, especially when natural foods such as fruits or vegetables
are studied. A chewing study is more realistic when heteroge-
neous natural foods are used instead of synthetic samples (39);
thus, in vitro bioavailability determinations based on such study
are also probably more realistic. In vitro models have been
widely applied in nutrient bioavailability studies, for example,
grape extract (10), rice, maize, wheat, fish, carrot, infant formula,
iron, and its interactions with other food components by Glahn
and colleagues (3-7, 40-48).

Tomato, mango, and papaya are fruits containing bioactive
compounds, pectin-rich cell walls, and high levels of sugars.
These components play roles individually in human well-being,
but excessive levels may counter health benefits (e.g., excessive
sugars can cause diabetes, obesity). It is a major challenge to
determine how much of each of those compounds is delivered
(potential bioavailability) to the human circulatory system
(bioavailable) from their consumption in particular amounts and
to identify their subsequent effects on human health. Information
on the changes to food components by the human digestive
system may help explain relationships between diet and human
health that are currently inferred from epidemiology studies.

Besides 9-cis-�-carotene, papaya and mango are rich in
xanthophylls, neoxanthin, violaxanthin, lutein, zeaxanthin, and
cryptoxanthin (49). Currently, the carotenoid contents of mango
and papaya have been reported, but little information on the
health effects of carotenoids through papaya or mango con-
sumption has been reported.

The present study is the first attempt to test the nutriomic
digestion approach for a range of common fruit product types
(fresh, juiced, dried) used in daily life. Using simple processing
such as juicing and drying, without any additional ingredients,
nutriomic analysis of tomato, mango, and papaya involving in
vitro digestion was investigated. Whereas the selected fruits have
different textures and biological architecture, they share common
components such as carotenoids, sugars, and organic acids,
which are believed to affect human health. Therefore, a
comparison among different fruits and their products, based on
observations for the same compound groups, was carried out.

MATERIALS AND METHODS

Materials. Digestion Samples. Fresh samples of Kent mango
(Mangifera indica) (supplied to market from Bowen, northern Queen-
sland, Australia), Red papaya (Carica papaya), and Red Roma tomato
(Lycopersicum esculentum) were purchased from a local store in
Brisbane, Australia. All fruits are fully ripe fruits ready to eat as table
fruits.

Chemicals included piperazine-N,N′-bis[2-ethanesulfonic acid] (PIPES),
casein, amylase (human salivary amylase IX), pepsin, porcine pancre-
atin, porcine bile extract, buffer phosphate pH 7.0 HPCE (high-
performance capillary electrophoresis; to help with nutriome component
mineral), caffeine, caffeic acid, p-coumaric acid, o-coumaric acid,
mangiferin, chlorogenic acid, ferulic acid, fumaric acid, naringenin,
hydroxy benzeoic acid, (+)-catechin, succinic acid, trans-aconitic acid,
malonic acid, malic acid, citric acid, oxalic acid, L-ascorbic acid, tartaric
acid, lycopene, �-carotene, Dowex 1x8 chloride forms 100-200 mesh,
Dowex 50Wx8 hydrogen forms 100-200 mesh, and Chelex 100 (Bio-
Rad); lutein and �-cryptoxanthin (Extrasynthese); Optivin enzyme mix,
that is, a mixture of pectinase, hemicellulase, cellulase, and protease
(Enzyme Solution Pty, Ltd.); nitrocellulose filter membranes 0.45 µm
and nylon filter membranes 0.45 and 0.2 µm, plastic syringe 1-10
mL, and SePack solid-phase extraction cartridges (Phenomenex); weak
cation exchange (WCX)-Oasis cartridges (Waters); 50 mL Falcon tubes
and C18 powder (Alltech).

Methods. Sample Preparations. For each batch experiment, samples
of 36 mangoes (3 boxes of 12) were peeled and chopped, and mango
flesh from one mango was divided into three groups for fresh fruit,
juice, and dried fruit. Similarly, 3 packs of 750 g red tomato and 3 red
papayas were prepared for fresh, juiced, and dried samples. Digestions
were carried out simultaneously for all fruit products in each batch of
experiment containing all treatments and controls (instead of fruit
samples, aquadest was digested). Therefore, fresh and juiced fruits were
stored at -20 °C for 2 days waiting for dried samples.

Dried products were produced without additional ingredients using
an Incubator IM550 with a microprocessor temperature controller
(Crown Scientific) and a forced-fan air circulation, set at a temperature
of 50 °C for 2 days. Fresh samples having initial dimensions of
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approximately 4-9 cm (L) × 3 cm (W) × 1 cm (H) were dried. All
products experienced storage at -20 °C before experiments or analyses.
Sample moisture contents were determined gravimetrically using a
vacuum oven at 70 °C (-60 kPa) until constant weight was obtained.
Fruit juices were prepared using a Juice Fountain (Breville JE900)
filtered through cotton wool and were not pasteurized.

Chewing Experiments. The chewing experiment was approved by
the Human Ethics Committee at The University of Queensland (Ethical
Clearance No. 2005000740), and signed consent forms were completed
by the participants. Here, 23-24 healthy volunteers (24-54 years old)
were asked to chew 300 g (fresh) and 10-25 g (dried) samples.
Participants spat out the chewed samples when they “desired to
swallow”. Chewed materials were weighed immediately after partici-
pants finished chewing and were mixed with 70% ethanol to keep them
clean and to prevent unexpected biochemical changes and then sorted
with a set of Australian standard sieves (75, 125, 250, 500, and 710
µm; 1.4, 2.36, and 4 mm) combined with sieves (homemade) consisting
of industrial standard wires with apertures of 1.1 and 1.7 cm for dried
fruits. Samples that could not be analyzed on the same day as the
chewing were stored at 4 °C in closed containers for no more than
48 h. Water (2-5 L) was used to flush the chewed samples through
the sieves; this also forced clumps of particles into individual particles.
Water was preferred to vibration as clumpy chewed material was
inefficiently separated by vibrations. The retained particles were drained
(for approximately 5 min) and photographed, and particles were
gathered and weighed.

Chewed Material Simulation. A previous chewing study showed that
it is important to mimic the simultaneous punch and gentle squash action
of teeth. Therefore, the solid samples were hammered gently once with a
grooved food hammer (the hammer weight was 173.77 g, the grooves
were 2 mm2 with pyramid shapes) that was dropped from 2.5 cm above
the sample surface (estimated as normal opening mouth under mouthful
chewing). Thus, the simulated particles for human chewing contained
expressed juices, due to hammering, as well as blended particles and coarse
particles (0.5-1.5 cm). To limit cell wall barriers, the fruit juices were
used.

In Vitro Digestion. Detail developed in the in vitro digestion model
was justified on the basis of the literature (Scheme 1), and compositions
of artificial gastric and small intestinal juices were as described in Table
1. In vitro digestion conditions were based on an average daily
consumption of fruits and vegetables of around 375 g (reported range
of 75-675 g for children (4 years old)-adult (+60 years old) (51))
and total fluid from ingested foods/drinks and secretions in gastrointes-
tinal tract of 9 L a day (52); thus, a ratio of total artificial secretions to
dry matter of samples of 1 mL:25 mg or 10 mL:0.25 g was attained
during each meal time. However, products studied were juiced, dried,
and fresh fruits, where the results will be compared. For a better
comparison basis for dried fruit samples, moisture contents were
adjusted to fresh samples (80-95%). To help with detectable levels of

phytochemicals in digest solution, concentrating the digest was
considered. Hence, to start with in vitro digestion, a ratio of 10 mL:1
g was used at chewing mimic.

When boli enter the gastric, there must be already gastric secretion
mimicking an empty stomach; thus, an additional 5 mL of gastric juices
was added. Samples were incubated in a shaking water bath at 37 °C
and 55 rpm consecutively from chewing, gastric, intestinal, and gastric-
intestinal steps.

Gastric digest solutions (G) were obtained through centrifugation at 4400
rpm at the end of the in vitro gastric digestion step. The residual pellets
were used as “intestinal digestion only” samples (I). For “simultaneous
gastric-intestinal digestion” (G+I), there was no centrifugation between
the gastric and intestinal steps. Treatments were replicated three times for
27 combinations of fruit product type-digestion steps.

pH adjustments used 1 N HCl or NaOH and burette titration, and
the mixtures were then vortexed. Prior experiments were used to
determine the average volumes of NaOH or HCl required for pH
adjustment (six replications for each sample). This accelerated the pH
adjustment process. pH was measured using a calibrated digital pH-
meter (TPS pH cube).

Chemical Analysis. Sample preparations were carried out according
to Scheme 2 aimed to produce a simultaneous separation method. The
scheme was developed according to a simultaneous analysis for wood
metabolic profiling (53). Extractions with wet samples were preferred
to snap original chemical compositions as soon as possible, such as
those applied in metabolomic. When it was possible, HPLC methods
were kept using acetonitrile-based solvent for a universal mobile phase
composition. Validation was carried out for standard compound
solutions both undigested and digested in vitro showing recoveries as
follows: 98.0% (sucrose), 86.3% (glucose) and 81.4% (fructose); 60.4%
(ascorbic acid) and 109.4% (citric acid); and 65% (catechin).

Sugars HPLC-ELSD. This was run in an Agilent 1100 coupled with
an evaporative light scattering detector (ELSD) 2000. The clean aqueous
fractions were eluted through a 250 × 4.6 mm 5 µm Prevail
Carbohydrate ES column (Alltech) with isocratic elution with 75%
acetonitrile/water at a flow rate of 1 mL/min. In the ELSD, solutes
were nebulized with N2 gas at a 2 L/min flow rate and solvent was
evaporated at 65 °C. The impactor, which functioned to remove the
finely nebulized particles, was turned off because no more salt
interferences existed in the samples. The impactor works as a particle
size sorter (Analytical Service Laboratory, School of Land and Food
Sciences, The University of Queensland).

Carotenoid LC-DAAD. The instrument used is an LC Waters
Alliance 2690 machine coupled with an MS ZMD with Masslynx
software (Micromass Ltd.). Chloroform extracts were eluted through a
250 × 4.6 mm 5 µm Grace Vydac C18 polymeric reverse phase, non-
end-capped column (Grace) with MeOH/THF/water (67:27:6). The
extracts were analyzed using a Waters Alliance 996 diode array detector
(DAD) for better UV spectra for identifications, and compounds were
detected at 200-700 nm. Reconstitution of chloroform extracts was
similar to the HPLC-UV method (Analytical Service Laboratory, School
of Land and Food Sciences, The University of Queensland).

Organic Acids and Vitamin C HPLC-UV. Organic acid analysis was
conducted using a silica-based Prevail organic acids 250 × 4.6 mm, 5
µm column (Alltech), in an Agilent 1100 HPLC, but detected with a
UV detector. Twenty-five millimolar K2HPO4 (A) and acetonitrile (B)
mobile phase flow rate at 1 mL/min was used. The elution gradients
were as follows: 0-12.50 min, 0% B; up to 16 min, 15% B; and
returned to 0% B for another 12 min. The UV detector was set at a
wavelength of 210 nm (Analytical Service Laboratory, School of Land
and Food Sciences, The University of Queensland).

Statistical Data Analysis. Data sets of nutriome releases during in
vitro digestions were analyzed with Minitab 15 in two steps: (1)
ANOVA using general linear model (GLM) for three factors and three
factor levels for each fruit; and (2) PCA for simultaneous pattern
analysis of nutriome release from all fruits, to compare fruit types.

RESULTS AND DISCUSSION

In Vivo Chewing and Simulation of Chewed Particles.
Primary factors affecting the highly variable chewing of food

Scheme 1. In Vitro Digestion Protocol
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products need to be unraveled in order to incorporate a chewing
model into a consistent in vitro method for bioavailability measure-
ments. From this and previous studies, it is apparent that these
factors should include food textural characteristics (11, 33), human
variation in the unit chewing “instrument” (35), and responses of the
oral cavity to different food characteristics (54). Moisture contents of
samples and their hydration capacity are listed in Table 2.

Chewing is a process of simultaneous cutting and compression
due to teeth and oral cavity volumes. At the point at which
participants wished to swallow, this produced various particle
characteristics of ingested samples, that is, fine to large particles

that had rough surfaces and irregular shapes (Figures 1-4).
Because of irregular, unsteady, and brief jaw compression during
chewing, the effects of cutting by teeth were incomplete,
resulting in flattened flesh or an association of a group of
particles. So far, this has not been reported in the literature. All
of these processes can potentially increase bioaccessibility during
digestion, due to increased surface areas enhancing matrix-gastro-
intestinal secretion contact.

The extent of matrix breakdown apparently depended on the
type of products (e.g., fresh papaya, mango, and tomato and
their dried products). Fiber in the flesh was fractured in both

Table 1. Chemical Composition of Artificial Gastrointestinal Juices for in Vitro Model Used in the Present Research

mouth gastric intestine

pH 6.9 2 6

compositions diluted phosphate buffer saline
containing negligible R-amylase;
1.336 mM CaCl2; 0.174 mM MgSO4;
12.8 mM KH2PO4;
23.8 mM NaHCO3 containing
casein as a proline-rich protein(50);
(modified from Laurent et al. (10)

130 mM NaCl; 5 mM PIPES; 5 mM KCl;
2000-62500 U porcine
pepsin/mL in 0.1 N HCl(3, 43)

7.41 USP porcine pancreatin; 11.11 mg
of bile extract/mL 0.1 N NaHCO3

sample/gastrointestinal
juice ratios

1 g (fresh; juiced):0.5 1 g (fresh; juiced):0.5 1 g (fresh; juiced):0.25

1 g (dried):10 [solid samples are
hammered and cut into 1.5 cm cube
(fresh), 0.5 mm (dried)]

1 g (dried):5; giving 1 g (fresh; juiced):
1E-3 pepsin ratios or 1 g (dried):
1E-2 pepsin

1 g (dried):2.5; giving ratios of 1 g
(fresh; juiced):3.6E-4 pancreatin or 1 g (dried):
3.6E-3 pancreatin; and 1 g (fresh; juiced):
2.1E-3 bile extract or 1 g (dried):
2.1E-2 bile extract

Scheme 2. Extraction Protocol before Chromatographic Analyses (Vf * ) 20–30 mL for Digested and Undigested or 0.5 mL for Bioassay Samples)
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fresh and dried products. Skins and seeds were less affected
than the flesh, which was altered into particles with a wide range
of sizes (1-2 cells to large sizes). Matrix separation occurred
between fibers during the chewing of fresh mango, yielding thin
cell layers attached to a fiber “backbone” (Figure 2B), which
was not found in the other samples. Finally, none of the fresh
fruits produced aggregated chewed particles (Figures 1-3).

In contrast, the majority of chewed particles from dried
samples were re-formed into large particles and appeared as
agglomerates (Figure 4), regardless of fruit type and participant.
Here, the agglomerates were of various particle sizes. Micro-
scopic examinations of the small particles revealed that the
actions of teeth were sufficient to fracture fibers inside the dried
fruit matrices, similar to that in the fresh samples (left panel,
Figure 4). It appears that the fractures make the boli from dried
samples less sharp during swallowing, because the boli were
rolled up as spheres or oval-shaped particles.

The various tooth actions during in vivo chewing lead to
simultaneous fracture, puncture, and compression occurring,
supporting the important role of tooth cusps in chewing as
suggested by Lucas and Luke (36). This distinguishes the
particle characteristics produced by human chewing from the
homogeneous structures obtained from mechanical size reduc-

tion methods. The poor nutritional status in the elderly (55, 56)
may be partly due to their difficulty in chewing, due to tooth
cusp contours failing to serrate food matrices, which could lead
to a serious reduction of nutrient bioavailability.

In the present study, the distributions of chewed particle sizes
that were found are presented in Figures 5 and 6. On the basis
of image analyses, the numbers of particles retained in sieves
>2.36 mm peaked at sizes of 0.5 and 1 cm for fresh samples,
except fresh papaya at 1.5 cm (Figure 5). Finer particles retained
on the 75-710 µm sieves were <10% w/w (Figure 6). Although
cell walls of plant material are unaffected by the gastrointestinal
enzymes during in vitro digestions (27), the key parameter

Figure 1. Effects of tooth action during human in vivo chewing of fresh
tomato: (A) broken fiber in chewed particle observed under a light
microscope; (B) large chewed particles taken by a camera. The intense
red particles were tomato skins

Figure 2. Effects of tooth action during human in vivo chewing of fresh
mango: (A, B) observed under light microscope indicating effects of tooth
clenching, fibers were disarranged and exhibited quite a long cut; (C)
large chewed particles taken by a camera.

Table 2. Moisture Contents of Samples Used in the Study

tomato (%) mango (%) papaya (%)

fresh juice dried fresh juice dried fresh juice dried

93.90 94.79 29.26 80.71 94.57 12.57 87.12 94.38 22.13
(111.70)a (128.86) (130.59)

a Hydration capacities of the dried samples are in parentheses.
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determining bioaccessibility is presumably the degree of intact-
ness of cells (25). Therefore, the sample used for in vitro
digestion was designed to imitate chewed solid samples as
shown under Materials and Methods.

pH Conditions of in Vitro Digestions. pH as an indicator
of general conditions of in vitro digestions in the present
experiments diverged at the end of each digestion step. Because
chewed products are not of a single particle size, mimicked as
the simulated particles containing juices and blended and cut
particles, the pH diverged possibly because of slow diffusion
of nutriome components from the large particles. During in vitro
digestion, simulated particles were intact and mostly occupied
the bottom of the Falcon tubes as expected, so as to mimic the

lower part of the stomach. Although the nutrient-releasing
process may be limited by these conditions, such conditions
may be realistic (54, 55).

Nutriomic from Tomato. Using the in vitro digestion model
developed, the top panel in Figure 7 shows that digestion releases
the major sugars to similar levels from fresh and dried products,
but at lower levels than from juice. On the basis of the ratio of
extractability for total sugar determination of undigested and
digested tomato products, sugars in the digest solutions of tomato
products varied from 60% of those extracted from sample control
(fresh tomato) to 90% (dried tomato) and 100% (tomato juice;
asterisked). The results show a large barrier to sugar release in
both fresh and dried products, compared with juice, which can be

Figure 3. Effects of tooth actions during chewing of fresh papaya: (A) large chewed particles (g1 cm) taken by camera; (B-F) smaller particles
observed under microscope [(B) compressed papaya flesh by molar tooth clenching; (C-F) broken down papaya matrices due to molar tooth contour.
Generally, particles were not free particles but incompletely cut from other particles. Water flushing was required to force such particles to avoid
mismeasurement when they were retained at a high aperture sieve.
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considered to be fully released. Dried products had higher released
sugar percentages than fresh tomato. This finding has significant
consequences for the control of sugar release rates in vivo with
implications for glycemic index values and potential long-term
effects on diabetes and obesity.

During in vitro digestions (Figure 7, middle panel), only 50%
of the total extractable carotenoids were released into the digest
solutions, which were composed of lycopene and �-carotene in
similar proportions. The processing method and the type of
digestion, and their interactions, significantly (p < 0.05)
contributed to carotenoid release. The effects of intestinal

digestions (I) on release of carotenoid contents were significantly
(p < 0.05) higher than that of the gastric digestion (G) and that
of the consecutive gastric-intestinal digestion series (G+I). This
is because the intestinal digestion (I) had higher concentration
gradients due to renewal of the in vitro reagents during each
digestion. As a result, the ratio of in vitro bile components to
carotenoids was higher compared to those from the other two
digestion steps. This likely provides an environment that extracts
more carotenoids into the digest solutions, leading to better
micelle formation. Micelle formation requires a critical bile-lipid
concentration (59).

Figure 4. Characteristics of human in vivo chewed materials of dried papaya (A, B), dried mango (C, D), and dried tomato (E, F) without in vitro
digestion. Left panels are small particles observed under a light microscope showing cutting effects of tooth clenching on fiber in samples; right panels
are large boli formed during in vivo chewing taken by a camera.
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This may have resulted from (a) higher carotenoid concentra-
tion gradients between the refreshed reagents and solid particles,
in the presence of a bile concentration similar to that of the
consecutive gastric-intestine digestion system (G+I), and (b)
better contact between the digest reagent and the solid tomato
particles because NaHCO3 addition dissolves pectin substances.
Because acid prevented pectin solubilization, this may have
resulted in limited carotenoid release during gastric digestion.
This was observed as agglomerated dried boli went through in
vitro digestion steps.

Most organic acids were better released during the consecu-
tive gastric-intestinal digestions (G+I), except for malic acids
at gastric digestions (G) were better (Figure 7, bottom panel).
The level of total acids released during the consecutive gastric-
intestinal (G+I) digestions of all products was in the order of
juice > dried > fresh. During in vitro digestion there was
generally twice the level of organic acids released from juice

as compared with from fresh or dried products, illustrating the
barrier properties of the pectin-rich cell walls. Compared to
undigested samples, the level of total organic acids released
during in vitro digestion of juice and dried products reached
the maximum level during the consecutive gastric-intestinal
(G+I) digestions, whereas for fresh tomato, higher total acids
were released during the gastric (G) digestions. The dried
products require rehydration in order to be well digested, leading
to a delay in the release of organic acids. Therefore, the organic
acids were better released during the consecutive gastric-
intestinal (G+I) digestions, suggesting that the pectin physical
state changed after NaHCO3 additions in the G+I digestions,
leading to a freeing of organic acids. Generally, the organic
acids from the fresh tomato were poorly released (only about
1/10) during in vitro digestion, whereas the organic acids from
the tomato juices and the dried tomato were completely
released.

Nutriomic from Mango. During in vitro digestions of
mango, generally, significant differences were obtained between
intestinal digestion alone and the other digestion steps (Figure
8, top panel). This suggests that the renewal of reagents may
be generating higher concentration gradients between solid
particles and solutions leading to the release of higher amounts
of sugars. However, the sugars were released at much lower
levels by intestinal digestion (I) than by gastric digestion (G)
and the consecutive gastric-intestinal digestions (G+I).

In contrast, there was a significant (p < 0.05) effect of
processing on sugar release. Fructose and glucose were released
more from juices due to the lack of cell wall barriers.
Furthermore, examination of sucrose indicated that the effects
of gastric digestion of juice were similar to those of the gastric
digestion of fresh samples. This did not occur in dried products.
Meanwhile, sucrose reached a maximum in simultaneous
gastric-intestinal digestions (G+I) when pectin was solubilized
into digest solutions after NaHCO3 additions. Overall, total sugar
releases from mango products during in vitro digestions were
similar because of the nature of mango flesh and its matrix
characteristics discussed earlier.

The predominant carotenoid, �-carotene, was solubilized best
during intestinal digestion (I) for all of the mango products
(Figure 8, middle panel). Fresh mango released the highest level
�-carotene during the intestinal digestions, whereas mango juice
released the lowest (p < 0.05). Initial free carotenoids due to
“chewing” simulation (severely destroyed mango flesh in Figure
1) were less available during gastric digestion (G). In addition,

Figure 5. Size distributions of human in vivo chewed samples based on number of particles in each size category: (A) fresh tomato; (B) dried tomato;
(C) fresh mango; (D) dried mango; (E) fresh papaya; (F) dried papaya. Data were obtained by using Jimage analysis software.

Figure 6. Weight fractions of chewed particles retained at Australian
Standard and homemade sieves with apertures of 75-710 µm, 1.4-0.4
mm, and 1.1-1.7 cm for dried (top) and fresh (bottom) samples were
calculated from recovered chewed materials during sieving toward spat
materials obtained from volunteers. The recoveries were 50-100%. In
dried samples, most boli were found to be agglomerated samples (1.1-1.7
cm) and were not completely separated after in vitro digestions producing
majority individual particles of 0.4 cm, especially dried papaya boli.
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the mango carotenoids that were not well solubilized, and thus
not released, by the consecutive gastric-intestinal digestion
(G+I) were released by the intestinal digestion (I). This is

probably due to the critical role played by bile components in
emulsifying carotenoids. Thus, carotenoids would show a very
limited bioavailability from fruit consumption alone.

Figure 7. Effects of in vitro digestions on nutriome release from tomato products are significant (asterisked) at p < 0.05: sugars (top), major carotenoids
(middle), and organic acids (bottom). Sugars, �-carotene, and organic acids are affected significantly by interaction effects of digestion steps and
processing. Lycopene is affected significantly by digestion steps. U, undigested; G, gastric digestion; I, intestinal digestion; G+I, consecutive gastric-intestinal
digestion. Left column is for fresh tomato, middle is for tomato juice, and right is for dried tomato.

Figure 8. Effects of in vitro digestion on nutriome release from mango products are significant (asterisked) at p < 0.05: sugars (top); major carotenoids
(middle); organic acids (bottom). Sugars and organic acids are affected significantly by digestion steps, whereas major carotenoids are affected significantly
by interaction effects of processing and digestion steps. U, undigested; G, gastric digestion; I, intestinal digestion; G+I, consecutive gastric-intestinal
digestion. Left column is for fresh tomato, middle is for tomato juice, and right is for dried tomato.
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Drying led to better carotenoid release than juicing, suggesting
that a cell wall free food system does not necessarily provide
better availability of nonpolar nutriome components. The
treatments were significant (p < 0.05). During consecutive
gastric-intestinal digestions (G+I), fresh and dried mango had
comparable levels of released �-carotene. However, the released
�-carotene during consecutive gastric-intestinal digestion (G+I)
from each product was 18.5% from fresh mango, 7.1% from
mango juice and 17.6% from dried mango, respectively. The
percentages were compared to the carotenoids found in undi-
gested mango products.

During in vitro digestions, particular organic acids had
significantly (p < 0.05) different release profiles (Figure 8,
bottom panel). Generally, the intestinal digestions showed
significant (p < 0.05) differences in the release profiles for
individual organic acids compared to the other digestion steps,
which did not. Citric acid and ascorbic acid were affected
significantly (p < 0.05) by the digestion steps. Citric acid was
released readily from gastric digestions (G), and consequently
the consecutive gastric-intestinal digestions (G+I) have citric
acid levels similar to the gastric digestion (G) (Figure 9, bottom
panel). The sum of sugars released from gastric (G) and
intestinal digestions (I) was not equal to those from consecutive
gastric-intestinal digestions; presumably additional release of
acids during intestinal digestion (I) resulted from an equilibrium
state that was not reached. On the other hand, malic acid was
significantly (p < 0.05) affected by processing and by the
digestion steps. In particular, the level of released malic acid is

higher from fresh mango than from dried mango, presumably
because the slow rehydration rate of the dried mango delayed
diffusion and subsequent extraction during digestion. For
ascorbic acid, there was more apparent release from the gastric
digestion (G) compared to that from the consecutive gastric and
intestinal (G+I) mimic. This was most likely due to the
instability of ascorbic acid (due to oxidation) during the longer
G+I in vitro digestions. Overall, total acids were affected by
digestions and processing, with juice having the highest organic
acid release rate.

Nutriomic from Papaya. During in vitro digestions, glucose
and fructose were released mainly in gastric digestion (G) or
the consecutive gastric-intestinal digestions (G+I) (Figure 9,
top panel) as expected from their high aqueous solubilities.
Sugar release from fresh and dried papaya was consistently
about half of that from papaya juice. This suggests that
“chewed” papaya released lower levels of sugars than juiced
papaya due to the multiple structural barriers of the solid
particles and would lead to the prediction of a greater glycemic
index for papaya juice compared with either fresh or dried
papaya.

In vitro digestions caused only a limited (5-12.5%) release
of carotenoids, consistent with literature evidence for the limited
bioavailability of these molecules (60-62). In all cases, release
of carotenoids in the gastric digestion was minimal, consistent
with the very low aqueous solubility of these compounds
(Figure 9, middle panel). The emulsifying properties of the bile

Figure 9. Effects of in vitro digestions on nutriome release from papaya products are significant (asterisked) at p < 0.05: sugars (top); major carotenoids (middle); organic
acids (bottom). Sugars and carotenoids are affected significantly by interactions of processing and digestion steps. Organic acids are unaffected by all treatments. U,
undigested; G, gastric digestion; I, intestinal digestion; G+I, consecutive gastric-intestinal digestion. Left column is for fresh tomato, middle is for tomato juice, and right
is for dried tomato.
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component in intestinal digests appear to be needed for any
extraction of carotenoids from papaya.

More carotenoids were released in simulated intestinal digestion
(G) than in other digestion steps. �-Carotene and �-cryptoxanthin
were not released from papaya juice during gastric and intestinal
digestion (G+I). By comparison to lycopene and �-carotene
released from tomato, the results suggest that the poor intestinal
release of �-carotene and �-cryptoxanthin resulted from a papaya
characteristic rather than an intrinsic carotenoid property. Currently,
the reason is unknown.

However, total carotenoids showed that intestinal digestion
(I) released more carotenoids for all samples. The least available
carotenoids were from dried papaya. The predominant �-caro-
tenoids dissolved better in intestinal digestion (I), except those
from papaya juice. Fresh papaya released more carotenoids after
intestinal digestion (I), whereas papaya juice was the lowest
�-carotene. The differences between treatments were significant
(p < 0.05). For fresh and dried papaya, initial free carotenoids
available due to “chewing” simulation were not released during
gastric digestion (G), resulting in a low carotenoid availability;
conversely, those released during intestinal digestion (I) resulted
in higher carotenoid availability. The simultaneous gastric-
intestinal digestions (G+I) decreased the available �-carotenoids.
Hence, the moderate carotenoid release from the simultaneous
gastric-intestinal digestion (G+I) was more likely obtained from
intestinal (I) digestion steps. Nevertheless, fresh papaya released
higher amounts of �-carotenoids than did dried papaya; endog-
enous enzymes in fresh papaya may help to destroy the fresh
papaya matrix. On the other hand, the effect of in vitro intestinal
digestion of papaya juices, which resulted in the lowest amount
of �-carotene being released, was against the general trend where
the presence of bile increased carotenoid solubility, such as
observed for fresh papaya and dried papaya. Possibly, the
dissolved pectin, after NaHCO3 addition, bound the bile
components, thus making them unavailable for carotenoid-rich
micelle formations. Dietary fiber is reported to bind bile, which
affects lipid absorption in the small intestine (63). Moreover,
eating a carotenoid-containing fruit as part of a meal that also
contains oils and fats does not always improve micellarization
of the released carotenoids, as was found for lycopene from
tomato (64). In the present research, the released carotenoids
from all samples were low (5-12.5%) compared to extractable
carotenoid contents in undigested samples. Thus, �-carotenoids
are predicted to be supplied to only a limited extent from fruit
consumption alone.

Overall, total organic acid releases during in vitro digestion
(Figure 9, bottom panel) took place primarily under gastric

conditions, with similar release levels for fresh and juiced
products. Levels released from dried papaya were less than for
the other two forms.

Simultaneous Pattern Analysis. The fruits studied in the
present research have different matrices and biological struc-
tures, but share common nutriome contents. To compare
simultaneously all nutriome releases during in vitro digestions
from these different food matrices, PCA was used. The analysis
shows that two principal components account for 98.70% of
data variation, with 65.83% of the variation being associated
with the first principal component and 32.87% with the second
component. Thus, the graphs in Figure 10 are representative
for the data set analyzed.

When in vitro nutriome release is grouped on the basis of
fruit type (Figure 10A), individually, tomato, mango, and
papaya have specific patterns. This suggests that the release of
the nutriome is dependent on fruit type, probably because of
the specific chemical compositions of individual nutriomes (e.g.,
phenolics, organic acids, carotenoid compositions, or different
pectin types), and physical structure differences in each fruit.
On the basis of the distribution of data coordinates, mango and
papaya show limited variation with respect to the parameters
studied (composition, digestion step). Conversely, tomato shows
a wider range of PCA coordinates, suggesting more sensitivity
to the parameters studied in terms of nutriome release.

A plot of the nutriome data sets based on processing, that is,
juiced, dried, and unprocessed (fresh) (Figure 10B) shows that
juicing results in higher nutriome release (more positive coordinate
points) than does drying or no processing (fresh). Because the PCA
coordinates of the fruit components were extracted from variability
data, the origin point can be assumed as the grand mean value of
the whole data set. Thus, juicing tends to result in a higher (farther
from the origin) nutriome release (measured as w/w DB) than does
drying or no processing (fresh), which themselves tended to have
similar releases of nutriome.

A further data plot based on in vitro digestion steps (Figure
10C) shows that the release of the nutriome for the intestinal
digestion (I) differs from those of the gastric digestion (G) and
the consecutive gastric-intestinal digestions (G+I), which were
themselves similar. Combining information from Figure 11
shows that nutriome release from tomato juice under gastric
digestion (G) or the consecutive gastric and intestinal digestion
(G+I) is differentiated from all other types through high values
of PCA component 1.

Vector plots for individual nutriome components are shown
in Figure 11. The vectors indicate the amount of nutriome
component release as affected by the latent effects of the

Figure 10. Mapping of nutriome release (all data sets of samples in w/w DB) grouped using PCA (showing 98.70% data set principal components)
according to (A) fruit types, (B) processing, and (C) digestion steps. Overall, PCA shows nutrient release from tomato products was highly varied by
either processing or digestion steps, whereas that from papaya products was affected least. Intestinal digestion released the least nutrients. For each
fruit type, juicing resulted in the highest nutrient release compared to other processing, indicating fruit type is the main factor affecting nutrient release.
G, gastric; I, intestine; G+I, consecutive gastric-intestine.
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parameters studied. Because tomato, mango, and papaya contain
similar nutriome compound groups (sugars, organic acids, and
carotenoids), it was hypothesized that there would be consistent
trends in the experimental results as a function of the processing
and digestion steps.

The main understanding obtained from Figure 11 is that there
are three subgroups of nutriome released from the fruits studied
in this research: (1) total sugars and organic acid behaved
similarly (positive values of component 1) regardless of fruit
types; (2) carotenoids as nonpolar compounds increase in
concentration during intestinal digestion (I), regardless of the
fruit type (negative values of both components 1 and 2); and
(3) sucrose, ascorbic acid, and trans-aconitic acid behaved
similarly (positive values of component 2), presumably because
they are from the same fruit type, that is, mango (spots in the
vectors belong to mango, Figure 10). A negative vector is
interpreted as a lower score, and a positive vector means a higher
score (67). A correlation matrix of the nutriome components
studied gave high values mainly for fructose-glucose correlation
and for citric acid-total acid correlations (Table 3). These are
the components detected at high levels in the fruits studied.
Citric acid is the main organic acid in the fruits studied;
therefore, the total organic acid levels behave similarly to the
citric acid levels. Thus, the PCA can extract the main informa-
tion for the main components in a nutriomic mixture. This
method is a promising way to analyze a complex data set
obtained in a detailed nutriomic study such as the present one.

Sugars and organic acids were the predominant nutriome
components, and parameters studied in this research affected
their release levels. Carotenoids (nonpolar nutriome components)
gave opposite vectors to sugars and organic acids, meaning the
released levels were lower the higher were the release levels of
sugars and organic acids. Conversely, increased carotenoid will
be obtained when the release of sugars and organic acids is low.

However, the data sets for the carotenoids were obtained from
intestinal digestion (I), whereas the data for sugars and acids
were primarily obtained from simulated gastric digestion (G).
This opposite vector arrangement found by the PCA is therefore
a reflection of solubility (sugars and acids are freely soluble,
whereas carotenoids are only soluble in the presence of bile
emulsifiers).

Contributions of the digestion steps include chewed particles,
specific digestive environments, and processing. Controlled
particle sizes were subjected to in vitro digestions. From three
types of fruits with different biological structures and textures,
the effects of in vitro digestions on the release of sugars,
carotenoids, and organic acids were different depending on the
fruit matrix and type of individual target molecule. Mango
structures appeared to be functionally similar in the juice, fresh,
and dried forms, implying that soluble pectin (or highly swollen
pectin-rich cell walls) is a controlling factor. Tomato showed
variability in nutriome bioavailability as a function of process
type, whereas papaya products were relatively resistant toward
the in vitro digestion steps.

Sugar release during in vitro digestions showed that mango
had no significant differences (p > 0.05) for process types. This
is presumably because fibrous structures were not altered
significantly by processing. However, tomato and papaya
showed significant differences (p < 0.05) in interaction effects
between the digestion step and the processing method. There-
fore, changes in the method of processing may or may not affect
the release process for the nutriome; this will depend on the
physical state of the structures of the food matrices and whether
this changes the release properties of nutriomes. The release of
organic acids was not significantly different (p > 0.05) during
in vitro digestions for all of the products except for the dominant
citric acids.

In conclusion, chewing of fresh and dried Roma tomato, Kent
mango, and Red papaya at swallowing point produced various
particles dominated by particle sizes of 0.5 cm for dried fruits
and 1.5 cm for fresh fruits. The dried fruits formed agglomerated
boli after chewing, but they partially disaggregated during in
vitro digestions, which indicated roles of pectinic substances
depending on types of fruits. These need to be studied further.
On the basis of mass fractions, the dominant chewed particles
were approximately 90%. Thus, simulation of in vitro digestion
is recommended to be 90% particles of either 0.5 or 1.5 cm for
dried and fresh fruits, respectively, plus 10% blended particles.
It can be concluded that depending on fruit types, cutting or
blending alone may not be a realistic chewing mimic for fully
ripe fruits containing high pectinic substances. In vitro digestions
of such controlled particle sizes from different fruit types
resulted in different nutriome release levels. Apparently, cell
walls and pectins of mango, papaya, and tomato swelled or
dissolved variably in simulated gastric and small intestinal
digestive environments, restricting or enhancing nutriome
releases. Contributions of cell walls and solubilized pectin need
to be investigated further with respect to hydrodynamic,
hydrostatic, and osmotic effects from small molecules. Other
factors affecting nutriome release during in vitro digestions are
interactions of target compounds with polymers (e.g., pectins),
solubility of the target compounds, and interactions with gastric
and intestinal digest solutions. Nutriomic analysis expressed as
PCA maps can be insightful, illustrating all nutriome compo-
nents released during digestions.

Figure 11. Mapping of nutriome release grouped according to fruit types
using PCA (showing 98.70% data set principal components). Sugars and
several organic acids were released better than carotenoids, which were
mainly released during intestinal digestion. T acid, total acids; total car,
total carotenoids.

Table 3. Correlation Table among Individual Nutriomes Studied (p < 0.05)

correlation
value

correlation
value

glucose-fructose 0.851 total acid-fructose 0.612
sucrose-fructose 0.397 total acid-glucose 0.460
ascorbic-glucose 0.422 total acid-sucrose 0.467
ascorbic-citric 0.498 toatal acid-ascorbic 0.414
citric-fructose 0.586 total acid-citric 0.88
citric-glucose 0.492 total acid-trans-aconitic 0.595
citric-sucrose 0.41 �-carotene-fructose -0.454
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