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Many studies have used Caco-2 cell monolayers as human intestinal absorption models. However,
only a few studied digested foods, instead of pure standard compounds. Moreover, beneficial
and nutritional molecules (nutriome) have not been investigated simultaneously. The present
study explored nutriome passages from digest solution of fresh, dried, and juiced tomato, mango,
and papaya using Caco-2 cell monolayers in apicalfbasolateral directions. A validation method
using complementary TEER and Papp values or internal standard caffeine is recommended because
physiologically passive diffusion is unlikely to happen. Sugars were transported into basolateral
sides, resulting in potential glucose equivalent bioavailability of 2.26-75 mg h-1/100 g (WB).
Using sugar passage rates (DB) of juices as 100% references, the rate order was tomato (49.8%
dried; 89.5% fresh) > mango (56.8% dried; 22.8% fresh) > papaya (18.7% dried; 36.7% fresh).
Major indications that phytochemical absorption does not occur in the small intestine were obtained
from the bioassay condition selected. Apical organic acid levels decreased, which occasionally
were transported into basolateral sides, whereas the disappearances of apical carotenoids and
phenolics were not. Pectin substances were predicted to be responsible for the disappearances
of bioactive compounds in those pectin-rich fruits. Further investigations on the role of pectin
substances in intestinal passages are recommended.
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INTRODUCTION

This second in a pair of papers discusses nutriomic analysis
at absorption stage using a Caco-2 monolayer for in vitro
bioavailability measurements. In vitro data are useful for
studies that cannot be directly carried out in human subjects
such as beneficial food components required for maintaining
human health. Currently, cancerous cell lines are the best
approach accepted to solve this problem. In addition,
investigation on bioavailability at particular levels cannot be
carried out using in vivo studies due to species differences,
high cost, and time. Moreover, these in vivo methods are
not practical for routine measurements, for example, in
evaluating health food product development. In addition, the
animal model surrogates do not have physiological aspects

similar to those of humans. Therefore, an in vitro model needs
to be tested especially for assessing efficacy of functional
foods.

Bioavailability of ingested food components is frequently
measured as the plasma level. A study tracing the beneficial
compounds from kale (Brassica oleracea) via plasma level
indicated the appearance of lutein and phylloquinone at 8 h
after consumption and �-carotene and retinol formation at
24 h after consumption (1). Interestingly, there were suc-
cessive peaks for individual compounds at 7 h (phyllo-
quinone, 3 nM), 11 h (lutein, 0.23 µM), and 24 h (retinol,
0.1 µM); surprisingly, �-carotene had a double peak at 8 h
(0.058 µM) and 24 h (0.062 µM). The retinol formation data
were reproducible when the kale study monitored 13C-labeled
nutrients (2). Another study using papaya showed that both
esterified and nonesterified �-cryptoxanthin are absorbed,
with plasma levels reaching a maximum at 6-12 h, probably
involving deesterification enzymes in the gut (3). In contrast,
plasma levels of phenolics left metabolites disputed for
unclear conjugated forms (4, 5) and studies of the glycemic
index are known to be compounded by C-protein levels (6).
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This suggested that in vivo bioavailability is variable and
that there is an inter-related action to exert benefits on human
well-being.

Intensive studies on the use of Caco-2 cell monolayers as a
mimetic model for human absorptive tissues suggest that the
cell line is applicable for a range of target nutriome components:
carotenoids (7-15), phenolics (16-23), minerals (e.g., iron) and
affecting factors (e.g., organic acids, ascorbic acid, and anti-
nutrition phytic acid) (23-44), and sugar transporters (45).
Because enterocytes are living cells, they can also metabolize
and transport nutrients. This may be beneficial for producing
appropriate molecular forms of the nutrients required in the
human circulatory system (46-53). However, current bioavail-
ability models determine only the compounds that are found in
the food consumed, whereas metabolites that may be generated
during digestion are overlooked.

Particular attention was paid for postabsorption of lipids and
fat-soluble components. Individual transport of fat-soluble
compounds has been reported, for instance, absorption of
vitamin E (54-57) and carotenoids (58-61). However, the role
of lipids in the absorption of fat-soluble nutriome needs more
evaluation. Although fat intake is generally recommended to
be reduced, a small amount of fat in the diet is necessary to
facilitate uptake of components such as carotenoids (62). It may
be not only lipid that is important in carotenoid uptake, but also
emulsifier in the diets such as protein (50, 61-63).

Why is the recommendation of increasing fruit consumption
not accompanied with an increased oil/fat intake if this is known
to be better? Research in this area is limited; thus, investigating
carotenoid behavior during digestion in an environment without
additional coconsumed lipids may fill the gap. Is the human
small intestine the main site for bioactive compound absorption,
or is it important that some nutrients survive to the colon for
metabolism and uptake?

Recent findings show involvement of scavenger class B type
I (SR-BI) in lipid and insulin regulation (60, 61, 63-69). Current
research suggests that SR-BI has an indirect role (64) in
lipophilic component transports (most studies are for cholesterol)
and apolipoprotein synthesized from oxidized fatty acids (68).
The activity of SR-BI in pancreas dysfunction and a relationship
with insulin secretion by �-cells affected by VLDL and HDL
are also found (69). In line with this, in carotenoid transports
using Caco-2 cells, During et al. (61) and During and Harisson
(62) proposed that the transports may require more than one
transporter for facilitated transports.

Few of the previous studies used whole food digest solutions;
targets were mostly single compounds or related groups of
compounds. In the human intestinal brush border, all nutriome
components are absorbed simultaneously from the chyme.
Therefore, the present project approach was to develop a model
based on the simultaneous absorption of components found in
the human digestive system. The developed in vitro absorptive
model was applied to digest solutions from fruits containing
various nutriome components, including sugars, organic acids,
and bioactive phenolics and carotenoids.

MATERIALS AND METHODS

Materials. Chemicals. Atenolol, caffeine, caffeic acid, p-coumaric
acid, o-coumaric acid, mangiferin, chlorogenic acid, ferulic acid,
fumaric acid, naringenin, hydroxybenzeoic acid, (+)-catechin,
succinic acid, trans-aconitic acid, malonic acid, malic acid, citric
acid, oxalic acid, L-ascorbic acid, tartaric acid, tert-butyl methyl
ether (MTBE), �-carotene, retinol synthetic, 13-cis-retinol, retinal,
and retinoic acid, Dowex 1x8 chloride form 100-200 mesh, Dowex
50Wx8 hydrogen form 100-200 mesh, 14C-mannitol, lycopene, all-

trans-retinol, Hank’s Buffer Salt Solution (HBSS), 0.025%
trypsin-EDTA solution, 0.02% EDTA solution, and DMSO (cell
culture grade) were from Sigma-Aldrich; Chelex 100 was from Bio-
Rad. Lutein and �-cryptoxanthin were from Extrasynthese, and
Optivin enzyme mix, that is, a mixture of pectinase, hemicellulase,
cellulase, and protease (Enzyme Solution Pty, Ltd.) was used.
Nitrocellulose filter membranes 0.45 µm, nylon filter membranes
0.45 and 0.2 µm, plastic syringes 1-10 mL, and SePack solid-phase
extraction cartridges were from Phenomenex; weak cation exchange
(WCX)-Oasis cartridges (Waters) and 50 mL Falcon tubes were
consumables required in this method development. C18 powder was
from Alltech. High glucose containing sodium pyruvate and phenol
red Dulbeco’s Modified Eagle Media (DMEM), nonessential amino
acid solution (NEA), fetal bovine serum (FBS), and 1 M HEPES
[4-(2-hydroxylethyl)-1-piperazineethanesulfonic acid] solution were
all obtained from Invitrogen; penicillin-streptomycin 1000 U-1000
mg/mL was obtained from Biowithaker.

Methods. Caco-2 Cell Bioassay Control Experiments. Blank buffer
controls for the Caco-2 cell bioassays were carried out. HBSS-25 mM
HEPES buffer solutions were subjected to Caco-2 monolayer treatment
similar to that for the samples. No phenolics or carotenoids were
detected during chemical analysis of the HBSS-25 mM HEPES; peak/
noise ratios >10 were set as the limit of detection for the organic acid
analysis, because bile acids can interfere with the organic acid
separation. HBSS-25 mM HEPES contained 8 mg/mL glucose (4.4
× 104 nmol/mL) for cell viability during the bioassay; in this study,
quantification of basolateral glucose levels was corrected to take into
account this buffer glucose level.

Culturing Frozen Cells. Culture stock was thawed in a 37 °C water
bath for a maximum of 2 min. After removal of the cyro-preservative
medium containing 10% DMSO, the cells was seeded into 25 mL
T-flasks (Nunc) using DMEM containing 20% FBS and 0.5% NEA.
Media were renewed every 2 days. Every time the cultures were
reseeded in a new flask, passage numbers (common term for the
generation number) were recorded, because as the passage number
increases, the cell line can physiologically change, causing different
bioassay performances.

Maintaining Cultures. After the thawed culture reached confluency
(the monolayers cover the growing surface areas), the cells were split
into new flasks using DMEM containing 10% FBS and 0.5% NEA,
before transferring them into a 24 transwell insert plate having a 0.33
cm2 polycarbonate membrane area each. All biosafety-related works
were carried out in a Gelaire Biosafety Cabinet Class II (The Kelly
Co. Pty, Ltd.). When the culture reached about 80% confluence, the
cell cultures were detached with a 0.25% EDTA-trypsin solution and
incubated at 37 °C; the cell suspensions were centrifuged at 1000 rpm
to collect cell pellets. Single cells were obtained through gentle
aspirations with a fine pipet electronically. Single-cell suspensions
containing ca. 105 cells were seeded into each transwell insert. Cell
counting was carried out using a hematocytometer counter under a light
microscope. The glass object in the hematocytometer has 1 mm2 grid-
lined areas representing 10-4 mL of cell suspensions. Cells were counted
from two to four squares depending on the cell densities. Cell numbers
(cells/mL) were determined as average cell numbers × 10-4. The
medium for the well plate culture was 10% FBS, 0.5% NEA, and 0.5%
penicillin-streptomycin. Cells were grown in an autoflow CO2 air-
jacketed incubator (NU-5510E Nuaire DHD Autoflow CO2 air-jacketed
incubator; Nuaire, Inc.) with an atmosphere of 5% CO2 and 95% relative
humidity for 21-22 days before being used in the bioassays. A 24-
well plate was chosen for good uniformity of cell monolayers. The
heterogeneity of the Caco-2 cell monolayers was determined using a
light microscope. It shows typical monolayers, where the following
are evident: (a) smooth dense monolayers; (b) smooth monolayers
composed of large and less dense cells; and (c) possible higher
topography of domes.

Transepithelial Electrical Resistance (TEER) Measurements. A
Millicell-ERS probe was equilibrated with the HBSS-25 mM HEPES
buffer used for bioassays. The Millicell-ERS (Millipore) has two
electrode-hands coated with silver pellets at the end of the probe-hands.
Electrical current was measured from the apical side into the basolateral
side. To validate measurements, TEERs of empty transwell inserts
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(without cell monolayers) were determined using HBSS-25 mM
HEPES, to correct the TEER calculations. TEERs were measured before
and after bioassay. Values obtained were used, together with 14C-
mannitol transport to monitor cell monolayer qualities.

PD is potential differences between the transwell insert and the
chamber bottom; Ieq is equivalent short-circuit current, I is electrical
current, V is voltage, and R is resistance. Monolayer TEER measurement
is the Milli-Cell reading in kΩ.

Bioassay. Apical digest samples were supernatants obtained from
digested samples after centrifugation at 4400 rpm and 10 °C for 15
min obtained from Nutriomic Analysis Part 1. Basolateral solution
samples were buffer HBSS containing 25 mM HEPES at pH 7.4 used
as a biological buffer system. The buffer mostly contains glucose and
minerals.

The bioassay method used is a modified version of that reported by
Blanchfield et al. (71). Experiments were carried out in an incubator
(Heidolph Titramax 1000 shaker with a high hood, John Morris) at
350 rpm and a temperature of 37 °C, with 450 µM sample solutions to
obtain measurable levels of various metabolites. Apical solutions (200
µL) were applied to the apical sides of the transwell inserts, and 600
µL of HBSS-25 mM HEPES was added into the basolateral compart-
ments. Sampling regimens were 400 µL from the basolateral solutions
every 30 min for the transit chyme model (model A) and the
semidynamic model (model B); in addition, for the transit methods,
the apical sides were emptied (for analysis) and a fresh apical solution
(200 µL) was added every 30 min, whereas after 120 min of bioassay,
175 µL of the apical solution in semidynamic method was sampled.
Permeability was calculated from model B. The monolayers had a
passage number of either 64-65 or 28-36. Each sample had two
transwell insert replications for each type of digesta.

Permeability is a value indicating how quickly the target compounds
cross the epithelial cells regardless of whether by transcellular or
paracellular pathways. It is assumed that passive diffusion predomi-
nantly takes place according to Fick’s law. Permeability is calculated
on the basis of simple diffusion rates of compounds penetrating the
epithelial cell membranes. Experiments were validated with permeability
values of reference compounds, that is, caffeine (100%), atenolol (50%),
and 14C-mannitol (15%), determined from four transwell inserts for
each compound.

(dC)/(dt) ) steady-state rate of change in the radiochemical for mannitol
or molecular concentration (dpm mL-1 for mannitol; µM for other
compounds) in the receiver chambers; Vr ) the volume of aliquot
obtained from the receiver chambers; A ) the surface area of the cell
monolayers - surface area of transwell insert bottom (24 wells have
6.5 mm membrane diameters); and C0 ) the initial concentration of
the donor chamber (dpm mL-1 s-1 or µM).

Chemical Analysis. Sample preparations were carried out according
to Scheme 1 in the Nutriomic Analysis Part 1. The 1 mL cartridges
were used during sample preparations.

Carotenoid Analysis. After filtration using a 0.22 µm nylon filter,
the samples were eluted in a UPLC system (Waters Aquity model
F06UPD365M) with a PDA detector. UPLC gradient composition of

acetonitrile containing 0.1% formic acid (A) and MTBE (B) was 2.5%
B for 0.1 min, increased to 7.5% using slow increment gradient for
0.3 min, 10% for 0.1 min, 12.5% for 1 min, and returned to 2.5% for
1.5 min using a sudden increased gradient to washed and equilibrate
the column before the next injection.

A flow rate of 0.45 µL/min through a C18 BEH column, which is a
Bridged Ethanes in Hybrid matrix column [50 × 2.1 mm with packing
material consisting of 1.7 µm particles with a pore size 80-125 Å
(Waters)], was applied.

Chloroform extracts were dried under a nitrogen gas stream,
reconstituted in 50% MTBE-methanol for maximum carotenoid
solubility, and sonicated for 1 min. This solvent base is too strong for
the UPLC system (personal communications, Waters); however, it
dissolved carotenoid mixtures the best. MTBE <50% poorly dissolved
lycopene and higher proportions of MTBE degraded lutein. To
compensate, weak wash solvent after the 50% MTBE was 90%
methanol-water containing 0.1% formic acid, and strong wash solution
was 100% methanol. Samples were filtered through a 0.22 µm nylon
filter prior to injection.

Phenolic Analysis. A Waters Acquity UPLC system model
F06UPD365 M with a photodiode array (PDA) detector was used. The
UPLC mobile phase involved two solvent mixtures: A, acetonitrile
containing 0.1% formic acid; and B, Milli-Q filtered water containing
0.1% formic acid. The UPLC gradient was as follows: 5% B at the
start, 40% B for 1 min with a linear increment gradient, 73% B for the
next 2 min, 10% B for 1 min, and return to 5% before the next injection.
A C18 BEH column (50 × 2.1 mm using packing material with 80-125
Å pore size of 1.7 µm particles) was used at a flow rate of 0.45 mL/min.

Sugars HPLC-ELSD and organic acids and Vitamin C HPLC-UV
methods were similar those given in the first paper on nutriomic analysis
of fresh and processed fruit products. Modification is for SPE cartridges:
1 mL instead of 3 mL. Additional validated standard compounds were
lycopene and �-carotene in HBSS (100%).

Calculating Potential BioaVailability of Sugars. The cumulative
transported sugars through an effective monolayer area of 0.33 cm2

over 2.5 h, from bioassay samples of 1 mL, is CBs nmol. The delivery
rate of sugars across the cell monolayers (D) was calculated as

Glucose (MW ) 180 g mol-1) in total volume of digest V (mL)
obtained from initial weight of samples W (g) with moisture content
of Mc (%) producing the potential bioavailability (BI) of the total sugars
as glucose equivalent can be calculated as

monolayer TEER (kΩ.cm2) )
[R(monolayers) - R(membrane support)] × Atranswell insert

Papp ) dC
dt

×
Vr

AC0

Scheme 1. Bioassay Protocol

D ) CBs (nmol)/(0.33 cm2 × 2.5 h) )
D × 10-6 mmol cm-2 h-1 mL-1
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Calculating Sugar BioaVailability. An approximate surface area of
200 m2 was estimated from the jejunum surface area of 184 m2 (72) as
the effective absorption area for various compounds in food. However,
the sugar amounts from 100 g samples were too little to be spread
over 200 m2 absorptive areas. Effective area (A) at 1 h after a meal
was calculated as

Meanwhile, in an hour in healthy adult human continuously
circulated 72 beats/min × 65 mL of blood/beat × 60 min ) 280.8 L.
When physical activity is high, the glucose is used up by the cell from
the circulated blood. This is called the lower limit (LL). When the
blood glucose is not rapidly used in the body, it accumulates in the
total volume of human blood of 5 L after 1 h of absorption. This is
called the upper limit (UL). Assuming the levels of absorbed sugars
from the ingested foods were similar to that obtained from Caco-2
bioassays

RESULTS AND DISCUSSION

Validation. Caco-2 cell monolayers, collected originally from
a human colon cancer, were used for this in vitro simulation.
Caco-2 cells express various physiological characteristics and
have transporters similar to those in the human intestine when
the cells differentiate completely (73, 74). Thus, the choice is
acceptable even though there may exist principal physiological
rates compared to normal cells.

Validation with reference compounds produced higher per-
meability values, Papp, and slightly higher in vitro percentages
of translocated compounds compared with the reported literature
values (Table 1) but still acceptable, for example, caffeine
(105.81 vs 100%), atenolol (68.48 vs 50%), and 14C-mannitol
(2.21 vs 15%). This validation methods applied bioassay model
B similar to methods generally used in permeability study of
drugs in pharmacology for which in vivo data are available.

Papp values of atenolol and caffeine were 25-40 and 2-3
times, respectively, higher than literature data, at least partly
because apical solution concentrations were 2.5 times the
concentration usually used in the pharmaceutical literature
(where data comparing Caco-2 cell Papp values to in vivo
bioavailabilities are available for reference compounds), and the
volumes applied were twice as high. Mass transfer was
unaffected by the different concentrations and volumes of the
apical solutions applied, but the Papp was affected. Therefore,
any comparisons of permeability values, Papp require interpreta-
tion with caution, and the details of bioassay conditions should
always be provided (e.g., TEER, volume, and concentration).
This suggests that the assumption of passive diffusion may need
to be re-evaluated and accommodate variation in cancerous cells.

TEER measurements are more practical, quick, and easy
compared to the mannitol permeability values for assessing the
integrity of tight junctions. Monolayers can be omitted im-

mediately when TEER values before a bioassay are lower than
the minimum limit.

The quality of the monolayers was checked. In the present
study, all digest solutions that were subjected to bioassay using
Caco-2 cell monolayers and renewed every 30 min (model A)
resulted in the TEER values listed in Table 2. The initial TEER
values of the monolayers ranged from 0.429 to 0.541 kΩ.cm2.
TEER values of 0.35-0.75 kΩ/cm2 were used in experiments
using dimers, trimers, and polymers of proanthocyanidin (79)
and 0.250 kΩ/cm2 was used for tea polyphenols (16). Com-
monly accepted TEER values for bioassays are >400 Ω/cm2

(71), which is equivalent to >0.04356 kΩ.cm2 (unit preferred
and to be used further) or reading in Millicell-ERS >0.132 kΩ.
TEER was calculated according to the equation in the aforesaid
method. The TEER values show that the monolayers used in
the present research had a high integrity and were therefore in
good condition to act as a model for intestinal epithelia.

A preliminary study of the above bioassays showed that dried
digests (water removed), when reconstituted in HBSS-25 mM
HEPES buffer to achieve 200 µM concentrations, killed the cells
and caused the monolayers to detach from the membrane
support. This confirmed that tight junction integrity is sensitive
to ions, including bile components, even though tight junctions
are highly selective toward molecules transported by the
paracellular route. Therefore, the concentration of the digest
contents is critical for monolayer integrity. However, ratios of
1:10 for dry solid/gastrointestinal juices based on data on
average fruit consumption by Australians were seen as realistic.

Generally, lowered TEER values were obtained from bioac-
tive compounds and mannitol only after long (4 and 22 h)
bioassays. Hence, up to 450 µM of a single bioactive compound
in contact with the monolayers for a short time was nontoxic
toward the Caco-2 cells. Thus, a 2 h bioassay was established,
noting that an estimation of the transit time along the human
small intestine is 2-6 h (80).

HBSS-25 mM HEPES buffer solution was subjected to
Caco-2 monolayers for bioassay using a transit model, to
establish baseline changes in glucose levels that occur during
bioassay, because glucose is consumed by physiologically active
Caco-2 cells. The absolute amounts (nmol) of apical glucose
(CAp) were lower than that for the basolateral compartment
because the buffer was applied to apical sides in 200 µL
volumes, whereas basolateral volumes were 600 µL. During
experiments, HBSS-25 mM HEPES solutions did not reduce
TEER values of the monolayers to the values <0.200 kΩ.cm2,
showing that buffer alone does not affect the viability of the
cells.

A point of difference in this method from the real human
intestine system is that the chyme moves along the lumen,
whereas in the model the apical solutions are static for 30 min.
Also, possible variations may be due to cancerous cell physiol-
ogy. Generally, previously published studies using Caco-2
monolayers did not measure TEER values, and comparison is
not possible. Whether the phenomena-reduced TEER due to fruit
digests translate into an in vivo degradation of gut epithelial
cells by concentrated extracts from fruits remains to be seen,
but is worthy of further study.

Nutriomic from Tomato. During bioassay, carotenoids
present in the digest solutions of tomato products were found
to completely disappear from the apical solutions. In response
to this finding, fruit digests in each apical were spiked with
�-carotene (8.8 µg/µL) for another batch of bioassay: here,
approximately 100% of the spiked �-carotene was recovered
from the apical samples at time 0 min (prepared apical solution

BI (g cm-2 h-1)/100 g (WB) )
D × 10-6 (mmol cm-2 h-1 mL-1) ×

V (mL) × 180 (mg mmol-1)

W (g)
× 100

A (cm2) )
C1 (g)

BI (g cm-2 h-1) × 1 h

LL ) C1 (g h-1)/280000 mL )
L mg h-1 mL-1 whole blood

UL ) C1 (g h-1)/5000 mL ) L mg h-1 mL-1 whole blood
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composed of the spiked tomato digests) (Figure 1), and no
basolateral �-carotene was found. In addition, there was no
evidence for any passage of �-carotene in this system studied
over 120 min of bioassay. Thus, it is suggested that minor
components in the fruit digests may be the cause for the
nonabsorption of �-carotene besides the lack of lipid to help
solubilization. It is speculated that �-carotene was bound to
pectin in the tomato digest solution without sufficient dietary
lipid, making it retained in the apical solutions, than when
prepared as pure solution in the HBSS-25 mM HEPES buffer.
Bound carotenoids are possible as dietary fiber can modulate
physiological conditions of mucosal environment of the
intestine (81, 82). The animal in vivo using gerbils showed that
citrus pectin inhibited the absorption and conversion of �-car-
otene which has been consistently proven in in vivo human and
chicken studies, specifically when high molecular weight and

high-methoxylated pectin is present (83). Generally, fruits
contain high-methoxylated pectin. This warrants that an increase
of fruit consumption without sufficient dietary lipid causes
bound carotenoids to go to the large intestine.

Retinol-like compounds were irreproducibly obtained from
the Caco-2 bioassays at very low levels in this research when
pure �-carotene apical solutions were applied. Although this
shows that it is possible for Caco-2 cells to metabolize
carotenoids, the lack of reproducibility makes it difficult to draw
definitive conclusions. Partly, this can be due to Caco-2 unstable
�-oxidase expression and cancerous cells. Studies of carotenoid
bioavailability in pectin-rich fruits have not been done before.
Analysis of the results in the present study indicates that pectin
may disturb carotenoid absorption/metabolism by gut epithelial.
In the real human system, this probably leads to carotenoid
transport to the colon, where uptake and/or microbial metabolism
may take place. It is therefore concluded that the responses of
Caco-2 cell monolayers to carotenoids in digest solutions are
likely to be significantly affected by the presence of pectin when
insufficient dietary lipid occurs.

Sugars were not retained by pectins and can be transported
into the basolateral sides in Caco-2 cell assays without particular
selectivity; thus, fructose, glucose, and sucrose were translocated
into the basolateral sides from fruit digests (Figure 2). The
disappearance of sugars from the apical sides, again similar to
other compounds, was not equal to those secreted in basolateral
sides.

Table 1. Comparison of Papp Values with Literature Values for Method Validation

present study

TEER (kΩ.cm2)

compound before after Papp (nm/s) Papp literature (nm/s)
14C-mannitol 0.3894 0.165 73.27 ( 2.84a from 23 ( 2 to 32 ( 5 (15%) (75)c

[2.21%]d 58.8 ( 8.7 (71)c

18 (76)c

8 (77)c

0.4785 0.08745 41 ( 0.527b 17 (16%) (78)c

atenolol 0.5371 0.4554 (1.46 ( 0.16)E3 from 25 ( 4 to 40 ( 6 (50%)(75)c

[68.48%] 200 (76)c

28 (50%) (78)c

caffeine 0.4915 0.41745 (1.92 ( 0.008)E3 from 331 ( 27 to 410 ( 33(75)c

[105.81%] (100%)

a 14C-Mannitol, 200 µL. b 14C-Mannitol, 100 µL. c Using a Caco-2 clone TC7. d Values in parentheses are in vivo data and those in brackets are % in vitro after 120 min
compared to initial concentration at 0 min.

Table 2. TEER Values of Bioassay Using Digest Solutions of Fruit
Products (Entries in Bold Represent Unacceptably Low TEER Values for
Monolayer Integrity)

sample TEER before (kΩ.cm2) TEER after (kΩ.cm2)

tomato juice 0.454 0.136
dried tomato 0.437 0.084
tomato fresh 0.429 0.256
mango juice 0.536 0.130
dried mango 0.533 0.160
mango fresh 0.490 0.376
papaya juice 0.541 0.375
dried papaya 0.409 0.124
papaya fresh 0.526 0.254

Figure 1. Apical changes (spiked tomato digests with �-carotene) using
model A, using two wells for each product.

Figure 2. Sugars uptake and transport from tomato digests by Caco-2
cell monolayers using the transit model (model A).
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After correction for buffer glucose contents, it was found that
only 2.5-6% of the initial glucose content from the digest
solutions was transported into the basolateral side. A smaller
amount of fructose (0.4-0.7%) was also transported, although
its rate of disappearance from the apical sides was similar to
that of glucose. Fructose and glucose enter glycolysis pathways
in cytoplasm as fructose-1P or fructose-6P and glucose-6P,
respectively; thus, the high losses may be due to their status as
energy sources for the Caco-2 cells. Currently, it is not
understood how Caco-2 cells control the amount of sugars to
be translocated into the basolateral, along with the amount for
cell metabolism (Na+-Ka+ATPase requires high energy to
operate) (84).

Additionally, there was no relationship between measured
TEER values and the translocated amounts of sugars. Tomato
juice, for which the TEER values dropped to 0.13 kΩ.cm2, did
not translocate higher amounts of glucose. The recorded
translocation amounts suggest only small amounts of sugars
were not used for metabolism by the cells or, alternatively, that
the Caco-2 cell monolayer pores are smaller than the size of
the glucose molecule. Hidalgo (74) recorded that the sizes of
the pore or tight junctions in human intestinal cell layers are
approximately 4-8 Å, which is in the same size range as for a
hydrated sugar molecule. This provides further evidence that
the cell monolayers do not act as a physical barrier to sugar

absorption and that Caco-2 cells use the sugars in tomato digests
for energy. As it is unlikely that dietary sugars provide fuel for
intestinal epithelia in vivo, the proposal that relatively low
transport of sugars in the Caco-2 cell assay is due to metabolism
means that any extrapolation to the in vivo situation will likely
underestimate real transported amounts.

The released acids were subjected to Caco-2 monolayers
(Figure 3). The dominant organic acids, citric acid and malic
acid, were detectable from the 200 µL digest solutions, whereas
the minor acids were not. Continual supply of digest solutions
did not show accumulation of citric or malic acids. In the
basolateral compartments, malic and citric acids were detected
sporadically at 60 or 90 min. When observed, the basolateral
acids were 2-20% of the acids detected in the apical solutions
at 0 min.

During Caco-2 bioassays neither basolateral nor apical
phenolics appearances were found. This suggests the uptake of
phenolics from the digests by the Caco-2 cells and subsequent
metabolism. Metabolites at minute levels may be undetectable
in this study.

Nutriomic from Mango. Bioassay results for sugars are
presented in Figure 4. General disappearances of sugars from
apical sides followed trends found for various other target
compounds. Phenomena of nutriome disappearances consistent
with those from tomato products were obtained.

Figure 3. Uptake and transport of organic acids from tomato digests by Caco-2 monolayers using the transit model (model A): dried tomato (A, D),
tomato juice (B, E); fresh tomato (C, F); A-C, apical; D-F, basolateral.

Figure 4. Sugar uptake and transport from mango digest solutions by Caco-2 monolayers using transit model (model A): (A,D) fructose; (B,E) glucose;
(C,F) sucrose; A–C, apical; D–F, basolateral.
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For all mango products, the level of fructose in the basolateral
side steadily increased to relatively similar levels. This suggests
there is no particular effect of the source of fructose on
absorption by the Caco-2 monolayers. However, sucrose and
glucose were transported at higher levels than fructose. Their
translocation profiles fluctuated and were different for each
source of sugar. All mango products showed fluctuating glucose
transport, whereas sucrose transport increased. Sucrose disap-
pearance from dried mango was the highest and synchronized
with the highest amount of sucrose found in the basolateral side
compared to other products. Basolateral sucrose from fresh
mango reached a peak at 60 min, whereas fructose steadily
increased and leveled off at 150 min.

On the other hand, the glucose content of mango products
was low, and the transports for each product were quite similar.
Basolateral glucose from fresh mango peaked earlier at 30 min,
then reached a minimum at 90 min, and finally increased again
until 150 min. Similar fluctuations occurred for dried mango,
but the times were decreased by 30 min. The basolateral glucose
transported from mango juice digests steadily increased and
peaked at 120 min, the same time as dried mango, but it
decreased thereafter, whereas basolateral glucose from dried
mango digests increased thereafter.

During in vitro absorption by Caco-2 cell monolayers, each
acid showed a different behavior (Figure 5). In the digests from
dried mango, ascorbic, citric, and malic acids were found in
the basolateral side. Small amounts of loss of ascorbic acid from
the apical side were coupled with its secretion in basolateral
side, indicating that ascorbic acid was not metabolized and was
secreted intact into the basolateral compartment by the Caco-2
monolayers. Malic acid was secreted into the basolateral side,
with its maximum concentration being at 60 min, after which
its concentration declined continuously until 120 min, whereas
citric acid reached its maximum concentration in the basolateral
side at 90 min.

However, this was not consistent with what happened for the
mango juice. Malic acid disappeared from the mango juice
digests in the apical side during the first 30 min, with it being
secreted into the basolateral side, finally reaching a maximum
concentration at 60 min. In contrast, ascorbic acid was retained
and accumulated in the apical side and decreased to zero at 120
min without basolateral secretion. Further inconsistency was
observed for the fresh mango, where citric acid fluctuated when
continuous digest solutions were supplied as part of this bioassay
model. This effect was different from that observed for malic

acid, which gradually decreased (Figure 6C) in a pattern similar
to that observed for ascorbic acid from dried mango digests
(Figure 6A). Ascorbic acid from fresh mango digest had
disappeared from the apical side by 30 min; further 30 min
replacements of the apical solution with fresh mango digest did
not result in ascorbic acid being observed in the basolateral
solutions at 90 min. Although all monolayers had acceptable
TEER values, the high level of variability in the behavior of
similar molecules or the same molecules from different mango
product sources requires further investigation. Being sure of the
uniformity of the Caco-2 cell monolayers definitely requires
serious attention before results can be interpreted with confi-
dence from such a study.

Nutriomic from Papaya. Similar to other carotenoid bio-
assays of the fruit digest solutions, there were not found any
carotenoids in apical and basolateral compartment. Thus, the
samples were spiked with 22 µg of �-carotene each. The spiking
of the samples with �-carotene indicated the possible role of
pectic substances; because of the spike, �-carotene could be
found in the apical side but not in the basolateral side. On the
other hand, a preliminary experiment using pure �-carotene
showed the �-carotene partially disappeared from the apical side.
Hence, the finding suggested that digest solution containing cell
wall material caused �-carotene to be retained in the apical side.
Further study needs to be carried out.

Bioassays of digest solutions of papaya products using model
A showed high apical decreases for all sugar types; sugars

Figure 5. Uptake and transport of organic acids from mango digest solutions in Caco-2 monolayers (model A): (top row, apicals; bottom row, basolaterals)
(A, D) dried mango; (B, E) mango juice; (C, F) fresh mango.

Figure 6. Sugars uptake and transport by Caco-2 monolayers from papaya
digest using transit chyme model (model A; using two transwell inserts).
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secreted into the basolateral compartments were only 0.7-1.4%
of the original apical concentration, which is consistent with
metabolism by Caco-2 cells being the dominant process. Glucose
was lost from the apical compartment over the first 30 min,
and transport increased over time, reaching an apparent station-
ary phase at 60 min. Similar results were found for fructose
but at lower levels than for glucose.

Caco-2 monolayers transported organic acids (Figure 7).
Generally, organic acids disappeared from the apical compart-
ments; however, they were seldom found in the basolateral
solutions, and then only at very low levels. Addition of further
digest solutions to the apical side did not affect the responses,
and apical accumulation of organic acids was not observed.
These data suggest that organic acids in papaya are metabolically
consumed very efficiently by the cells. Organic acids found in
both human plasma and food materials include lactic, citric,
galacturonic, and o-hydroxycinnamic acids (85). Several ad-
ditional organic acids were found in diabetic patients, such as
fumaric and glutaric. These authors reported the citric acid levels
in the plasma of diabetic patients were double those in healthy
human plasma. However, it is unexplained whether those acids
were obtained from dietary intake or (more likely) were due to
metabolism. The organic acids produced during metabolism are
disposed off through renal reabsorption (86). Therefore, dietary
organic acids may be absorbed into the circulatory system, as
occasionally observed in this study, and are probably released
in the urine.

Cellular uptake of ions is expected to be affected by the
electrolyte concentration and pH of the apical solution. Among
anions, there are interactions; for example, in renal epithelial
cells, the presence of formate decreases oxalate uptake. Salovaara
et al. (87) found the effect of citric and oxalic acids on iron
uptake by Caco-2 cell monolayers involves formation of a
complex between iron and anions of citric and oxalic acids and
that any effect on the pH of the bioassay microenvironments
depends on their concentration.

Caco-2 bioassays of the digest solutions resulted in no
carotenoids in either the apical or basolateral sides for any digest.
This indicated that phytochemicals are likely absorbed from the
colon, not the small intestine, whereas glucose as an energy
source is mainly absorbed in the small intestine. The disap-
pearance of carotenoids from the apical side of the Caco-2 cell
monolayers found in the present study (for all digest solution
samples) is in agreement with ref 14, in which the digestion
did not use oil and the pure compounds were prepared in
DMSO. In the present study, DMSO levels were controlled at
0.5-1%, which is lower than that in the referred experiments.
Presumably, the phytochemical benefits are obtained from the
colon involving microbial metabolisms.

In the study, when �-carotene was added to apical compart-
ments, basolateral retinol-like compounds were occasionally
detected, but not reproducibly produced by the Caco-2 cells.
This demonstrates an element of variability in the way that
individual Caco-2 cell monolayers behave. The results of in vivo
studies (1, 2) involving retinol formation from kale labeled
nutrients and from in vitro studies using Caco-2 cell lines (88)
were thus not fully replicated in the present research. It is
important to investigate further the factors affecting Caco-2 cell
regulation related to metabolism or translocations when a
mixture of nutriome components is applied to apical compart-
ments. Also, it is possible that the existence of phytochemicals
is minor in the whole natural food system.

To sum up sugar transports, in vitro absorption studies of a
mixture of nutriome in digest solutions of tomato, mango, and
papaya products indicated that translocation of the predominant
compounds into the basolateral compartments during bioassay
was detectable (albeit often at low levels) and can be used for
determination of the potential bioavailability of compounds.
Juices have the highest potential bioavailability of sugars, as
would be expected, supporting the idea to use 100% juice as a
reference for nutritional high-density food products. Other

Figure 7. Organic acids uptake and transport in Caco-2 monolayers (model A; using two transwell inserts): (A, D) dried papaya; (B, E) papaya juice;
(C, F) fresh papaya.

Table 3. Sugar Potential Bioavailability from Tomato Products Expressed
as Glucose Equivalent

mg h-1 mL-1 whole blood

sample

potential glucose
bioavailability

(g · cm-2 h-1) WB

glucose
delivery rate

(g/h) WB LL UL

dried tomato 0.000867 27.135 0.097b 5.427c

(49.78%)a

tomato juice 0.000128 3.909 0.014b 0.782c

(100%)a

fresh tomato 0.000124 2.27 0.008b 0.454c

(89.45%)a

a Comparison in % (DB) to juice. b Assumed that glucose is rapidly used in the
body in 1 h circulated blood (280 L). c Assumed that glucose is deposited in the
total blood (5 L) for 1 h after a meal.
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products had 18.7-89.5% potential glucose bioavailability
compared to their corresponding juices with the potential glucose
levels of the order tomato (49.8% dried; 89.5% fresh) > mango
(56.8% dried; 22.8% fresh) > papaya (18.7% dried; 36.7%
fresh). This means that consumption of fruit juice supplies more
glucose than consumption of the same amount of fresh or dried
fruits, in addition to potential insulinemic responses in the human
body. Potential sugar bioavailability expressed as glucose
equivalent is listed in Tables 3-5 and was calculated according
to aforementioned equations in the methods. Clearly, the
estimations did not indicate insulinemic compared to those
observed in in vivo diabetic people (6) but close to normal limits
after meals (100 mg/dL) (89).

In the present study, during bioassays, there were high sugar
losses during transportation from the apical compartment to the
basolateral compartment when measured as absolute amounts
(nmol). The low levels of transported sugars were due to high
losses resulting from metabolism of sugar by the Caco-2 cells,
consistent with the fact that Caco-2 cells are cancerous cells.
Cancer cells have extremely high metabolism and accumulate
glycogen (90). In contrast, Fuse et al. (91) reported that in rats,
glucose absorption decreased due to expansion of the unstirred-
water layer in the presence of soluble pectin, in line with the
findings of Schneeman and Gallaher (81) that pectin can interact
with mucosal layers. Gel pectin has been putatively proposed
to absorb sucrose (92); however, in the present study, low levels
of fructose, glucose, and sucrose were found at basolateral
compartments. However, attempts to confirm physicochemical
aspects of in vitro sugar absorption and links with insulinemic
responses are required because the in vitro model currently used
to study sugar delivery was free from hormonal regulation
involved in the in vivo system.

Phenolics were not found in basolateral or apical compart-
ments after bioassays, in line with other studies of phenolics
using Caco-2 cell monolayers, which showed no basolateral
phenolics (91-93). These authors (93) also examined the affinity
of phenolics for the membranes in the Caco-2 cell monolayers
and concluded that the high cell membrane affinity of phenolics
resulted in poor basolateral translocation; that is, phenolics were
retained in the cell layer. Transport and membrane affinity were
reported as functions of hydroxylation number and molecular
configurations. This was supported by ref 17, reporting that
inhibitory effects were obtained from monohydroxylated phe-

nolic derivatives, but not those from di- and trihydroxylated
phenolics. Phenolics were also found to bind transport
proteins (94, 95). This binding is both an advantage and a
disadvantage. An advantage is that being bound aids their
transport in blood and prevents oxidation in the human body
(96). On the other hand, Kaldas et al. (95) observed that the
complexity of quercetin-human protein serum was affected by
peroxidase activity and was treated as a toxic component and
excreted by the human body before exerting its functions.
Similar phenolic binding with saliva protein may also cause
low availability of phenolics (97), more specifically, for those
phenolics composed of >3 flavonol subunits (98). Thus, in the
developed model, the use of artificial saliva containing casein
as proline-rich protein may have played a role in generating
low levels of phenolics during in vitro digestions.

However, this is in apparent contradiction with findings from
human ileostomists, where quercetin aglycone, quercetin, and
quercetin-3-rutinoside were absorbed in the small intestine when
urine was examined (99). Walgren et al. (100) showed that the
quercetin 4′-�-glucoside was transported by SGLT1, which
suggested that the translocations were due to cotransport with
sugars. Thus, there is unintentional transport of phenolics into
the blood circulatory system.

Overall, this nutriomic analysis showed that Caco-2 cell
monolayers controlled uptake of nutriome components from the
apical sides and their secretion into basolateral sides. The pattern
of apical disappearances of target compounds during bioassays
suggested that there are control mechanisms of Caco-2 cells
toward different compound groups exposed to them. This is
consistent with what has been reported for pure compounds in
this research.

Modulations of TEERs (as a marker for monolayer integrity)
during bioassays were not always followed by increases in the
basolateral levels of analytes, indicating that passive diffusion
by the paracellular routes is unlikely to happen. Diffusion theory
has frequently been found to be applicable in biological systems
(101), but appears not to be the dominant mechanism here. The
finding of quantitative basolateral recovery of caffeine and
(partially) atenolol as reference compounds shows that Caco-2
cells are capable of transporting molecules from the apical
chamber to the basolateral chamber. The fact that low basolateral
concentrations were detected occasionally for fruit nutriome
components that disappeared completely from the apical sides

Table 4. Sugar Potential Bioavailability from Mango Products Expressed as Glucose Equivalent

mg h-1 mL-1 whole blood

sample
potential glucose bioavailability

(g · cm-2 h-1) WB
glucose delivery rate

(g/h) WB LL UL
reference mg h-1

mL-1 whole blood

dried mango 0.00190 (56.78%)a 75.98 0.270b 15.196c nae

mango juice 0.000208 (100%)a 7.39 0.024b 1.478c na
fresh mango 0.000168 (22.81%)a 2.26 0.008b 0.452c 0.288d

a Comparison in % (DB) to juice. b Assumed that glucose is rapidly used in the body in 1 h circulated blood (280 L). c Assumed that glucose is deposited in the total
blood (5 L) for 1 h after a meal. d Original data in vivo serum level after 1 h consumption of fresh mango in diabetic people 13.7 mmol/L with baseline glucose level of 9.7
mmol/L (6) recalculated for 280 L circulated blood for 1 h. e na, data not available.

Table 5. Potential Bioavailability of Sugars from Papaya Digests Determined in Vitro and Expressed as Glucose Equivalent

mg h-1 mL-1 whole blood

sample
potential glucose bioavailability

(g · cm-2 h-1) WB
glucose delivery rate

(g/h) WB LL UL
reference mg · h-1

mL-1 whole blood

dried papaya 0.000583 (18.656%)a 34.142 0.122b 6.828c nae

papaya juice 0.000225 (100%)a 4.731 0.017b 0.946c na
fresh papaya 0.000189 (36.656%)a 5.573 0.020b 1.115c 0.152d

a Comparison in % (DB) to juice. b Assumed that glucose is rapidly used in the body in 1 h circulated blood (280 L). c Assumed that glucose is deposited in the total
blood (5 L) for 1 h after a meal. d Original data in vivo serum level after 1 h consumption of fresh papaya in diabetic people 14.3 mmol/L with glucose baseline of 9.2 mmol/L
(6) recalculated for 280 L circulated blood for 1 h. e na, data not available.
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suggests that one of two possible mechanisms is occurring: (1)
Nutriome molecules are taken up and used as a source of
metabolic energy by the Caco-2 cells with corresponding low
transport to the basolateral chamber. This is proposed to be the
main mechanism operating for sugars and simple organic acids
(e.g., citric), which are part of the normal glycolysis pathway
in animal cells, which is supported by the anomalous charac-
teristics of cancerous cells. (2) Nutriome molecules complex
with cellular components, particularly proteins. This is proposed
to be the reason why very low (often undetectable) amounts of
phenolic and carotenoid transport into the basolateral chamber.
Possible sites of complexation/absorption include the cell
extracellular matrix or membrane proteins.

Capillary action plays an important role in transfer phenomena
in both biological and porous materials (101). Therefore, the
physical structures of materials and cell membranes/monolayers
are likely to be critical factors in bioavailability. In mango
products, fibrous matrices and viscous mass and cells even in
juices may have equivalent capillarity to bulk matrices; thus,
there is no difference in sugar release due to processing. This
is in contrast with papaya, which has a shrunken and compacted
structure after drying and/or chewing. In addition, in dried
tomato, even though it has higher moisture content than dried
mango or papaya, the effects of processing on nutrient releases
were significantly different, presumably due to reduced capil-
larity compared with the fresh fruit.

In conclusion, in vitro intestinal absorption and transport using
Caco-2 monolayers is a potential model to study the human
digestive system, which is not able to be carried out in vivo.
Validation using complementary TEER and permeability values
or internal standard caffeine is recommended because passive
diffusion is unlikely to happen. Bioassay conditions have been
identified in this study to achieve meaningful data. Depletion
rates from the apical compartment may be a better measure of
uptake than appearance in the basolateral chamber due to the
possible metabolism or binding of nutriome components with
the Caco-2 cell monolayer, whereas bioavailability index is
expressed from basolateral levels. Further study on the effects
of pectin in absorption is required to explore its ability to bind
phytochemicals, leading to the transit of phytochemicals into
the colon, which warrants studies of phytochemical metabolites
generated by colon microorganisms.
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