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Abstract
Purpose We investigated the cytosolic and membrane-associated contents of polyphenols after 4 hours of incubation (50 μM of
each polyphenol) in the colon carcinoma cell line T84 using a novel, rapid, and convenient method based on permeabilization of
the cell membrane using digitonin. The colon carcinoma cell line was used to investigate the intestinal uptake of polyphenols
present in apple products.
Recent Findings The results showed that hydroxycinnamic acids (caffeic and 5-caffeoylquinic acid) were only detected in the
cytosolic fractions. In contrast, 0.3 to 8.2% of the initial concentrations (50 μM) of the flavonoids phloretin, quercetin, phloretin
2′-O-glucoside, and quercetin 3-O-rhamnoside were found in the membrane-associated fractions. In the cytosolic fractions, 0.2–
2.9% of these compounds were detected, corresponding to 25 to 40% of the total cell-associated (cytosolic plus membrane-
associated fractions) polyphenol content.
Summary Our results showed that after uptake, polyphenols were present in the cytosolic fraction of the cells as well as
associated with the cell membrane. The presented method provides a useful in vitro tool for determining biologically active
compounds in cellular fractions.
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Abbreviations
DMEM Dulbecco’s Modified Eagle’s Medium
DMSO Dimethyl sulfoxide
EEA Early endosome antigen 1
FCS Fetal calf serum
Hsp90 Heat shock protein 90
HPLC-DAD High-performance liquid

chromatography-diode array detection
LODs, Limits of detection

LOQs Limits of quantitation
SDS-PAGE Sodium dodecyl sulfate

polyacrylamide gel electrophoresis
S/N Signal to noise

Introduction

Polyphenols are secondary plant compounds frequently
ingested in our daily diet. Fruits, vegetables, cereals, choco-
late, and drinks (e.g., tea, wine, coffee, and fruit juices) are the
major sources of polyphenols [1, 2]. Apples (Malus domestica
Borkh.) contain between 5.2 and 27.2 g/kg dry weight poly-
phenols of various classes (hydroxycinnamic acids,
dihydrochalcones, flavonols, and flavan-3-ols) [3].
Consuming apples can have several positive effects on human
health, e.g., by reducing the risk of lung cancer, colorectal
cancer, diabetes, cardiovascular diseases, and asthma [4, 5].
To assess their anti-cancer roles, various groups have investi-
gated the absorption of polyphenols (hydroxycinnamic acids
and flavonoids) by colonic carcinoma cell lines. After incuba-
tion with polyphenols, up to 1.6% of applied amounts were
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found within such cells after homogenization and quantitative
analysis [6–14]. However, differences between the cytosolic con-
tent and compounds associated with the cell membrane were not
distinguished [6, 7, 11, 12]. In one study, two fractions, one
cytosolic and one membrane-associated, were separated using a
method that was time-consuming and laborious [7].

The aim of the present study was to determine the cytosolic
and membrane-associated polyphenol contents of a colon carci-
noma cell line, T84, after incubationwith polyphenols present in
apples, i.e., caffeic acid, 5-caffeoylquinic acid, phloretin,
phloretin 2′-O-glucoside, quercetin, and quercetin 3-O-
rhamnoside (for structures, see Fig. 1). The cells were perme-
abilized according to Kaiser et al. [15] by incubating them with
digitonin, a saponin glycoside with hemolytic properties. Then,
supernatants (cytosolic fractions) containing the cytosolic poly-
phenols were analyzed by high-performance liquid
chromatography-diode array detection (HPLC-DAD).
Furthermore, the polyphenol content of membrane-associated
fractions, obtained after subsequent lysis of the cells, was deter-
mined by HPLC-DAD as well. Additionally, to check whether
separation of the cytosolic fraction from the remaining
membrane-associated fraction was successful, the early endo-
some antigen 1 (EEA1) was determined via western blot analy-
sis. EEA1 is a marker protein for early endosomal vesicles [16],
usually found solely in membrane fractions but not in cytosol.

Materials and Methods

Chemicals

All chemicals and solvents were of analytical grade.
DMEM/Ham’s F12 (1:1) cell culture medium, bovine liver cat-
alase, caffeic acid, 5-caffeoylquinic acid, phloretin, phloretin 2′-
O-glucoside, 3,4,5-trimethoxycinnamic acid, digitonin, and
Hanks’ balanced salt solution (HBSS) were obtained from
Sigma-Aldrich (Steinheim, Germany). Cell culture supplements

were all obtained from Invitrogen (Darmstadt, Germany), quer-
cetin from Merck (Darmstadt, Germany), and quercetin 3-O-
rhamnoside from Roth (Karlsruhe, Germany). Methanol was
purchased from J.T. Baker (Deventer, the Netherlands) and
formic acid from chemsolute (Renningen, Germany). Stock so-
lutions of each polyphenol in DMSO (Merck, Darmstadt,
Germany) were prepared with a concentration of 100 mM.
Digitonin was dissolved in PBS to a concentration of 20 μg/mL.

Cell Culture

A human colonic epithelial cell line derived from a lung metas-
tasis of colon carcinoma, T84 (CCL-248), was obtained from the
American Type Culture Collection (Rockville, MD, USA). The
cells were grown in a humidified incubator (5% CO2, 37 °C) in
75 cm2 flasks in DMEM/Ham’s F12 (1:1) medium supplement-
ed with 10% FCS, 100 units/mL penicillin, 100 μg/mL strepto-
mycin, and 2mML-glutamine and then seeded in six-well plates
at 1 × 106 cells with 2 mL fresh medium per well. Caco-2 cells
were obtained from Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH (DSMZ) (Braunschweig, Germany).
DMEM/Ham’s F12 (1:1) (× 1) medium with 15 mM HEPES
and L-glutamine, fetal calf serum (FCS), penicillin/streptomycin,
and molecular protein marker SeeBlue Plus2 were purchased
from Invitrogen GmbH (Karlsruhe, Germany). The monoclonal
anti-Hsp90 antibody was purchased from Santa Cruz
Biotechnology (Heidelberg, Germany), whereas the polyclonal
anti-endosomal protein EEA1 antibody was obtained from
Novus Biologicals (Littleton, USA).

Incubation

Forty-eight hours after seeding, 2 mL of HBSS containing
200 units catalase was added to each well together with
1.0 μL of polyphenol stock solution (to separate wells, in du-
plicate) to achieve an initial concentration in the incubation
mixture of 50 μM. The plates were then returned to the
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Fig. 1 Structures of apple
polyphenols used in the study
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incubator for an additional 4 h. The cells in one of the wells for
each polyphenol were then lysed with 1 mL TriFast reagent
(Peqlab, Erlangen, Germany) for 15 min at room temperature.
Obtained cell suspensions were scraped from the wells and
stored at − 24 °C until analysis. The cells in the other wells
were washed twice with ice-cold PBS (1 mL) and then incu-
bated (using a method adapted from Kaiser et al. [15]) with
1-mL digitonin solution for 5 min at room temperature to
permeabilize the cell membrane, followed by 30 min on ice to
release analytes from the cytosol (cytosolic fraction). The su-
pernatant in each of these wells was collected and stored at −
24 °C until analysis. To obtain the membrane-associated frac-
tions, the digitonin-treated cells were lysed with TriFast reagent
and stored as described above. Washing twice with PBS was
considered sufficient because HPLC-DAD analysis of solution
removed after the second washing showed that it contained no
polyphenols. All experiments were conducted in triplicate.

Sample Preparation and HPLC-DAD Analysis

According to Bergmann et al. [17], cell suspensions were
thawed in a sonication bath for 20 min, and then 200-μL ali-
quots of the cell suspensions were passed through a 3 kDa
membrane (Nanosep 3 K Omega from Pall, Michigan, USA)
by centrifugation (10,600×g, 4 °C, 5 min) until dry, which
correspond to the total cell-associated fractions. The membrane
was then washed once with 100 μL and twice with 50-μL
formic acid in methanol (10/90 v/v) and centrifuged as de-
scribed above. An internal standard, 3,4,5-trimethoxycinnamic
acid, was added to the combined eluates, and the samples were
analyzed using HPLC-DAD. Cytosolic fractions were thawed
rapidly at 20 °C and directly mixed with 3,4,5-
trimethoxycinnamic acid and then analyzed by HPLC-DAD.

HPLC-DAD analysis was performed using an Agilent
1200 HPLC system (with column and autosampler heaters
set at 30 and 4 °C, respectively) equipped with a Zorbax
C18 column (Agilent, Waldbronn, Germany). A 10-μL ali-
quot of each sample was injected and separated using a mobile
phase consisting of a 60-min linear gradient of 10–50% meth-
anol in aqueous 0.1% formic acid with a flow rate of 1 mL/
min. Eluting phloretin and phloretin 2′-O-glucoside were de-
tected at 280 nm, caffeic acid, 5-caffeoylquinic acid and the
internal standard at 320 nm and quercetin and quercetin 3-O-
rhamnoside at 360 nm. The limits of quantitation (LOQs) and
detection (LODs) are defined as three and ten times of the S/N
ratio (referred to [18]), ranged from 0.04 to 0.1 mg/L and from
0.02 to 0.04 mg/L, respectively.

Detection of Hsp90 and EEA1 Protein Expression
(Western Blot Analysis)

Digitonin-based cell fractionation was applied to Caco-2
cells to obtain cytosolic and membrane-associated

fractions. Both fractions were separated by SDS-PAGE
followed by western blot analysis, according to [16, 19].
The protein Hsp90 was detected with a monoclonal anti-
Hsp90 antibody and the endosomal protein EEA1 by a
polyclonal antibody.

Results

The polyphenol contents of the following three fraction types
determined by HPLC-DAD are shown in Fig. 2: (i) cytosolic
fractions obtained by treatment of cells with digitonin (collect-
ed in the supernatants) after 4-h incubation with apple poly-
phenols; (ii) membrane-associated fractions obtained by sub-
sequent lysis of cells; and (iii) controls consisting of another
set of cells lysed directly after incubation (total cell-associated
fractions). Following the 4-h incubation of caffeic acid and 5-
caffeoylquinic acid with the cells, 0.6 ± 0.1 and 0.4 ± 0.1% of
the incubated hydroxycinnamic acids were detected in the
cytosol fractions, respectively. In contrast, in the membrane-
associated fractions, no hydroxycinnamic acids were detect-
able. In total cell-associated fractions, 1.0 ± 0.0 and 1.4 ±
0.6% of the incubated hydroxycinnamic acids were found
(see Table 1).

Phloretin and quercetin were present in the cytosolic frac-
tions with 2.9 ± 0.4 and 2.8 ± 0.6% of the concentrations in-
cubated with cells and higher percentages (8.1 ± 1.2 and 8.2 ±
2.5%) associated with the membranes. The total cell-
associated fractions showed 16.5 ± 2.2 and 20.3 ± 9.2% of
the incubated phloretin and quercetin, respectively.

The glycosides phloretin 2′-O-glucoside and quercetin 3-
O-rhamnoside were detected in the cytosol (2.1 ± 0.1 and 0.2
± 0.1%), and larger amounts (5.2 ± 1.8 and 0.3 ± 0.2%) of the
initial concentrations of 50μMwere associatedwith the mem-
branes. Following direct lysis, 6.5 + 1.4 and 1.2 + 0.8% of the
added phloretin 2′-O-glucoside and quercetin 3-O-rhamnoside
were detected in the total cell-associated fractions (Table 1).

To confirm successful separation of the cytosolic and
membrane-associated fractions, discontinuous SDS-PAGE
electrophoresis was performed followed by western blot
analysis. The endosomal protein EEA1, a marker protein
for early endosomal vesicles, and the heat shock protein
Hsp90 were detected. Successful separation of the cell
fractions was indicated by detection of Hsp90 in the cy-
tosol and membrane-associated fractions, whereas the
endosomal protein EEA1 was only found in the
membrane-associated fraction (Fig. 3).

Discussion and Conclusion

Previous methods for analyzing the polyphenol content of
cells following incubation with these compounds have
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involved lysis of intact cells and various extraction steps [6,
9–12, 17, 20]. The method established by Hong et al. [7]
allows the separation of cytoplasmic fractions and membrane
fractions after several denaturation and centrifugation steps.

However, this method is time-consuming and laborious.
Hence, we tested a more rapid and convenient method to
determine the cytosolic polyphenol content of cells by
adapting the method reported by Kaiser et al. [15]. In this
approach, incubation of cell monolayers with digitonin re-
leased cytosolic proteins within 30 min. The polyphenol
content was determined by HPLC-DAD in both cytosolic
and membrane-associated fractions after 4-h incubation in

the T84 colon carcinoma cell line monolayers. The results
showed that hydroxycinnamic acids (caffeic and 5-
caffeoylquinic acid) were solely present in the cytosol
fraction; no detectable amounts of these compounds were
associated with the membranes (Fig. 2). In contrast, the
flavonoids phloretin, quercetin, phloretin 2′-O-glucoside,
and quercetin 3-O-rhamnoside were found in the cytosol
as well as membrane-associated fraction. In the cytosolic
fractions, amounts of these flavonoids corresponded to 25–
40% of the cell-associated fractions (cytosolic plus mem-
brane associated). Figure 4 illustrates the distribution of
phloretin in T84 cells after the 4-h incubation. These data
differ slightly from those presented by Hong et al. [7],
who incubated the colon carcinoma cell line HT-29 with
(-)-epigallocatechin gallate, a tea flavonoid, and found that
after 2 h, 67% of the cell-associated polyphenol content in
the cytosolic fraction and 33% in the membrane fraction.

Our results showed that the cytosolic content of the
incubated polyphenols, which were supplied in an equimo-
lar concentration (50 μM), decreased in the order phloretin
> quercetin > phloretin 2′-O-glucoside > caffeic acid > 5-
caffeoylquinic acid > quercetin 3-O-rhamnoside. The sum
of the cytosolic and membrane-associated contents for

membrane-associated

fraction

cytosolic fraction

Fig. 3 Representative images of a western blot experiment of Hsp90 and
EEA1 proteins in Caco-2 cells
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Fig. 2 Cytosolic, membrane-associated and total cell-associated
percentages of initial concentrations [%] of apple polyphenols in T84
monolayers after a 4-h incubation (initial concentration, 50 μM). The
cytosolic contents were determined following permeation of the cells by
digitonin, and then the membrane-associated contents were determined
following lysis of the cells. Total cell-associated contents were
determined after lysis of an independent set of cells. Data are mean ±
SD obtained from five experiments

Table 1 Cytosolic, membrane-associated, cell associated (cytosolic + membrane associated) and total cell-associated percentages of initial
concentrations [%] of apple polyphenols in T84 monolayers after a 4-h incubation

Compounds Cytosolic fractions [%] Membrane-associated
fractions [%]

Cell-associated [%]
(cytosolic + membrane –
associated fraction)

Total cell-associated
fractions [%]

Caffeic acid 0.6 ± 0.0 n.d. 0.6 ± 0.0 1.0 ± 0.0

5-Caffeoylquinic acid 0.4 ± 0.1 n.d. 0.4 ± 0.1 1.4 ± 0.6

Phloretin 2.9 ± 0.4 8.1 ± 1.2 11.0 ± 1.6 16.5 ± 2.2

Phloretin 2′-O-glucoside 2.1 ± 0.1 5.2 ± 1.8 7.3 ± 1.9 6.5 ± 1.4

Quercetin 2.8 ± 0.6 8.2 ± 2.5 11.0 ± 3.1 20.3 ± 9.2

Quercetin 3-O-rhamnoside 0.2 ± 0.1 0.3 ± 0.2 0.5 ± 0.3 1.2 ± 0.8

Data are mean ± SD obtained from four experiments. n.d. Not detectable

The cytosolic contents were determined following permeation of the cells by digitonin. The membrane-associated contents were determined following
lysis of the cells. The cell-associated percentages are the sum of the cytosolic and membrane-associated values. The total cell-associated contents were
determined after lysis of an independent set of cells
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each polyphenol was consistent with the content deter-
mined after direct lysis of the cells (total cell-associated
fraction) (Fig. 2). However, the total amounts differed
from the results obtained in our previously published
study [17], in which the absorption of polyphenols by
T84 monolayers was investigated using the Ussing cham-
ber model. In the latter study, the total cell-associated
polyphenol contents were up to ten-fold lower than in
the study presented here. There could be several reasons
for these differences, e.g., differences in the exposed area,
growth substrate material, number of cells, and type of
incubation system used (dynamic using the Ussing cham-
ber vs. static using well plates).

Our results clearly indicate a successful preparation of
the cytosolic fraction without cross-contamination by early
endosomes from membranes. Whether the membrane frac-
tions contain cytosolic proteins was not analyzed in this
present study. On the other hand, some compounds such
as hydroxycinnamic acids were only present in the cyto-
solic fraction—not in the membrane fraction—indicating
that no cross-contamination occurred.

In conclusion, we extended the use of a rapid, conve-
nient method which in the past was used for determining
cytosolic protein concentrations [15] and intracellular en-
zyme activities [21] to determine low molecular weight
substances, namely, polyphenols, in the cytosolic fraction
of cell monolayers. To the best of our knowledge, this
method has not been used previously to determine cyto-
solic polyphenol contents. Our results showed that no
hydroxycinnamic acids were associated with the

membrane, demonstrating that the cytosolic contents were
completely released by this method.
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