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  ABSTRACT

  Numerous studies have shown that green tea polyphe-
nols display anticancer activities in many organ sites by 
using different experimental models in rodents and in 
cultured cell lines in vitro. The present study tested the 
ability of casein micelles to deliver biologically active 
concentrations of polyphenols to HT-29 colon cancer 
cells. Epigallocatechin gallate (EGCG), the major 
catechin found in green tea, was used as the model 
molecule, as it has been shown to have antiproliferative 
activity on colon cancer cells. In the present work, we 
hypothesized that due to the binding of caseins with 
EGCG, casein micelles may be an ideal platform for the 
delivery of this bioactive molecule and that the bind-
ing would not affect the bioaccessibility of EGCG. The 
cytotoxicity and proliferation behavior of HT-29 colon 
cancer cells when exposed to free EGCG was compared 
with that of nanoencapsulated EGCG in casein micelles 
of skim milk. Epigallocatechin gallate-casein complexes 
were able to decrease the proliferation of HT-29 cancer 
cells, demonstrating that bioavailability may not be 
reduced by the nanoencapsulation. As casein micelles 
may act as protective carriers for EGCG in foods, it 
was concluded that nanoencapsulation of tea catechins 
in casein micelles may not diminish their antiprolifera-
tive activity on colon cancer cells compared with free 
tea catechins. 
  Key words:    casein ,  epigallocatechin gallate (EGCG) , 
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  INTRODUCTION 

  In recent years, polyphenols have been recognized as 
important components in the diet, as their consump-
tion has increasingly been associated with the preven-
tion of various chronic diseases (Yang et al., 2009; 
González de Mejía et al., 2010; Yuan et al., 2011). 
Recent epidemiological and clinical data have associ-

ated green tea consumption with a reduced risk of dif-
ferent types of cancer, diseases of the cardiovascular 
system, and neurodegenerative diseases (Zaveri, 2006; 
Wang et al., 2011; Song et al., 2012). Tea (Camellia 
sinensis), which is the second-most-consumed beverage 
in the world, is a rich source of extractable polyphenols, 
more specifically of flavan-3-ols, commonly referred to 
as catechins. The catechins in green tea represent up 
to 85% of the total polyphenols (Ferruzzi, 2010). Ma-
jor tea catechins include epicatechin, epigallocatechin, 
epigallocatechin gallate (EGCG), and epicatechin 
gallate. Epigallocatechin gallate is the major catechin 
component in tea and it appears to be the most bio-
logically active (Vaidyanathan and Walle, 2003; Du et 
al., 2012). Among the many beneficial effects of tea 
polyphenols, its cancer preventive activity has drawn 
the most attention (Yang et al., 2011). Scavenging of 
reactive oxygen and nitrogen species, chelating of redox 
active metals, inhibiting cancer-related transcription 
factors, and inhibiting oxidative enzymes are among 
the reactions involving catechins that may result in 
their beneficial health effects (Green et al., 2007). Vari-
ous studies have observed that tea polyphenols inhibit 
tumor formation and proliferation in different cell lines, 
as well as in animal models (Yang et al., 2006). The 
inhibitory activity can include decreasing cell prolifera-
tion, increasing apoptosis, and suppressing angiogenesis 
(Araújo et al., 2011). 

  Bioavailability is usually defined as the fraction of 
the bioactive constituents (or the metabolites) that 
have been absorbed by the body and can exert their 
biological actions at specific target tissue sites. Bio-
availability appears to differ greatly among polyphe-
nols, and for tea catechins it is generally considered 
to be poor (Ferruzzi, 2010; Visioli et al., 2011).Several 
factors may play a part in limiting the bioavailability 
of polyphenols, including molecular structure, amount 
consumed, intestinal absorption, and the degree of 
bioconversion in the gut (Papadopoulou, and Frazier, 
2004; Yang et al., 2008). In addition, the interactions 
between the bioactive molecules and the food matrix 
are considered critical factors limiting or enhancing 
bioavailability (Saura-Calixto et al., 2007). 
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Due to the off-taste caused by polyphenols, their 
enrichment in food products is often limited. However, 
using food proteins as carriers of polyphenols may re-
duce this problem (Bohin et al., 2012). Traditionally, 
in many countries, tea is consumed with the addition of 
milk to improve the sensory properties (i.e., to reduce 
the astringency sensation caused by polyphenols; Ben-
nick, 2002; Ferruzzi et al., 2012). Sensory studies have 
shown that caseins, especially β-CN, due to their strong 
binding ability to tea catechins, decrease the sensation 
of astringency caused by the tea polyphenols (Less-
chaeve and Noble, 2005; Hofmann et al., 2006; Schwarz 
and Hofmann, 2008). Milk is a nutritious source of 
compounds beneficial to growth and health in children 
as well as adults. Both whey proteins and caseins can 
act as delivery vehicles for bioactive compounds. For 
example, BSA has often been referred to as a carrier 
of chemotherapeutic drugs in the circulatory system 
(Livney, 2010). Also, nanoencapsulation with β-LG 
has been shown to protect EGCG against oxidative 
degradation (Shpigelman et al., 2010). Recent studies 
have also demonstrated the association of bioactive 
molecules such as resveratrol, vitamin D, and curcumin 
(a polyphenol) with casein micelles (Semo et al., 2007; 
Sahu et al., 2008; Rahimi Yazdi, and Corredig, 2012). 
The encapsulation of vitamin D in casein micelles pro-
vided partial protection against UV-induced degrada-
tion of vitamin D (Semo et al., 2007).

Polyphenols are known to have strong affinities to 
proteins rich in proline and proteins with an open and 
flexible structure, such as caseins (Bennick, 2002; Pa-
padopoulou, and Frazier, 2004). Studies have shown 
that the highest extent of binding of catechins to iso-
lated forms of caseins was noted for β-CN, followed 
by αs-CN and κ-CN (Luck et al., 1994; Arts et al., 
2002). Protein and polyphenol interactions are driven 
by hydrogen bridging between the phenolic hydroxyl 
and peptide carbonyl, as well as interactions between 
hydrophobic amino acid residues and the phenolic rings 
(Pascal et al., 2008; Ozdal et al., 2013). Recent stud-
ies have shown that casein micelles reach saturation 
with EGCG at around 2.5 mg/mL (Shukla et al., 2009; 
Haratifar and Corredig, 2014). It is generally assumed 
that EGCG is mostly encapsulated within the core of 
the casein micelles; however, the exact location of the 
bioactive molecules and the molecular details of the 
interactions occurring within the casein micelles are not 
known. Epigallocatechin gallate is certainly present on 
the surface of the micelles, as at high enough concen-
trations (above saturation) inhibition of rennet-induced 
aggregation occurs (Haratifar and Corredig, 2014).

In terms of bioaccessibility of nanoencapsulated poly-
phenols, researchers have shown that curcumin encap-
sulated within casein micelles can be efficiently taken 

up by cell cultures (HeLa cells; Sahu et al., 2008), but no 
research is available on intestinal cell lines. In addition, 
the bioaccessibility of polyphenols in milk mixtures is 
still a source of debate. Some studies have shown that 
the presence of protein masks the antioxidant capacity 
of tea catechins (Arts et al., 2002; Kartsova and Alek-
seeva, 2008). This masking effect was also reported in 
human clinical trials comparing tea consumed with or 
without milk (Langley-Evans, 2000). In contrast, other 
studies indicate no effect exists of milk consumption 
with tea on the plasma antioxidant capacity of tea 
polyphenols (Leenen et al., 2000; Keogh et al., 2007; 
Kyle et al., 2007). The discrepancies between results in 
these studies may derive from differences in the experi-
mental design and methodologies used (Dubeau, et al., 
2010). It is also important to note that the stability of 
catechins during storage and digestion is often shown 
to be poor, but this may not be the case in the presence 
of food matrices (Green et al., 2007; Bazinet et al., 
2010; Ferruzzi, 2010).

The objective of this work was to test the effect of 
nanoencapsulation of EGCG in casein micelles on its 
cytotoxicity and antiproliferative activity. Casein mi-
celles can load a substantial amount of catechins within 
their structure, acting as carriers for these bioactive 
molecules. The antiproliferative activities of EGCG on 
HT 29 colon cancer cells was tested with free EGCG 
and EGCG in various milk matrices: namely, milk 
serum, milk whey, and skim milk. The study of the 
effectiveness of EGCG on the inhibition of colorectal 
carcinogenesis is of great interest. The majority of the 
studies related to the antiproliferative properties of 
polyphenols on colon cancer cells has so far been based 
on the effect of individual polyphenols or crude poly-
phenol extracts (Hong et al., 2002; Chen et al., 2003; 
Na and Surh, 2006), and much less has been reported 
on polyphenols bound to protein structures such as 
casein micelles. However, gut epithelial cells are more 
likely to be exposed to complex food matrices, and this, 
as previously discussed, may affect the bioavailability 
of polyphenols in the gut (Saura-Calixto et al., 2007).

MATERIALS AND METHODS

Milk Sample Preparation

Commercial skim milk was purchased from a local 
super market (Parmalat Canada Inc., Toronto, ON, 
Canada). Separation of the soluble proteins (whey) 
from the casein micelles was accomplished by centrifu-
gation at 36,000 × g for 45 min at 20°C (with rotor type 
70.1 Ti; Beckman Coulter Canada Inc., Mississauga, 
ON, Canada) as previously described (Rodriguez del 
Angel and Dalgleish, 2006). Milk serum (permeate) was 
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prepared using a laboratory-scale UF cartridge (Mil-
lipore CDUF001LG; Fisher Scientific, Montreal, QC, 
Canada), with a nominal cutoff of 10,000 Da and a 
nominal area of 1 ft2 (0.095 m2). A polyphenol extract 
from green tea (containing a minimum of 90% EGCG) 
was obtained from DSM Nutritional Products Inc. 
(Montreal, QC, Canada). Different concentrations of 
EGCG were obtained from a stock solution of EGCG 
in water (20 mg/mL of water). The pH of the stock 
solution was 4.6 and the solution was directly added 
to milk.

The concentrations of EGCG used in this study for 
cell exposure were chosen from a previous study on 
EGCG nanoencapsulation in casein micelles (Haratifar 
and Corredig, 2014). Those authors determined the 
amount of EGCG associated with the casein micelles by 
separating the casein micelles from the whey fraction 
of milk-EGCG mixtures and then analyzing the whey 
fraction by reversed-phase HPLC (Ferruzzi and Green, 
2006); hence, any EGCG interacting with the whey was 
included in the fraction recovered in the supernatant 
and subtracted from the total EGCG, allowing for an 
estimate of the amount associated with the casein mi-
celles. In brief, aliquots of whey were combined with 
2% aqueous acetic acid (1:1, vol/vol) and centrifuged 
at 14,000 × g for 5 min. Supernatants were collected 
and filtered through a 0.45-μm polytetrafluoroethylene 
(PTFE) filter and immediately injected. A parallel set 
of tea catechin solutions containing whey protein iso-
lates (separated from skim milk as described above) 
were also prepared and were used to produce standard 
curves to determine the effect of the presence of whey 
proteins in the quantification of the EGCG.

Cell Viability and Proliferation Assays

Human colorectal cancer cells (HT-29) were obtained 
from the American Type Culture Collection (ATCC-
HTB-38; ATCC, Manassas, VA). The HT-29 cells were 
maintained in Dulbecco’s modified Eagle’s medium 
supplemented with 10% heat-inactivated fetal bovine se-
rum, 2.2 g of sodium bicarbonate/L, 1% penicillin/strep-
tomycin (dual antibiotic solution: 10,000 U/mL), and 
1% l-glutamine (Sigma-Aldrich Canada Ltd., Oakville, 
ON, Canada), and incubated at 37°C in 95% humidity 
and 5% CO2 (Forma Series II Water-Jacketed CO2 Incu-
bator, model 3110; Thermo Fisher Scientific, Waltham, 
MA). The cells grew as monolayers in 25- or 75-cm2 T-
flasks (Corning Inc., Corning, NY) where the cell culture 
medium was changed every 48 to 72 h and cells passed 
weekly (when 80–90% confluency was reached) using 
0.25% trypsin containing 0.38 g/L of EDTA-4Na (Invit-
rogen Canada Inc., Burlington, ON, Canada).

Trypan blue dye exclusion was used to determine the 
viability of the cancer cells when exposed to EGCG 
and EGCG milk samples. Trypan blue is a vital stain 
that leaves nonviable cells with a distinctive blue color 
when observed under a microscope, whereas viable 
cells appear unstained. The HT-29 colon cancer cells 
were seeded and allowed to grow for 48 h. Afterward, 
different concentrations of EGCG (0.2 to 5 mg/mL of 
water or milk), alone and in combination with milk, 
were then added to the cells and incubated for 24 h. 
Each sample was diluted in medium at a ratio of 1:6 
(sample:medium, vol/vol). After 24 h of incubation 
with the EGCG and EGCG milk samples, the cells 
were trypsinized, suspended in culture medium, and 
counted and measured using Trypan blue dye with a 
Neubauer hemocytometer (Bright-Line Hemacytom-
eter; Reichert Inc., Buffalo, NY; Ehrich and Sharova, 
2000). Cell viability was expressed as the ratio between 
the viable cells for each treatment (i.e., EGCG milk 
and free EGCG) and the number of viable cells present 
in the corresponding control.

A cell viability test was used in combination with 
the sulforhodamine B (SRB) cytotoxicity assay to 
determine changes in cell proliferation, as previously 
reported with some minor modifications (Skehan et al., 
1990; Vichai and Kirtikara, 2006). The SRB cytotoxic-
ity assay is a colorimetric assay for the quantification 
of the total protein synthesis rate of cells in response to 
different concentrations of tea catechin. Sulforhodamine 
B is an anionic dye that binds to synthesized proteins. 
The fixed dye, measured photometrically after solubi-
lization, correlates with protein synthesis and with cell 
proliferation (Vichai, and Kirtikara, 2006).

For proliferation assays, cells were seeded at a den-
sity of 2 × 103 cells per well in clear 96-well plates and 
allowed to grow and attach for 24 h; afterward, the 
medium was changed and then the cells were subse-
quently incubated for 24 h with different concentra-
tions of free EGCG and EGCG milk samples [0.5 to 
5 mg/mL of EGCG in the water or milk (see Milk 
Sample Preparation section for details)]. Control 
samples were also tested, either with medium only (for 
free EGCG) or with milk with no EGCG (for EGCG 
milk samples). Each sample was diluted in medium at 
a ratio of 1:6 (sample:medium, vol/vol). After 24 h of 
incubation, the cells were fixed with TCA and stained 
with SRB dye for 30 min. The SRB was then removed 
and cultures were quickly rinsed with 1% acetic acid 
to remove unbound dye. After drying, the bound dye 
was solubilized with 10 mM Tris base (pH 10.5). The 
absorbance was measured using an automated 96-well 
plate reader (multi-mode microplate reader, Synergy 
HT model; BioTek Instruments Inc., Winooski, VT) 
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at a wavelength of 570 nm. The results are reported as 
percentage proliferation, relative to their own control.

Statistical Analysis

The results presented are the averages of at least 3 
independent experiments. At least 5 measurements per 
replicate were carried out. The mean values, standard 
deviations, and statistical differences were evaluated 
using ANOVA. All statistics were performed by using R 
software (R Project for Statistical Computing version 
2.15.1; http://www.r-project.org/).

RESULTS AND DISCUSSION

This study focused on the effect of the milk matrix 
on the antiproliferative properties of EGCG on HT-29 
colon cancer cells. Figure 1 shows EGCG encapsu-
lated in the native casein micelles, as a function of the 
initial added amount of EGCG to skim milk. Studies 
using HPLC and small-angle x-ray scattering (SAXS) 
have shown that at a concentration of around 2.5 mg 
of EGCG/mL of milk, most of the tea catechin is as-
sociated with the colloidal phase of the micelles and 
saturation is reached (Shukla et al., 2009; Haratifar 
and Corredig, 2014). Therefore, for the cell cytotoxicity 
and proliferation assays, EGCG concentrations below 
saturation (0.2 and 0.5 mg/mL), at saturation (2.5 mg/
mL), and above saturation (5 mg/mL) were used.

Figure 2 illustrates the differences in the viability of 
HT-29 cancer cells after 24 h of incubation with differ-
ent concentrations of EGCG. Epigallocatechin gallate 

was either dispersed in water or nanoencapsulated in 
casein micelles (dispersed in milk). The final concentra-
tions of EGCG in the wells (Figure 2) were 0.03, 0.075, 
0.15, 0.4, and 0.75 mg/mL, corresponding 0.2, 0.5, 1, 
2.5, and 5 mg of EGCG/mL in the original milk. The 
viability of the cells exposed to unencapsulated EGCG 
after 24 h of incubation (Figure 2, solid bars) decreased 
as a function of the amount of EGCG present, in full 
agreement with published studies using similar concen-
trations of EGCG (Salucci et al., 2002; Bazinet et al., 
2010). When the cells were exposed to the mixture of 
EGCG milk samples (Figure 2; empty bars), the same 
trend was observed, with a decrease in viability with 
increasing EGCG.

Whereas at concentrations <0.15 mg/mL, no differ-
ences were observed in viability between free EGCG 
and encapsulated EGCG, at higher concentrations, 
above saturation, the viability of cells treated with milk 
was significantly higher than that of samples treated 
with water. This difference is related to the change in 
the medium composition and not to the presence of en-
capsulated/unencapsulated EGCG. The medium that 
is used as the control is Dulbecco’s modified Eagle’s 
medium supplemented only with fetal bovine serum 
and l-glutamine (as mentioned in the Materials and 
Methods section); however, the control for EGCG milk 
fractions is milk. Milk is known to be a natural, mul-
ticomponent and nutrient-rich beverage that contains 
many minerals and vitamins that can act as growth 
factors for the cells.

Figure 1. Amount of epigallocatechin gallate (EGCG) associated 
with the casein micelles in skim milk as a function of the initial con-
centration of EGCG in milk. Results are the average of 3 independent 
experiments and error bars represent SD.

Figure 2. Viable cells after 24-h exposure to isolated epigallocate-
chin gallate (EGCG; solid bars) and EGCG encapsulated in casein mi-
celles. All samples were diluted in medium in a 1:6 (sample:medium) 
ratio. The control used for free EGCG was medium without EGCG 
and the control used for of EGCG milk fractions was milk without 
EGCG. Values are the averages of at least 3 replicates and error bars 
represent SD. Within each concentration of EGCG, different letters (a 
and b) indicate statistically significant differences at P < 0.05.
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To better identify the effect of the milk matrix and 
the concentration dependence of EGCG, the antipro-
liferative effect of EGCG on HT-29 cancer cells was 
studied using EGCG milk serum samples, EGCG whey 
samples, as well as EGCG milk samples. The milk se-
rum and milk whey were separately mixed with EGCG 
and then exposed to the HT-29 cells, enabling us to see 
the effects of each component on cell proliferation.

The results are summarized in Figure 3. When 
EGCG was added (Figure 3, solid bars), even at very 
low concentrations (i.e., ≤0.02 mg/mL of medium) a 
significant decrease in cell proliferation was observed. 
At higher concentrations (i.e., ≥0.03 mg/mL of medi-
um, corresponding to ≥0.2 mg/mL of milk), the effect 
on cell proliferation seemed to reach a plateau.

The same trend in the proliferation of the HT-29 
colon cancer cells was seen when they were exposed 
to different concentrations of the EGCG milk samples. 
Figure 3 compares the proliferation of the cells incu-
bated with EGCG dispersed in serum, milk whey, or 
skim milk (i.e., nanoencapsulated). In all cases, as the 
EGCG concentration increased, a decrease in cancer 
cell proliferation occurred, eventually plateauing at 
high concentrations. Although at higher concentrations 
of EGCG (i.e., ≥0.15 mg/mL of medium, correspond-
ing to ≥1 mg of EGCG/mL of milk), no significant 
differences were noted in the antiproliferative activity 
of EGCG (P > 0.05), whether free or present in a milk 
matrix, the bioefficacy of free EGCG seemed to be 
affected in the presence of milk mixtures; as at low 
concentrations (<0.015 mg/mL), the extent of prolif-
eration differed. This could not be attributed to the 
encapsulation of EGCG in casein micelles (Figure 3C), 
as the same effect was noted also for EGCG in milk 
serum (Figure 3A) and in milk whey (Figure 3B). This 
effect was probably caused by differences in medium 
composition, as milk serum, milk whey, and skim milk 
all contained growth factors not present in the water 
used to resuspend EGCG.

At about 0.03 mg/mL (corresponding to 0.2 mg/mL 
of milk), a significantly higher proliferation was noted 
for the cells treated with EGCG in skim milk, compared 
with EGCG in whey, milk serum, or the control. Hence, 
the effect of the interactions between tea catechin and 
caseins may still be apparent, as the EGCG milk frac-
tions reach a plateau with some delay compared with 
the EGCG whey and EGCG milk serum (permeate) 
fractions. When comparing the estimated half maxi-
mal inhibitory concentration (IC50) values [0.01, 0.016, 
0.018, and 0.02 mg/mL for free EGCG, EGCG whey, 
EGCG milk serum, and EGCG milk (caseins), respec-
tively], it could be hypothesized that this decrease in 
the apparent bioefficacy may be caused by the com-
plexes formed between EGCG and casein micelles. 

Therefore, the strong interactions between EGCG and 
milk caseins may affect the ability of EGCG to inhibit 
the proliferation of the cancer cells.

Epigallocatechin gallate is one of the most extensive-
ly investigated phytochemicals. By modulating signal 

Figure 3. Proliferation of HT-29 cells exposed to isolated epigal-
locatechin gallate (EGCG; solid bars) or EGCG in milk serum (per-
meate; A), milk whey (B), or encapsulated with the casein micelles 
in skim milk (C). Values are the averages of at least 3 independent 
experiments and error bars represent SD. Within each concentration 
of EGCG, different letters (a and b) indicate statistically significant 
differences at P < 0.05.
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transduction pathways involved in cell proliferation, 
transformation, inflammation, apoptosis, metastasis 
and invasion, EGCG could potentially block various 
stages of carcinogenesis (Na and Surh, 2006). However, 
to exert their biological health benefits in vivo, poly-
phenols must be available and still active, even when 
present in a food matrix.

CONCLUSIONS

This study showed that the binding of EGCG to the 
casein micelles did not affect the bioefficacy of EGCG 
and cell uptake at concentrations higher than 0.03 mg 
of EGCG/mL of skim milk. Cell proliferation results 
showed that the EGCG-milk complexes were able to 
significantly decrease the proliferation of HT-29 cancer 
cells in a manner similar to that of free EGCG. It is im-
portant to note, though, that the present studies were 
carried out on fresh EGCG. Mixed systems may ensure 
better stability of tea catechins in storage and during 
digestion, ultimately improving their bioefficacy.
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