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C
omplex natural polyphenolic com-
pounds are of great interest as sub-
stances possessing a high spec-

trum of biological activity. High antioxidant,
antibacterial, antiviral, and other activities
have been proven for a wide range of plant
extracts and polymeric tannins including
their isolated individual compounds (procy-
anidin B, tannic acid (TA), theaflavin (TF),
thearubigins, etc.).1�3

Green tea polyphenols, such as epigallo-
catechin gallate (EGCG) and epicatechin
gallate, have recently been demonstrated
to be effective cancer chemopreventive
agents in animal studies, and recent data
from human clinical trials suggest tea
polyphenols can slow the progression of
prostate cancer or lower biological activi-
ties of proteins promoting cancer
progression.4�6 Other polyphenols such as
curcumin,4 luteolin,5 resveratrol, and several
others are under intensive investigation as
possible anticancer agents.6 Therefore, a
large body of preclinical research and epi-
demiological data support the hypothesis
that plant phytochemicals can act as
chemopreventive and anticancer agents in
humans. Unfortunately, concentrations that
appear effective in blocking tumor cell pro-
liferation or inducing apoptosis in vitro are
often an order of magnitude higher than
levels measured in vivo.

Therefore, one of the problems of using
polyphenols to treat cancer is their poten-
tially low bioavailability and short half-life.
One alternative to using free compounds is
to use polyphenol-loaded nanoparticles.7�9

However, widely varying structures of the
compounds, their moderate solubility, and
fast oxidation under basic
conditions1�3,10�14 create additional chal-

lenges for encapsulation. Formation of
nanocomplexes via polyphenol/protein
binding,10�14 alternated layer-by-layer as-
sembly of polyphenols as films on planar
support, or shells on microcores15,16 has
been proposed to produce micro- and
nanoparticles containing the target sub-
stances. However, in several cases, it is diffi-
cult to control size, colloidal stability, and
solubility of the nanoparticles as well as to
design nanoparticles with a high concentra-
tion of the target polyphenol followed by
its release in a controlled manner.

The flavonoid, (�)-epigallocatechin gal-
late (EGCG), originating from the plant Cam-
elia sinensis is the major component of
green tea extract and is highly soluble in
aqueous buffers and several organic sol-
vents. These properties make several com-
monly used methods of encapsulation un-
feasible. According to the authors’
knowledge, attempts to encapsulate EGCG
in nanoparticles are limited to a PGLA nano-
particulate formulation used for in vivo
evaluation of antioxidant efficacy of EGCG
in a rat model17 and chitosan-
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ABSTRACT Natural polyphenols with previously demonstrated anticancer potential, epigallocatechin gallate

(EGCG), tannic acid, curcumin, and theaflavin, were encased into gelatin-based 200 nm nanoparticles consisting of

a soft gel-like interior with or without a surrounding LbL shell of polyelectrolytes (polystyrene

sulfonate/polyallylamine hydrochloride, polyglutamic acid/poly-L-lysine, dextran sulfate/protamine sulfate,

carboxymethyl cellulose/gelatin, type A) assembled using the layer-by-layer technique. The characteristics of

polyphenol loading and factors affecting their release from the nanocapsules were investigated. Nanoparticle-

encapsulated EGCG retained its biological activity and blocked hepatocyte growth factor (HGF)-induced

intracellular signaling in the breast cancer cell line MBA-MD-231 as potently as free EGCG.

KEYWORDS: (�)-epigallocathechin gallate · EGCG · tannic acid · theaflavin · gelatin
nanoparticles · layer-by-layer assembly · polyelectrolytes · encapsulation and
release · HGF · intracellular signaling · tumor cells

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 7 ▪ 1877–1885 ▪ 2009 1877



tripolyphosphate nanoparticles for encapsulation of

green tea catechin extracts.18

Here we propose a first example of EGCG encasing

into gelatin-based 200�300 nm nanoparticles consist-

ing of a soft gel-like interior and a surrounding shell of

polyelectrolytes (polystyrene sulfonate/polyallylamine

hydrochloride (PSS/PAH), polyglutamic acid/poly-L-

lysine (PGA/PLL), dextran sulfate/protamine sulfate

(DexS/ProtS), carboxymethyl cellulose/gelatin, type A

(CMC/GelA)) assembled using the layer-by-layer (LbL)

technique19�24 as shown in Figure 1. Gelatin-based

nanoparticles have been proven to be relatively safe

and effective nonviral gene delivery vehicles with a pro-

longed in vivo circulation time and high accumulation

at the tumor side.25�27 Modification of nanoparticle sur-

faces with polyelectrolyte LbL shells allows for modulat-

ing nanoparticle cell uptake rate and ratio, providing a

template for their modification with tumor-targeting

agents, increasing nanoparticle colloidal stability, and

controlling loading/release characteristics.20�24 EGCG is

a well-known substance to reversibly react with hydro-

phobic moieties of proline-rich peptides, and this will

provide loading/release characteristics in a pH-

dependent manner.28�32

RESULTS AND DISCUSSION
Nanoparticle Preparation. To increase the strength of

gel-like nanoparticles, gelatins with relatively higher

Bloom numbers as compared with the original work of

Coester,33 300 Bloom for gelatin A and 225 Bloom for

gelatin B, were used in our study. In order to obtain a

stable suspension of the nanoparticles with a minimal
diameter, the procedure for gelatin nanoparticle prepa-
ration was slightly modified. Several essential param-
eters, such as temperature on the first and second de-
solvation stages, amounts of added reagents (acetone
and gluteraldehyde), and the rates of their addition,33

were set constant, while the pH value during the final
stage of nanoparticle preparation varied in range from
1.5 to 5. At pH 4 and higher, the method produces un-
stable large nanoparticles of 700�750 nm diameters
(Figure A, Supporting Information) which tend to pre-
cipitate very quickly. The suspensions of nanoparticles
obtained at pH 3.0 are small and extremely stable. The
diameter of the gelatin A nanoparticles is reproducibly
around 200 nm. While the pH value decreases further,
nanoparticle diameter increases to 300 nm and then to
400 nm. The nanoparticles prepared at these low pH
values retain their stability at least for 4 weeks. The re-
sults are in good agreement with refs 33 and 34, where
the pH range of 2.3�3.8 was recommended for the sec-
ond desolvation stage. This coincides well with a sharp
decrease in viscosity of gelatin aqueous solutions below
pH 3 due to protonantion of aspartic and glutamic
amino acid residues.35 However, the observed mini-
mum nanoparticle diameter was not previously re-
ported and probably related to the higher Bloom num-
bers for the used gelatin. The hydrodynamic diameter
of nanoparticles prepared from gelatin B at pH 3.0 is 127
nm. Nanoparticles of gelatin A prepared at pH 2.5�3.0
and gelatin B obtained at pH 3.0 were used for all fur-
ther studies.

Characterization of Gelatin Nanoparticles. Both gelatin A
and gelatin B nanoparticles have isoelectric points be-
tween pH 6 and 7 (Figure 2). The hydrodynamic diam-
eter of the gelled nanoparticles slightly increases with
increasing pH. The increase is 3.7 and 6.5 nm per one
pH unit for gelatin A and gelatin B, respectively, and no
large swelling or partial particle dissolution was ob-
served even at pH 10. It points toward formation of rela-
tive inflexible cross-linked chain net in the nanoparti-
cle interior.

According to AFM results, the effective diameter of
dried gelatin B nanoparticles as prepared from 75% ac-
etone is 120�150 nm (Figure 3a), values corresponding
to the hydrodynamic diameter scattering of the nano-
particles (Figure A, Supporting Information). At the
same time, while 300 nm gelatin A nanoparticles were
deposited from an aqueous suspension and dried on a
mica support, their average diameter appeared to be
367 � 15 nm (Figure 3b,d) with the height of 58 � 8
nm. The nanoparticles are collapsed and slightly de-
formed while dried. If we consider the shape of a dried
nanoparticle as a cone and assume that density of the
material is 1.1 g/cm3,24 the mass of one gelatin A nano-
particle is 2.3 � 10�15 g. If the nanoparticle’s actual
size is assumed to be equal to its hydrodynamic diam-
eter, the gelatin nanoparticles consist of 15% solid gela-

Figure 1. Schematic presentation of preparation of LbL-coated gelatin nano-
particles containing EGCG and their effect on cancer cells.
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tin while the remaining 85% is water. From here on,

the dry gelatin material is referred to as solid material

of a suspension, always being kept in mind that the

nanoparticle’s actual volume is about 5.7 times higher.

Layer-by-Layer Assembly of Polyelectrolytes on Gelatin

Nanoparticles. Two combinations of polyanion/polycat-

ion pairs were used to form an LbL coating around 300

nm gelatin nanoparticles, PSS/PAH (strong polyanion/

weak polycation) and PGA/PLL (weak polyanion/strong

polycation) as well as two combinations of polyanion/

protein, DexS/ProtS (strong polyanion/strongly posi-

tively charged polypeptide) and CMC/GelA (weak poly-

anion/weak positively charged protein).19,20 At pH 6.0,

the surface of uncoated nanoparticles is positive with a

surface charge of �20 mV (Figure 2b). Adsorption of a

polyanion results in changing the value of surface

charge to a negative one. Surface charge alternation

with sequential deposition of polycation and polyan-

ion layers was observed for all used combinations ex-

cept CMC/GelA where the �-potential of nanoparticles

with a GelA outermost layer was slightly negative (Fig-

ure 2b). It confirms that the assembly takes place on the

surface of the nanoparticles. At the same time, for weak

polyelectrolyte or protein, surface charge values for

the corresponding layer are only slightly positive or

slightly negative despite their supposed high charge in

solution at pH 6.0.19,20 Aggregation of nanoparticles

with a weak polyelectrolyte outermost layer increases

the effective diameter and polydispersity (data not

shown). Deposition of a strong polyelectrolyte as the

next layer decreases aggregation of the particles (redis-

perse them).

As can be seen from the AFM and SEM images of

coated nanoparticles (Figures 3c,e and b), the deposi-

tion of polyelectrolyte layers does not change signifi-

cantly the nanoparticle’s size or shape. Thickness of the

four bilayer shell wall is estimated as 20 nm (based on

QCM monitoring of PGA/PLL multilayer assembly on

QCM electrode). The estimated mass of nanoparticles

coated with (PGA/PLL)2 or (PGA/PLL)4 layers is almost

the same as that of the initial nanoparticles. SEM con-

firms (Figure 5c) that the interior of gelatin nanoparti-

cles with silica finished shell of (DexS/PtS)2/SiO2 compo-

sition remains gel-like and collapses after drying,

leaving the upper layer of silica nanoparticles intact.

The data from different methods ensure that adsorbed

polyelectrolytes form a thin shell around nanoparticles

with minimal penetration of the coating polyelectro-

lytes inside the nanoparticles.

In fact, about 0.13 g of PSS per 1 g of nanoparticles

is necessary to saturate the first layer polyanion adsorp-

tion. This amount corresponds to about ca. 1 nm PSS

layer thickness if a high effective surface area of gela-

tin nanoparticles and formation of a single polyanion

layer are assumed. All of the above observations coin-

cide with internal layering of LbL film with only

30�40% intermixing by height between adjacent lay-

ers as found by neutron reflectivity.36,37

Polyphenol Adsorption into Nanoparticles. Four different

polyphenols (curcumin, EGCG, TA, and TF) were loaded

by adsorption into the gelatin nanoparticles in order to

evaluate nanoparticle loading efficiency (Figure 5). Ad-

sorption of polyphenols with higher molecular weights

and a larger number of phenolic �OH groups was

found to be higher. The amount of theaflavin, the

polyphenol with the highest molecular weight among

those investigated, can reach 70% of the mass of nano-

particle solid material. Loading of tannic acid and EGCG

is lower, while it is almost negligible for curcumin. The

regularities of polyphenol adsorption correspond to

general features of polyphenol�protein interaction and

binding.3,10�14,28�32 Most of the naturally occurring

polyphenols, such as tannic acid, EGCG, gallic acid, cath-

echins etc. are well-known for their ability to precipi-

tate salivary-rich proteins (albumin, gelatin, casein) from

Figure 2. Surface charge of gelatin nanoparticles as functions of pH (a,
1- gelatin A, 2-gelatin B) and outermost polyelectrolyte layer (b, gelatin
A, pH 6.0).
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aqueous solutions, although the
binding strength highly varies and
depends on protein/polyphenol
pair. It is commonly accepted that
the binding of gelatins by polyphe-
nols is based mainly on hydrogen
bonding between hydrophobic
amino acid, mostly proline, residues
and phenol rings of polyphenols.
The presence of additional galloyl
ester group(s) increases its binding.3

However, interaction between
polyphenols and proteins is a revers-
ible and multistage process, which
cannot be assigned to a single inter-
action reaction, as the complexes
may redissolve while changing con-
ditions (e.g., pH).30,31 We assume that,
in the developed nanoparticles, the
hydrophobic character of
EGCG�gelatin interaction remains
since glutaraldehyde cross-linking
occurs via free amine groups of
gelatin.

Figure 4. SEM images of 200 nm (a) and 300 nm (b�d) gelatin A nanoparticles: (a) uncoated, (b)
coated with (PGA/PLL)2 shells, (c) one nanoparticle coated with (DexS/PtS)2SiO2 shell, and (d) un-
coated nanoparticles after loading EGCG.

Figure 3. AFM images of 120 nm gelatin B (a, sample from 75% acetone) and 300 nm gelatin A (b�e, from water) uncoated
(b,d) and coated with (PGA/PLL)2 (c) and (PGA/PLL)4 (e) shells. The corresponding profiles show sample elevation across the
indicated lines.
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With increasing pH of loading, the amount of
polyphenols adsorbed in nanoparticles decreases,
probably due to the higher solubility of phenolate
forms of the compounds10�14,28�32 and changing the
nanoparticle’s interior charge. However, at pH higher
than 8, all polyphenols became less stable and easily
oxidized. This makes it difficult to test their adsorption
at strongly basic conditions.

Loading of all polyphenols into gelatin A nanoparti-
cles was higher than that for gelatin B nanoparticles.
Different amino acid content of the gelatins can result
in tailored hydrophobicity of the nanoparticles, affect-
ing adsorption. Any influence of nanoparticle diameter
on the value of EGCG loading in this set of experiments
is unlikely because such influence is almost negligible
for gelatin A nanoparticles of different diameters (Fig-
ure B, Supporting Information), which is within the
range of experimental error. The diameter of EGCG-
loaded nanoparticles is less than 200 nm (Figure 4d).
This value is in agreement with their initial diameter es-
timated by SEM and �-potential measurements.

There is no evident influence of the polyelectrolyte
layers on the EGCG concentration in the samples (Fig-
ure C, Supporting Information), and long 20�30 h ad-
sorption gives similar loadings.

EGCG Release from Nanoparticles. Release of EGCG from
uncoated gelatin A nanoparticles is very fast at all pH
values and depends on conditions of loading and re-
lease. While the pH of EGCG loading is close to the pH
value used for release experiments, a steady-state con-
centration of EGCG in solution is reached almost imme-
diately, but only a part of EGCG appears to be in solu-
tion. When EGCG was adsorbed into nanoparticles at
pH 4.0 and released at pH 7.5, the maximum concentra-
tion of EGCG was found 1 min after nanoparticle addi-
tion. The further decrease of EGCG concentration ap-
parently indicates a slow system relaxation to a new
equilibrium. It should be noted that the total EGCG con-
centration released after 3 h remains on the level of
90�95% of initial samples; the apparent loss is due to

the adsorption of the nanoparticles on the vial walls. It
is worth mentioning that a similar release up to the
level of 40�60% of encapsulated substance was previ-
ously observed for chitosan-tripolyphosphate nanopar-
ticles containing tea extract and attributed to covalent
binding of catechins to the matrix.18

In our case, if the nanoparticles are recollected and
redispersed in water again, additional EGCG is released
and new concentration equilibrium is reached (Figure
D, Supporting Information). Almost 100% of EGCG was
released after three such steps. It points toward a re-
versible type of EGCG�gelatin nanoparticle interaction
and minimal covalent binding of EGCG with the gelatin
matrix.

The ratio of EGCG concentration in supernatant (C)
and its total concentration in the sample (C�) does not
linearly depend on the nanoparticle concentration (CNP)
(Figure 6). In a solution with high concentration of
nanoparticles, EGCG is mostly in the nanoparticle’s vol-
ume, while after addition of water, it immediately bursts
out until new steady-state conditions are reached. At a

Figure 5. Total Cpolyphenol in suspension after loading theafla-
vins (1), tannic acid (2), EGCG (3), and curcumin (4) in 200 nm
gelatin A (a) and 120 nm gelatin B (b) nanoparticles.

Figure 6. C/C� as a function of nanoparticle concentration: (a) uncoated
nanoparticles, (b) PGA/PLL-coated nanoparticles. The inset in (a) shows
the curves in C�/C � 1 vs CNP coordinates.
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given pH, the data fit into a linear correlation (C� �

C)/C � Kd � CNP, where Kd is the distribution (partition)
coefficient (Figure 7a, inset).

The calculated values of Kp are in range from 2.6 to
5.9 for different pH values used for loading and release
(Table 1, Supporting Information). A higher Kd value cor-
responds to a higher amount of EGCG remaining in
the nanoparticles. One can calculate that at pH 5.5 (Kd

� 3.6) for uncoated gelatin nanoparticles with the to-
tal EGCG loading of 0.2 g per 1 g of nanoparticles in a
suspension with CNP � 2.5 g/L up to 90% of EGCG is ad-
sorbed in nanoparticle volume, while the total volume
of the nanoparticles in the solution is only around 1.5%.

Sustained Release of EGCG from LbL-Coated Nanoparticles.
Gelatin nanoparticles with PSS/PAH bilayer loaded with
2.5 mg/mL EGCG demonstrate sustained release. This
PSS/PAH shell consists only from one polyanion/polycat-

ion bilayer, and it cannot itself represent a dense diffu-
sion barrier shell on the nanoparticle surface. Probably,
the diffusion barrier structure involves deeper interac-
tion of polyelectrolytes with gelatin core, similarly to the
LbL protective barrier formation on soft PEG-assisted
microcapsules for insulin delivery described earlier.38

Nevertheless, we obtained slow release as compared
with almost immediate 15 min EGCG release from un-
coated gelatin nanoparticles. The maximum concentra-
tion of EGCG in solution was reached at 8 h (presented
data are averaged over two different samples, Figure 7).
The time interval is comparable to that observed for
chitosan-tripolyphosphate nanoparticles.18 Since the
particles are stored in excess EGCG, we do see a base-
line concentration at the first two points. Since the re-
lease volume contained nanoparticles, we observed
that concentration equilibrium was reached. Using the
biocompatible LbL shell of anionic dextran sulfate and
cationic protamine sulfate was also possible but with
less efficient release slowing.

Biological Activities of LbL-Coated Nanoparticles Containing
EGCG. In order for EGCG nanoparticles to be a viable
therapeutic option, it was necessary to ensure that
EGCG nanoparticles function similar to free EGCG in a
cell-culture model system. It has previously been shown
that EGCG is capable of inhibiting numerous cell-
signaling pathways, including the c-Met/HGF path-
ways. The secreted growth factor, HGF, activates the
cell-membrane receptor, c-Met, leading to an increase
in intracellular signaling and culminating in HGF-
induced cell scattering, motility, and invasion. Invasion
is one of the necessary steps leading to tumor metasta-
sis, a lethal event in most cancer patients. We have
demonstrated that free EGCG blocks HGF-induced scat-
tering and activation of the c-Met receptor in a variety

of tumor cell lines.39 In order to de-
termine if the biological activity of
EGCG loaded into the nanoparticles
was maintained after nanoparticle
processing similar to free EGCG, the
breast carcinoma cell line MDA-MB-
231 was pretreated for varying times
and concentrations with gelatin
nanoparticles without EGCG, nano-
particles with EGCG, or free EGCG.
HGF was added, and lysates were
prepared 30 min later. Western blot
analysis was performed using anti-
bodies to detect phosphorylated
c-Met and the downstream signal-
ing molecules Akt and Erk, which are
key molecules allowing signaling
through the PI 3-kinase and Map Ki-
nase pathways, respectively. Figure 8
illustrates that HGF induced a major
increase in the phosphorylation of
c-Met, Akt, and Erk. Free EGCG (5

Figure 7. EGCG release from 275 nm gelatin A nanoparticles
coated with PSS/PAH shells. CNP � 0.22 g/L; pH of loading 6.8,
pH of release 3.0. Time of loading � 48 h.

Figure 8. EGCG-containing nanoparticles inhibit HGF-induced c-Met signaling after prolonged
preincubation. MDA-MB-231 cells were treated with either 5 �M free EGCG, 1 or 5 �M EGCG as
coated nanoparticles, or the equivalent volume at 5 �M of control nanoparticles for 30 min or 5 h.
The cells were pulsed with 30 ng/mL HGF for 30 min following the EGCG pretreatment time,
and protein lysates were harvested. Western blot analysis was performed using the indicated
antibodies to measure c-Met activation. Tubulin was used as a load control.
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�M), at early time points, was able to inhibit HGF-
induced c-Met, Akt, and Erk activation, as observed pre-
viously, while coated nanoparticles with and without
EGCG were unable to inhibit HGF-induced signaling
with short preincubation times. However, the EGCG-
containing nanoparticles were capable of blocking
HGF-induced signaling with longer preincubation
times, thus demonstrating that the EGCG released from
the nanoparticles maintains its biological activity, and
that EGCG is being slowly released from the nanoparti-
cles in concordance with the rate of EGCG release mea-
sured in Figure 7. Our long-range goal is to develop
nanoparticles that will target tumor cells to release
EGCG and other chemotherapeutic or targeted antican-
cer agents such as Erlotinib. As a first step, we have ini-
tiated animal studies to measure half-life of the nano-
particles and released EGCG. These pilot studies will
lead to further studies that will address the potential

therapeutic potential of slow release EGCG nanoparti-
cles in an in vivo tumor mouse.

In conclusion, natural polyphenols with anticancer
potential including EGCG, tannic acid, curcumin, and
theaflavin were layer-by-layer encapsulated into
gelatin-based 200 nm nanoparticles coated with or-
ganized 5�20 nm thick shells of polyelectrolytes (of dif-
ferent compositionOfrom synthetic polyions to natu-
ral and biodegradable ones). The polyphenol loading
was from 20 to 70 wt %. Factors affecting their release
from the nanocapsules were investigated, and in the
best case for EGCG, the release time reached 8 h (as
compared with few minutes release for nonencapsu-
lated nanoparticles). Nanoparticle-encapsulated EGCG
retains its biological activity as both nanoparticles con-
taining EGCG and free EGCG blocked HGF-induced in-
tracellular signaling in the breast cancer cell line
MBA-MD-231.

EXPERIMENTAL SECTION
Materials. Gelatin type A from porcine skin (GelA, Sigma

G1890, 300 Bloom) or gelatin type B from bovine skin (GelB,
Sigma G9391, 225 Bloom), glutaraldehyde (25% solution,
Grad II, Sigma), acetone (Richard-Allan, scientific grade ACS),
2,2=-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)diam-
monium salt (ABTS), and potassium persulfate (K2S2O8) were
used without additional purification.

Polyelectrolytes, polystyrene sulfonate (PSS), polyallylamine hy-
drochloride (PAH), poly-L-glutamic acid (PGA) and poly-L-lysine
(PLL), dextran sulfate (DexS), protein protamine sulfate (ProtS), and
polyphenols, curcumin, epigallocatechin gallate (EGCG), tannic
acid (TA), and mixture of theaflavin and theaflavin gallate (TF) were
bought from Sigma-Aldrich and used as received.

Nanoparticle Preparation. Gelatin nanoparticles were prepared
using a modified two-step desolvation method.33�35 In a typical
experiment, 1.25 g of gelatin was dissolved in 25 mL of DI water
by gentle heating to 50 °C, then 25 mL of acetone was rapidly
added to the solution and slightly shaken. After exactly 2 min, a
white colored supernatant was discharged. The gel-like precipi-
tate was redissolved in 25 mL of water at light heating to 50 °C,
and pH was adjusted with HCl. The range of pH tested was be-
tween 1.5 and 5. Then under constant stirring at 40 °C, 75 mL of
acetone was slowly added during 15 min (less than 3 mL/min).
The white milk-like solution started to form when 55�60 mL of
acetone was introduced into the mixture (pH 3.0). Immediately
after addition of acetone, 0.2 mL of 25% glutaraldehyde was ad-
mixed to the stirring mixture. Stirring continued for 1 h, fol-
lowed by overnight incubation at room temperature, after which
it was placed into plastic tubes and kept at �2 °C until further
study. Since the amount of glutaraldehyde used to cross-link the
nanoparticles is very small, we assume that it completely reacts
with nanoparticles and there is no free glutaraldehyde in the
mixture; no additional steps were done to quench it.

The prepared suspension was divided into 2 mL aliquots, and
gelatin nanoparticles were separated from the supernatant by cen-
trifugation at 6000�7000 rpm for 20 min and washed with 75%
aqueous acetone three times. Finally, to concentrate the sample,
the content of each tube was resuspended in 0.5 mL of 75% ac-
etone and combined. The concentration of solid material in the
suspension was usually as high as 30�40 mg/mL and was esti-
mated for each batch separately, if needed. The nanoparticles as a
stable suspension of white or yellowish white color were kept at �2
°C until used. Nanoparticles prepared at pH 2.5�3.0 on the sec-
ond desolvation stage were used for all further studies.

LbL Shell Assembly on Gelatin Nanoparticles. For polyelectrolyte en-
capsulation of gelatin nanoparticles, 0.4 mL of a 3 mg/mL solution

of polyanion (PSS, PGA, DexS), polycation (PAH, PLL), or protamine
sulfate (PtS) at pH 6.0 was added sequentially to 1.5 mL of an aque-
ous suspension containing 15�20 mg/mL gelatin A nanoparticles.
After 30 min adsorption of each layer, the nanoparticles were
washed with DI water three times. The corresponding polyanion
was always deposited as the first layer on positive gelatin nano-
cores. Deposition of each layer was monitored with �-potential
measurements. For SEM imaging, one layer of SiO2 nanoparticles
(7 nm) was deposited on the top of gelatin particles coated with a
(DexS/PtS)2 shell. The detailed procedure for formation of LbL shells
on microcores can be found elsewhere.17,18,20

To estimate the amount of polyanion that can be adsorbed
by the nanoparticles, in one of the experiments, adsorption of
PSS was carried out on 10 mg/mL gelatin A nanoparticles from
a 0.2 mg/mL PSS supernatant in a stepwise manner, and the
amount of PSS remaining in solution was estimated using
UV�visible spectroscopy.

Discoloration of ABTS�● by Polyphenols in Solution. A stock solution
of cation radical ABTS (ABTS�●) was prepared as described.40

Eighty-eight microliters of 0.14 M K2S2O8 was added to 5 mL of
7 � 10�3 M ABTS aqueous solution and left overnight at room
temperature. The obtained stock solution of intensive blue-
green color was kept protected from light at �2 °C. The stock so-
lution was diluted with DI water (pH 6.5) immediately before
use in such a way that the absorbance at 734 nm (A0) was equal
to 1.40 � 0.05 (l � 1.0 cM, 	 � 1.4 � 104 M�1 cM�1.35 The differ-
ence of A0 in separate series was not higher than �0.05.

To calibrate the ABTS�● assay, initially designed to evaluate
antioxidant properties of phenolic substances,40�44 10�250 �L
of 0.1�3.0 mg/mL solution of different polyphenols (curcumin,
EGCG, TA, TF) or gelatin was added to 2.0 or 3.0 mL of an aque-
ous ABTS�● solution (pH 6.5) as above and thoroughly mixed.
Absorbance of the mixture at 734 nm (At) was read spectro-
photometrically (an Agilent 8453 spectrometer). To evaluate the
effect of sample dilution on At, a series of blank experiments,
where pure DI water was added in the place of a polyphenol con-
taining sample, was carried out, and the results were used to es-
timate At changes. In a separate series of experiments to deter-
mine the time interval necessary to complete the polyphenol
reaction with ABTS�●, absorbance of the mixture at 734 nm was
followed in time for 120 min with reading intervals 10 s under
constant stirring of the sample. The concentration of each
polyphenol was evaluated from the absorbance change after
90 min using experimentally obtained calibration coefficient.

Discoloration of ABTS�● by Gelatin Nanoparticles Containing
Polyphenols. To determine the amount of polyphenols loaded in
gelatin nanoparticles, 5�20 �L of EGCG-containing sample was
added to 2.0�3.0 mL of the aqueous ABTS�● solution (pH 6.5) as
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above and thoroughly mixed. The decrease of absorbance at 734
nm (At) after 90 min was converted into polyphenol concentration.

The effect of nanoparticles on the results of EGCG determina-
tion with the ABTS�● method was evaluated in an additional se-
ries of experiments. Solutions containing 0.5 mg/mL of EGCG and
nanoparticles in the range of 0�0.75 mg/mL were prepared and
tested. Nanoparticles were separated from the reaction volume be-
fore the addition of the ABTS reagent due to spectral confounding.

Loading of EGCG and Other Polyphenols into Gelatin Nanoparticles.
Loading of EGCG into uncoated nanoparticles by adsorption of
the polyphenol from its concentrated aqueous solution was
compared at different pH values. Typically, 0.4 mL of 10.0 mg/mL
EGCG was mixed with 0.4 mL water, and the pH was adjusted
to the value under investigation with HCl or NaOH. Then 0.2 mL
of nanoparticle suspension was added at room temperature and
mixed. After 60 min, EGCG-loaded nanoparticles were sepa-
rated from supernatant by centrifugation at 6000�7000 rpm
for 20 min; the supernatant was replaced with 2.0 mL of DI wa-
ter (pH 6.5), and the nanoparticles were resuspended; the wash-
ing procedure was repeated, and then the loaded nanoparticles
were diluted in 0.25 mL of DI water. The concentration of EGCG
in the sample was determined using the ABTS�● assay; the con-
centration of solid residue using QCM. EGCG was loaded into
nanoparticles modified with different polyelectrolyte layers us-
ing the same procedure as above except that the nanoparticles
were initially suspended in DI water. A blank sample with un-
coated nanoparticles from the same original sample was used
as a control in each experimental series. For extended release
studies, the nanoparticles were encapsulated with a 3 mg/mL
PAH and PSS. Two layers were adsorbed onto the nanoparticles.
Three hundred microliters of 5 mg/mL EGCG was adsorbed onto
300 �L of the coated nanoparticles for 48 h at pH 6.8. Release
studies were performed at pH 3 using the adsorbed sample by
adding 100 �L of the loaded sample to 5 mL of DI under con-
stant stirring action (
200 rpm). Aliquots were taken with re-
spect to time for 10 h.

Tannic acid adsorption into gelatin nanoparticles followed
the exact procedure for EGCG. Taking into account solubility of
other polyphenols, we modified the procedure as follows.
Theaflavin was loaded from a 1.6 mg/mL supernatant contain-
ing 25% of acetone. Curcumin was adsorbed from a 0.08 mg/mL
supernatant containing 25% ethanol and 12.5% acetone. In all
cases, the polyphenols were in excess.

EGCG Release from Gelatin Nanoparticles. In a typical release experi-
ment, 0.1�0.2 mL of EGCG-loaded sample with known initial
concentrations of EGCG and nanoparticles was added to 5�10
mL of DI water with given pH and mixed. Immediately after mix-
ing, with 10�60 min intervals, 0.2 mL aliquots were taken with
a syringe and the solution was passed through a Anotop or Pall
syringe filter with 0.2 �m cutoff. The filtrate was collected and
tested for EGCG concentration. In each experiment, the total
concentration of EGCG in the reaction mixture, after the release
experiment was complete, was determined.

To evaluate the percentage of EGCG released as a function
of nanoparticles concentration, a suspension of EGCG-loaded
nanoparticles was added to different volumes of DI water and,
after 20 min, the supernatant was separated by passing the
sample through the 0.2 �m filter and the concentration of EGCG
in it was determined using the ABTS�● assay.

Western Blotting. MDA-MB-231 cells were obtained from ATCC
and grown in DMEM (Cellgro; Herndon, VA) and supplemented
with 10% FBS (Gemini Bio-Products; West Sacramento, CA) and
1% penicillin/streptomycin (Cellgro). MDA-MB-231 cells were
plated at 90% confluence in a 24 well plate. The following day,
MDA-MB-231 cells were treated with either 5 �M free EGCG, 1 or
5 �M EGCG as coated nanoparticles, or the equivalent volume
at 5 �M of control nanoparticles for 30 min or 5 h. The cells were
pulsed with 30 ng/mL HGF (hepatocyte growth factor, Calbio-
chem; 30 ng/mL) for 30 min immediately upon EGCG treatment
or 30 min prior to the 5 h time point. Protein lysates were har-
vested in 125 �L boiling Laemmli sample buffer (125 mM Tris; 4%
SDS; 0.01% bromophenol blue; 30% sucrose; 5%
�-mercaptoethanol). Ten microliters of the lysates was run on a
10% SDS-PAGE gel, transferred to PVDF membrane (Pall Corpo-
ration; Pensacola, FL), blocked with 5% milk in TBS-T (50 mM Tris-

HCl, pH 7.5 150 mM NaCl, 0.1% Tween-20) for 1 h, and probed
with antibodies to the proteins listed below overnight at 4 °C.
The following day, the membranes were washed with TBS-T and
probed with horseradish peroxidase conjugated secondary anti-
bodies (GE Healthcare; Buckinghamshire, UK). The membranes
were washed with TBS-T, and the signal was detected with ECL
Plus (GE Healthcare). Antibodies used included phospho-Erk,
phospho-Akt, phospho-c-Met (Cell Signaling Technology; Bev-
erly, MA), and tubulin (Neomarkers; Freemont, CA).

Characterization of Nanoparticles. The measurements of nanopar-
ticle hydrodynamic diameter and �-potential were carried out
on a ZetaPlus Brookheaven microelectrophoretic instrument in
water. For the measurements, 0.1 mL of nanoparticle suspension
was redispersed in 2 mL of water. To determine the isoelectric
point of gelatin nanoparticle, the diluted solutions were kept
24 h before the measurements.

SEM images were taken on a Hitachi S-4800 scanning elec-
tron microscope. The samples for SEM imaging were typically
prepared by applying 2�5 �L of diluted nanoparticle suspen-
sion in water (gelatin A) or ethanol (gelatin B) on the surface of
Si template followed by overnight drying. To enhance image
quality, sample surface was spattered with 2 nm layer of iridium.

AFM images were obtained using a Q-Scope 250 Quesant in-
strument in intermittent-contact mode. Samples were prepared
as above on freshly cleaved mica.

The concentration of solid residue in a gelatin nanoparticle
sample was estimated using quartz crystal microbalance (QCM)
technique. Typically, 2�5 �L of each sample was placed on one
side of a precleaned horizontally maintained quartz resonator;
the drop was dried at room temperature in air to a steady weight
(
30 min), and the frequency changes of the resonator were
monitored using a USI-System, Japan, 9 MHz QCM instrument
with the accuracy of �1 Hz. The mass of deposited material was
recalculated from the frequency shift according to the Sauer-
brey equation: �m (ng) � �0.84�F (Hz). Then the resonator was
replaced, and the procedure was repeated. For each sample,
two or four independent runs were done with different resona-
tors, and the results were averaged. Typical experimental devia-
tion between different runs was less than 15%. Dry gelatin nano-
particles containing EGCG were obtained using a Modulyo freeze
drier. The samples were frozen in liquid nitrogen.
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