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In this study, self-assembled tea catechin/gelatin nanoparticles were prepared by directly mixing the

catechins and gelatin solutions. The mean particle sizes were almost less than 200 nm, and the zeta

potential values were negatively charged. FT-IR spectral analysis indicated that hydrogen bonding

between aliphatic and aromatic hydroxyl groups, repectively, on gelatin and catechins is responsible

for the self-assembly of nanoparticles. Free radical (DPPH• and ABTS•þ) scavenging assays

showed that tea catechins could be protected by the nanoparticles and that the antioxidant activity

of tea catechins was almost retained after three weeks of storage. The tea catechin/gelatin

nanoparticles exhibited 28-41% inhibition to trypsin against the degradation of gelatin. This result

suggested that the tea catechin/gelatin nanoparticles might be a useful antioxidant carrier because

catechins and gelatin were, respectively, protected from oxidation and enzymatic digestion.
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INTRODUCTION

Catechin, belonging to a group of bioflavonoids, can act as an
antioxidant either through the chelation of metals with redox
properties or by acting as a scavenger of free radicals (1, 2). Tea
catechins exhibit antioxidant and neuroprotection activity, inhibit
tumor angiogenesis, prevent atherosclerosis, and modulate cho-
lesterol metabolism (3-7). Tea catechins also protect against the
oxidative cellular damage of UV radiation and prevent photo-
carcinogenesis inmice throughDNA repair (8). EGCG, themajor
constituent of catechin-based flavonoids in green tea, has been
demonstrated to inhibit matrix metalloproteinase, playing an
important role in tumor invasion and metastases (9-11).

Gelatin is a protein produced by partial hydrolysis of collagen,
the main protein component in skins, bones, hides, and other
animal body tissues. Gelatin is traditionally used in food indus-
tries as a stabilizer, thickener, or texturizer in foods such as jams,
yoghurt, cream cheese, and margarine. Gelatin is primarily used
as a gelling agent, forming transparent elastic thermoreversible
gelatins on cooling below about 35 �C,which constitutes the shells
of pharmaceutical capsules. Accordingly, gelatin has been devel-
oped in the pharmaceutical and food processing industry to
produce microcapsules or nanocarriers for specific drug delivery
and flavor release (12-15). Application of gelatin in agriculture
to control the release of chemical compounds and pheromones
for pest management was also investigated (16, 17).

Microencapsulation techniques have widely been used for a
variety of food applications such as taste and odor masking,
protection of food ingredients against oxidation, isomerization
and degradation during storage, and release of flavoring ingre-
dients or functional components of healthy foods (18-20). Over
recent years, advancement in nanotechnology has attracted
increasing interest in food and pharmaceutical applications to
produce nanosized carriers for delivering drugs. Nanoparticles
prepared from biodegradable and biocompatible polymers are
good candidates for drug carriers to perform the same functions
as those of microcapsules but additionally provide targeted
delivery of drugs in a cell- or tissue-specific manner (21). Unlike
microcapsules or microparticles, nanoparticles have a long shelf
life and can enhance the crossing of drugs or functional compo-
nents across the intestinal epithelium (22).

In recent years, nanotechnology has been used for preparing
carriers for protecting or delivering several natural products such as
quercetin, glycyrrhizinate, tea catechins, and ellagic acid (23-27).
The aim of this study was to develop a novel self-assembly
nanotechnology to prepare nanoparticles comprising tea cate-
chins and gelatin by directly mixing these two components.
Because tea polyphenols (TP), in particular, the catechins can
inhibit the activity of several enzymes (28), protection of gelatin
against trypsin digestion by the catechin/gelatin self-assembled
nanoparticles was investigated in this study. Additionally, the
antioxidant activity of the catechin/gelatin nanoparticles was
determined by ABTSþ and DPPH radical-scavenging analysis.
The factors that influence their antioxidant activity and enzy-
matic digestion were all determined. The physical and chemical
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properties of the nanoparticles such as the catechin/gelatin
interactions, mean particle sizes, and zeta potential values were
examined by Fourier transform infrared (FT-IR) and dynamic
light scattering (DLS).

MATERIALS AND METHODS

Materials.Tea catechin (EGCG>65%)was kindly giftedbyUniverse-
Medical Biotechnology Co. Ltd. (Taiwan). 2,20-Azinobis(3-ethylbenzothia-
zoline-6-sulfonic acid) diammoniumsalt (ABTS), 1,1-diphenyl-2-picrylhy-
drazyl (DPPH),N-R-benzoyl-L-arginine ethylester (BAEE), gelatin (type B),
and trypsinwere purchased fromSigma-AldrichCompanyLtd. (Louis,MO
USA). Methanol (MeOH) (HPLC grade) and acetonitrile (ACN) (HPLC
grade) were obtained from Mallinckrodt Baker (Phillipsburg, NJ, U.S.A.).
Trifluoroacetic acid (TFA) (99%) was obtained from Aldrich (Milwaukee,
WI, U.S.A.).

Self-Assembly ofCatechin/GelatinNanoparticles.Catechins/gelatin
nanoparticles were prepared using a simple, self-assembly method
under magnetic stirring at room temperature. Briefly, aqueous gelatin
[2.0, 1.0, 0.5, and 0.25mg/mL, 1mL, in deionized (DI) water] was added
by flush mixing with a pipet tip into aqueous catechins (2.0, 1.0, 0.5,
and 0.25 mg/mL, 1 mL, in DI water) under magnetic stirring at room
temperature and the mixed solution was stirred for 10 min. The self-
assembled nanoparticles were collected by centrifugation at 12000 rpm
for 20 min, freeze-dried, and storage at room temperature.

The mean particle sizes and zeta potential values of nanoparticles
were measured using a Zetasizer (3000HS, Malvern Instruments Ltd.,
Worcestershire, UK). The chemical structures of catechins, gelatin, and the
catechin/gelatin assembled nanoparticles were analyzed by FT-IR (Perkin-
Elmer Spectrum RX1 FT-IR System, Buckinghamshire, England). The
morphology of the nanoparticles was examined by transmission electron
microscopy (TEM). The TEM sample was prepared by placing a drop of
the nanoparticle suspension onto a 400 mesh, carbon-coated copper grid.
About 2 min after deposition, the grid was tapped with a filter paper to
remove surface water, followed by air-drying. The dried samples were
observed by TEM (Hitachi H-600, Japan).

Catechin Composition and Loading. To determine the catechin
composition and total catechin loading efficiency, the catechin/gelatin
nanoparticles were collected by centrifugation at 12000 rpm, 4 �C for
20 min, and the catechin concentration in the supernatant was assayed by
determining catechin concentrations by high-performance liquid chroma-
tography (HPLC) assay, with reference to calibration curves (EGCG or
catechin concentration: 100 ppm, 75 ppm, 25 ppm, and 10 ppm) (29). A
PerkinElmer HPLC system (600 Series LINK) equipped with a UV
detector (PerkinElmer Series 200 UV/vis) and a C-18 reverse phase
column (pak C18, ODS1 4.6 mm � 150 mm) with a guard column
packed with the same stationary phase were utilized. Injection volume
was 10 μL. System flow rate was 1.2 mL/min. Typical system operating
pressure range was 10-15 MPa, and operating temperature was 25 �C.
Phase A was ddH2O, ACN, and TFA (919/80/1, v/v), and phase B was
ddH2O, ACN, MeOH, and TFA (699/270/30/1, v/v). Prior to each
injection, the system was equilibrated to 95/5 (A/B). Following sample
injection, the phase composition changed according to the following
gradient: 95/5 at 0 min, 30/70 at 1.5 min (convex), 1/99 at 3 min
(convex), and 95/5 from 3 to 5 min (step, immediate) for a total
chromatographic run time of 9.5 min. Individual catechin quantification
was accomplished by construction of multilevel calibration curves from
response at 280 nm resulting from an injection of authentic standards of
EGCG. Total catechins were calculated as the sum of all measured
individual catechins.

Measurement of Radical Scavenging Activity by DPPH. The free
radical scavenging activity was measured using 1,1-diphenyl-2-picrylhy-
drazyl (DPPH) following the protocols of Zhao et al. (30). Then, 0.1mLof
each nanoparticle-containing medium and 3.9 mL of reacting solution
(100 mM DPPH in methanol) were mixed. The mixtures were left for
30min at room temperature in the dark. Absorbances weremeasuredwith
a UV-vis spectrophotometer (Hitachi, Tokyo, Japan) at 517 nm. DPPH
radical scavenging activity was calculated as an inhibition percentage
based on the following equation:

free radical scavenging activity ð%Þ ¼ ð1-Abssample=AbscontrolÞ � 100

Measurement of Radical Scavenging Activity by ABTS•þ. The
radical scavenging activity of catechin/gelatin nanoparticles against the
ABTS•þ radical cation was measured using the method of Zhao et al. (30)
with some modifications. ABTS•þ was dissolved in water to a 7 mM
concentration. The ABTS•þ radical cation was produced by reacting
ABTS•þ stock solution with 2.45 mM potassium persulfate (final con-
centration) and allowing the mixture to stand in the dark at room
temperature for 12-16 h before use. The ABTS•þ solution was diluted with
ethanol to anabsorbanceof 0.70 ((0.02) at 734nmandequilibratedat 30 �C.
An aliquot of each nanoparticle-containing medium (0.1 mL) was mixed
with 3.9 mL of diluted ABTS•þ solution. After reaction at 30 �C for 20 min,
the absorbance at 734nmwasmeasured.ABTS•þ radical scavenging activity
was calculated as an inhibition percentage based on the above-mentioned
equation.

Interactions of Catechins with Enzyme. Enzyme activity and its
inhibition by tea catechins were measured as described previously (28, 31).

Briefly, trypsin was assayed in a reaction medium (100 μL) containing

40 mM Tris (pH 7.9), 7.0 mM NaCl, 0.38 mg/mL N-R-benzoyl-L-arginine
ethylester (BAEE), and 0.1mg/mL trypsin.All of the assayswere conducted

in the presence or absence of catechins. As a control, equal volumes of

distilled water without catechins were added. To determine the enzyme

activity in themixture, diluted tea catechins (2mg/mL, 1mg/mL, 0.5mg/mL,

and 0.25 mg/mL) were mixed with trypsin and incubated at 37 �C for

10 min, and the reaction was terminated by quickly decreasing the

temperature to 4 �C.All sampleswere analyzed in triplicate. The inhibition

of enzyme activity in the presence of catechins is calculated as follows:

inhibition ð%Þ ¼ ½1- ðactivity test=activity controlÞ� � 100

Enzymatic Digestion Properties of Nanoparticles. The catechin/
gelatin nanoparticles were incubated in trypsin-containing medium
(0.1 mg/mL), and the dispersive stabilities of the nanoparticle were
evaluated by turbidity measurements using a UV-vis spectrophoto-
meter (Uvikon923, Kontron Instruments, Italy) at 500 nm (32). An
increase of light transmittance represents the disintegration or instability
of nanoparticles.

The effect of catechins on the protection of nanoparticles from enzyme

digestion was also examined by monitoring the release of hydroxyproline

from insoluble catechin/gelatin nanoparticles. The nanoparticles were in-

cubated in 500 μL of trypsin-containing medium (0.1 mg/mL) in a sealed

microtube and incubated in a 37 �C shaking water bath at 20 rpm for 24 h.

After centrifugation, 250 μL of supernatant was withdrawn, hydrolyzed in

6 NHCI at 110 �C for 20 h, and hydroxyproline content determined using a

colorimetricmethod forhydroxyproline quantification (33).Hydroxyproline

is a unique amino acid for gelatin, and it offers itself as a useful marker

for identifying gelatin. The method of determining hydroxyproline involves

the oxidation of hydroxyproline to pyrrole-2-carboxylic acid, which

complexes with p-dimethylaminobenzaldehyde exhibiting maximum absor-

bance at 557 nm. The concentration of the hydroxyproline released from

the nanoparticles was determined at 557 nm using pure hydroxyproline

as a standard.

% gelatin ¼ % hydroxyproline� 7:4

On the basis of the digested gelatin content in the supernatant solution
of the trypsin treated catechin/gelatin nanoparticles, the% degradation of
gelatin for catechin/gelatin nanoparticles is calculated as

% gelatin degradation

¼ 100- ½ðinitial gelatin- soluble gelatinÞ=initial gelatin� � 100

Statistical Analysis. Statistical analysis for the determination of
differences in the measured properties between groups was accomplished
using one-way analysis of variance and determination of confidence inter-
vals, performed with a computer statistical program (Statistical Analysis
System, Version 6.08, SAS Institute Inc., Cary, NC). All data are presented
as a mean value with its standard deviation indicated (mean ( SD).

RESULTS AND DISCUSSION

Characterization of Chemical Compositions and Catechin/

Gelatin Interactions.A chromatograph profile of the tea catechins
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analysized by HPLC is shown in Figure 1. It clearly shows four
components including (-)-epigallocatechin (EGC), (-)-epigallo-
catechin gallate (EGCG), (-)-epicatechin gallate (ECG), and
(-)-epicatechin (EC) in the catechins. The tea catechins contain
more than 65% of (-)-EGCG, which is the most abundant
component among the catechins.

In our previous studies, chitosan/poly(γ-glutamic acid) (γ-PGA)
self-assembled nanoparticles have been prepared for oral
delivery of peptide drugs (33-35). In this study, novel cate-
chin/gelatin nanoparticles with the characteristics of protected
antioxidant activity of catechins and inhibited proteolytic
activity of trypsin toward gelatin were prepared. The selection
of gelatin and catechins as nanoparticle components was based
on their biocompatibilty and their safe use in food application
and health care. Self-assembled nanoparticles were prepared
by adding a catechin aqueous solution into a gelatin aqueous
solution under magnetic stirring at room temperature. Specific
interactions between catechins and gelatin were responsible for
the self-assembly of catechin/gelatin nanoparticles. Figure 2

shows the FT-IR spectra of the original catechin and gelatin
powders as well as the catechin/gelatin assembled nanoparticles.
Catechins demonstrating absorption bands at around 3358 cm-1

are due to the vibration of the O-H linkage of phenolic hydroxyl
groups (36).Gelatin demonstrating absorptionbands at 1651 cm-1

and 1538 cm-1 is assigned to CdO (amide I) and N-H (amide II)
bending, respectively (37). Hydrogen bonding between alphatic
and aromatic O-H groups, repectively, on gelatin and catechins
is observed for O-H stretching since this peak shifted from
3426 cm-1 for gelatin toward 3388 cm-1 and became broad for

the catechin/gelatin nanoparticles. Other changes are also observed
in the characteristic peaks such as 3358 cm-1 and2840-2990 cm-1,
respectively, assigned to the phenolic hydroxyl of catechin and the
alphatic side chain of gelatin (38). These results suggest that
hydrophilic/hydrophobic interactions are taking place and may
be contributing to the self-assembly of nanoparticles.

Properties of Self-Assembled Catechin/Gelatin Nanoparticles.

The particle sizes, scattering light intensity, and zeta potential

Figure 1. HPLC chromatograms: (A) EGCG standard and (B) tea catechins containing EC, ECG, EGC, and EGCG.

Figure 2. FT-IR spectra of catechins, gelatin, and catechin/gelatin self-
assembled nanoparticles.
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values of catechin/gelatin nanoparticles, prepared at varying
concentrations of catechins and gelatin, were determined, and
the results are shown in Table 1. The particle size and the zeta
potential values of the prepared nanoparticles were mainly deter-
mined by the relative amount of the local concentration of
catechins in the added solution to the surrounding concentra-
tion of gelatin in the sink solution. At a fixed concentration of
catechins (2 mg/mL or 1 mg/mL), a decrease in the gelatin con-
centration allowed catechin molecules interacting with less
gelatin molecules to form fewer nanoparticles. Therefore, the
nanoparticle-containing medium displayed a lower scattering
light intensity and decreased mean particle size. In contrast, a
decrease in the catechin concentration allowed gelatinmolecules
to interact with fewer catechin molecules and thus formed a
lower scattering light intensity of nanoparticle-containing med-
ium (Table 1, section A).

Especially, catechins with a concentration less than 1mg/mL are
unable to formenoughnanoparticles (scattering light intensity<50
unit). The results suggest that catechins play an important role in
binding with gelatin in the intermolecular assembly of nanoparti-
cles. The mean particle size approximately increased with the
decrease of catechin concentration. When the amount of gelatin
molecules exceeded that of local catechin molecules, some of the
excessive gelatin molecules could also bind to catechins and were
entangled onto the surfaces of catechin/gelatin nanoparticles. Thus,
the resulting nanoparticles may display a larger mean particle size.
While, in contrast, scattering light intensity of the nanoparticles
decreased due to the formation of fewer nanoparticles.

It is known that the phenol hydroxyl group (Ar-OH) of
catechins could be slightly deprotonated (Ar-O-) in DI water
because the pKa values of EC, EGC, ECG, and EGCGwere in the
range of 7.73-8.72 (39). Most of the nanoparticles had negative
chargeof zetapotentials, suggesting that the resultingnanoparticles
maybe surroundedby a negatively charged layer ensuring colloidal
stabilization. (Table 1, section B). The zeta potential becomes
relatively less negative (0.2 and -7.6 mV) for the nanoparticles
prepared from higher concentrations of catechins (2 mg/mL) and
gelatin (2 mg/mL or 1 mg/mL). Because the dissociated Hþ from
the catechins can help the protonation of some amino-containing
groups on gelatin, the nanoparticles prepared from high concen-
tration of catechins may display a less negatively charged gelatin
shell. The morphology of the nanoparticles obtained by the TEM

examination showed that thepreparednanoparticleswere spherical
in shape with a smooth surface (Figure 3). The loading efficiency
of total catechins in self-assembled nanoparticles prepared from
2 mg/mL catechins and 2 mg/mL gelatin were higher than 96%,
suggesting that catechins were almost incorporated with gelatin to
be assembled into nanoparticles. As shown inTable 2, the catechin
loading efficiency decreases with the decrease of mixed gelatin
concentration (2, 1, 0.5, and 0.25 mg/mL) for preparing the
nanoparticles, at a fixed catechin concentration (2 mg/mL). In
contrast, the loading content approximately increases with the
decrease of mixed gelatin concentration because a lower yield of
nanoparticleswas obtained from those prepared from lower gelatin
concentration.

DPPH• and ABTS• Scavenging Activity. The free radical
scavenging activity of prepared nanoparticles was assessed by
the DPPH• and ABTS•þ cation method. Figure 4A shows that

Table 1

(A)Mean Particle Sizes and Scattering Light Intensity of Catechins/Gelatin Nanoparticles

(n = 5 Batches)

catechin (mg/mL) (mean particle sizes/scattering light intensity)

gelatin

(mg/mL) 2 1 0.5

2 140.5 ( 9.5/255.4 ( 13.6 160.4 ( 6.3/68.9 ( 5.7 208.6 ( 8.1/48.6 ( 3.1

1 122.5 ( 6.8/203.6 ( 9.6 152.1 ( 8.7/50.1 ( 4.8 207.2 ( 7.5/23.8 a

0.5 161.3 ( 7.2/116.9 ( 6.6 124.0 ( 11.6/16.5a 162.5 ( 4.7/7.02a

0.25 362.5 ( 15.6/37.02a 62.5 ( 7.9/7.02a 1.1/3.05a

(B) Zeta Potentials of Catechins/Gelatin Nanoparticles (n = 5 Batches)

catechin (mg/mL)

gelatin

(mg/mL) 2 1 0.5

2 0.2 ( 0.1 -11.9 ( 2.1 -18.5 ( 15

1 -7.6 ( 0.5 -17.1 ( 1.7 -14.7a

0.5 -14.2 ( 1.8 -19.2a -3.3a

0.25 -8.7a -6.9a -5.4a

aData is not reliable because scattering light intensity is too low.

Figure 3. TEM micrography of catechin/gelatin self-assembled nanopar-
ticles: (A) 2 mg/mL catechin/0.5 mg/mL gelatin and (B) 2 mg/mL catechin/
1 mg/mL gelatin.
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catechin/gelatin nanoparticles have concentration-dependent
antioxidant activity toward DPPH•, whereas their potency is
dependent on the catechin/gelatin ratios for preparing the
nanoparticles. A higher catechin loading content is associated
with a stronger DPPH• scavenging activity. Figure 4B also
showed the concentration-dependent free radical scavenging
response to ABTS•þ of the catechin/gelatin nanoparticles. As
can be seen, the nanoparticle with a higher loading content of
catechins (nanoparticles prepared from 2mg/mL catechins and
0.5mg/mL gelatin) shows the best ABTS•þ scavenging activity.
This work therefore demonstrates that the antioxidant powers
of the nanoparticles against DPPH• and ABTS•þ approximately

increased with the increase of the catechin/gelatin ratio for
preparing the nanoparticles.

The required catechin/gelatin nanoparticles equivalent to
quench DPPH or ABTS radicals by 50% were expressed as
EC50 values to examine the free radical scavenging activity. The
EC50 values were 5.2 and 2.1 μg/mL for the nanoparticles prepared
from 2 mg/mL catechins and 0.5 mg/mL gelatin, respectively,
against DPPH and ABTS•þ (Table 3). The EC50 values approxi-
mately decrease with the decrease of catechin to gelatin ratios for
preparing the nanoparticles. This result indicated that the nano-
particles with a high loading content of catechins exhibited potent
DPPH and ABTS•þ radical scavenging activity, and those pre-
pared with lower catechins to gelatin ratios had lower activity.
Figure 5 also showed the free radical scavenging responses to
DPPH• and ABTS•þ of the catechin/gelatin nanoparticles (2 mg/
mL catechins/0.5 mg/mL gelatin) stored for a predetermined time.
The EC50 values did not significantly increase after three weeks of
storage at room temperature. The result suggested that catechins
could be protected by the nanoparticles and that the antioxidant
activity of catechins was almost completely retained.

Interactions of Catechins with Enzyme. As shown in Figure 6,
the inhibition ratio of trypsin was 26.4%, when the catechin con-
centration was 0.5 mg/mL. Tea catechins contain polar, hydro-
philic hydroxyl groups and hydrophobic galloyl groups in their
molecular structure (40). The phenolic hydroxyl groups can form
hydrogen bonds with the polar groups of protein while the
hydrophobic amino acids present in enzyme protein, such as
proline, phenylalanine, and tyrosine, can be strongly bound to the
galloyl groups in catechins through hydrophobic association.

Therefore, the composition and quantity of the polar/hydro-
phobic groups in enzyme proteins will affect the formation and

Table 2. Loading Efficiency and Loading Contents of Catechins/Gelatin
Nanoparticles (n = 5 Batches)a

gelatin

(mg/mL)

catechins lostb

(μg/mL)
loading

efficiencyc (%)

NPs yieldd

(mg/mL)

loading

contente(mg/mg)

2 34.2 ( 2.1 96.6 ( 2.2 1.85 ( 0.35 0.52 ( 0.02

1 97.3 ( 2.7 90.3 ( 4.5 1.33 ( 0.42 0.68 ( 0.03

0.5 155.8 ( 8.3 86.4 ( 2.9 0.93 ( 0.26 0.91 ( 0.05

0.25 866.5 ( 26.4 13.3 ( 0.5 0.23 ( 0.03 0.58 ( 0.03

aNanoparticles were prepared with the same catechin concentration (1 mL,
2 mg/mL catechins) and different concentrations of gelatin (1 mL, 0.25-2 mg/mL
gelatins). bCatechin concentration in the supernatant after the centrifugation of
nanoparticles. c he weight percentage of incorporated catechins divided by the total
used catechin. d The yield of nanoparticles (NPs) after centrifugation. e The weight of
incorporated catechins divided by the weght of nanoparticles.

Figure 4. Free radical scavenging activity of catechin/gelatin nanoparticles:
(A) DPPH radical and (B) ABTS radical scavenging activity.

Table 3. EC50 Values (DPPH and ABTS Radical Scavenging Activity) of
Catechins/Gelatin Nanoparticlesa

gelatin (mg/mL) DPPH (μg/mL) ABTS (μg/mL)

2 9.6 ( 0.6 4.1 ( 0.2

1 6.8 ( 0.3 3.2 ( 0.1

0.5 5.2 ( 0.3 2.1 ( 0.1

0.25 7.9 ( 0.4 3.4 ( 0.2

aNanoparticles were prepared with the same catechin concentration (1 mL,
2 mg/mL catechins) and different concentrations of gelatin (1 mL, 0.25-2 mg/mL
gelatins).

Figure 5. Effect of storage time on EC50 values of the prepared nano-
particles (2 mg/mL catechin/0.5 mg/mL gelatin) for scavenging DPPH or
ABTS•þ radicals.
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stability of hydrogen bonds and hydrophobic association be-
tween catechins and different enzymes. The cooperative effects of
hydrophobic association and hydrogen bond formation between
catechins and the trypsin are able to change the enzymemolecular
configuration, resulting in a significant inhibitory effect on this
digestive enzyme. The inhibition ratio of trypsin increased from
26.4% to 46.5%,when the catechin concentration increased from
0.5 mg/mL to 2.0 mg/mL (Figure 6). These results suggested that
the inhibitory effect increased nonlinearly with the increase of
catechin concentration.

Enzyme-Responsive Characteristics of Nanoparticles. Polyphe-
nols are known to bindwith collagen via noncovalent interactions.
The side chain hydroxyl group of the amino acids serine and
hydroxyproline, the carboxyl group of aspartic acid, the amino
groupof lysine, and the amide groupof aspargine are considered as
the potential interacting sites for the formation of hydrogen bonds
with catechins and therefore inhibit the enzyme’s activity toward
collagen (41). Similarly, catechins can interact with gelatin through
the formation of the same hydrogen bond. Figure 7A shows the
variationof light transmittanceTtrans (λ=500nm) of the catechin/
gelatin nanoparticles in trypsin-free or trypsin-containingmedium.
The turbidity change took place in the nanoparticle-containing
medium, and the decrease in stability or disintegration of nano-
particles could be defined as the increase in light transmittance
(Ttrans) of the solutions. In the trypsin-free medium, the low Ttrans

values suggested that the catechin/gelatin nanoparticles were
stable. In contrast, in the trypsin-containing medium, the light
transmittance increased, suggesting the disintegration of nanopar-
ticles due to the instability of nanoparticles. The instability of
nanoparticleswas possibly due to the high pHvalue (pH7.9) of the
trypsin buffer solution because the pKa values of EC, EGC, ECG,
and EGCG were in the range of 7.73-8.72.

Therefore, the stability of nanoparticles in the trypsin-contain-
ing medium was additionally examined by determining the
hydroxyproline release from digested gelatin. The catechin/gela-
tin nanoparticles exhibited catechin-dose dependent inhibition of
trypsin-digestive activities against gelatin. The nanoparticles with
higher catechin loading content showed better stability to release
less hydroxyproline in trypsin-containing medium (Figure 7B).
The stability of the catechin/gelatin nanoparticles against trypsin
could be due to the effectiveness of the catechins in exhibiting
specific interaction with gelatin that protects the active sites in
gelatin (through interaction with polyphenols) recognized by
trypsin. Additionally, the inhibitory effect on trypsin’s activity

increased with the increase of catechin loading content. The
nanoparticles prepared from 2 mg/mL catechins and 2 mg/mL
gelatin exhibited 31% inhibition of trypsin against the degrada-
tion of gelatin. The inhibition increased with an increase in the
catechin to gelatin ratios of the nanoparticles, and 43% inhibition
has been observed from the nanoparticles prepared from2mg/mL
catechins and 0.5 mg/mL gelatin.

Previous studies employed traditional methods such as polym-
erization, cross-linking, ionic gelation, or a polyelectrolyte com-
plex to prepare nanoparticles for protecting or delivering natural
antioxidants such as quercetin, glycyrrhizinate, tea catechins, and
ellagic acid (23-27). Our study provides a novel self-assembly
nanotechnology to prepare nanoparticles comprising tea cate-
chins and gelatin by directly mixing these two components.
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