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ABSTRACT

Green tea catechins have received significant attention due to their potent

antioxidant activity as well as diverse biological properties. Stabilizing and

protecting catechins from degradation is very important but challenging. In this

work, a nanosized edible c-cyclodextrin-based metal–organic framework (CD-

MOF) was designed and fabricated by a facile vapor diffusion route and applied

for the encapsulation of a model green tea catechin, (-)-epigallocatechin gallate

(EGCG) for the first time. Downsizing CD-MOF to the nanoscale is a suit-

able method to tackle down new applications. Significantly, the antioxidant

activity results show that the CD-MOF-EGCG can remarkably enhance the

antioxidant activity in alkaline solutions, as compared to that of free EGCG.

Furthermore, the prepared CD-MOF-EGCG showed strong cancer cell growth

inhibitory effects on C6 cells as confirmed by the cell viability assay. This work

demonstrates that such safe and nontoxic nanoscale CD-MOF-based porous

materials hold great promise for applications in the field of stabilization of

catechins for biomedical applications.

Introduction

Tea has recently attracted significant research interest

for its health benefits due to the leaves of tea contain

large amounts of catechins [1]. Catechins are natural

antioxidants that belong to the polyphenolic flavo-

noids [2]. Green tea (Camellia sinensis) is rich in

catechins, which are present at around 30% of the dry

leaf weight [3]. The main catechin polyphenols

known to exhibit biological activity are (-)-epicate-

chin (EC), (?)-catechin (C), (-)-epicatechin gallate

(ECG), (-)-gallocatechin gallate (GCG), (-)-epigallo-

catechin (EGC), and (-)-epigallocatechin gallate

(EGCG). The most abundant one in green tea, EGCG
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possesses the greatest antioxidant activity and is used

for cancer therapy because of its high radical-scav-

enging ability [4, 5]. However, catechins are well

known for their chemically unstable in neutral and

alkaline aqueous solutions, undergoing oxidation to a

semiquinone radical intermediate and formation of

quinone oxidized products [6]. Hence, developing

suitable methods to stabilize catechins is highly

desired. Over the years, several technologies have

been explored to protect catechins from degradation

and enhance the antioxidant activity. The encapsu-

lation-based method is the most widely used for this

purpose in the food industry, such as encapsulation

of catechins in chitosan nanoparticles [7], starch

nanoparticles [8], edible microhydrogels [9], and b-
cyclodextrin [10]. However, there is still more room

for the development unfulfilled potentials for

improving the stability of catechins.

Metal–organic frameworks (MOFs) are an emer-

gent class of porous materials in which metal ions

link organic struts [11, 12]. MOFs have become one of

the most intriguing areas, not only for their structural

and functional tunability but also for numerous

attractive applications, including catalysis [13–18],

drug delivery [19–21], gas storage and separation

[22], sensing [23], and adsorption [24, 25]. For bio-

medicine applications, MOFs with large surface areas

can be designed and the shape and size of their pores

can be controlled to facilitate the adsorption of

specific guest molecules [26]. However, most of the

reported MOFs based on non-food-grade organic

linkers and transition metals are considered to be

unacceptable for food, biological, and healthcare

applications [27]. In this regard, the development of

biocompatible MOFs for healthcare applications is of

great importance.

On the other hand, edible c-cyclodextrin-based
MOFs (CD-MOFs) are believed to hold great poten-

tial to overcome this problem. CD-MOFs can be

easily constructed in the laboratory from food-grade

precursors c-cyclodextrin (c-CD), and alkali metal

salts [28]. They have body-centered cubic structures

and large spherical pores of 1.7 nm in diameter

accessible through small windows of 0.78 nm [29]. To

date, there have been a few pioneering works on CD-

MOFs as promising carriers for drug delivery appli-

cations [30–32]. Very recently, Moussa and co-work-

ers reported on the application of CD-MOFs to store

and stabilize curcumin [33]. However, the utilization

of CD-MOFs as carriers for encapsulation of catechins

has no prior report. Moreover, most of the reported

CD-MOFs are microcrystals [27–29, 31–33]. The size

of porous carriers is critical for their applications.

Nanocarriers, due to their smaller particle size, can

indeed improve the biomedicine performances.

Therefore, it remains an important challenge to

develop a facile method to produce small nanocrys-

tals of CD-MOFs for encapsulation of catechins.

Herein, we report a facile method for the synthesis

of a novel nanometer-sized CD-MOF, which shows

promising application potential in the encapsulation

of EGCG for antioxidant activity and tumor therapy.

The monodisperse CD-MOF nanocrystals have been

successfully synthesized by a modified vapor diffu-

sion method (Scheme 1). Impressively, the CD-MOF

carrier matrix remarkably improves the chemically

stable and antioxidant activity of the loaded EGCG in

alkaline medium. Meanwhile, the encapsulated

EGCG displays a highly therapeutic effect on the

tumor cell. Thus, the presently reported CD-MOF-

EGCG nanocrystals are more suitable for large-scale

applications in industry.

Experimental section

Materials and methods

c-Cyclodextrin (c-CD), potassium hydroxide (KOH),

and (-)-epigallocatechin gallate (EGCG) were pur-

chased from Sigma-Aldrich. 2,2-diphenyl-1-picryl-

hydrazyl (DPPH), methanol, and ethanol were

purchased from Sinopharm (Shanghai) Chemical

Reagent Co., Ltd., China.

The crystalline structure of the samples was mea-

sured by the powder X-ray diffraction (PXRD) pat-

terns with Cu target (36 kV, 25 mA) from 3� to 50�.
The surface morphology of the samples was moni-

tored by a scanning electron microscopy (SEM,

Hitachi S-4800). Fourier transform infrared spectra

(FTIR) were recorded on a Nicolette IS 50 FTIR

spectrometer. The surface area of the samples was

determined by using nitrogen adsorption–desorption

isotherm at 77 K with the Micromeritics TriStar II

3020 adsorption analyzer. UV–Vis absorption spectra

were investigated by a Shimadzu UV-1800 spec-

trophotometer. The cytotoxicity of samples was

measured through cell viability tests by undifferen-

tiated C6 cells.
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Synthesis of CD-MOF

0.324 g of c-CD and 0.112 g of KOH were firstly

dissolved in 20 mL deionized water at room tem-

perature. After dissolved thoroughly, the mixed

solution was filtered, and 5 mL of ethanol as an

emulsifier was added. Then the solution was sealed

in a beaker containing 5 mL of methanol to allow for

vapor diffuse into the aqueous solution at 50 �C.
After 6 h, the supernatant was transferred into a

clean glass tube, and another 10 mL of methanol was

added dropwise into the obtained suspension. The

mixture was incubated at room temperature for 1 h.

The obtained products were collected by centrifuga-

tion, washed with methanol three times, and dried

under vacuum for 12 h at 45 �C.

Encapsulation of EGCG in CD-MOF

Fifty milligrams of EGCG was firstly dissolved in

10 mL of ethanol, and then the dehydrated CD-MOF

(100 mg) was added. After stirring for 36 h at room

temperature, the EGCG-loaded CD-MOF was col-

lected by filtration, and washed rapidly with ethanol

(5 mL 9 3) to remove EGCG adsorbed on the outer

surface of the CD-MOF. The sample was dried at the

room temperature. All filtrates were collected and

analyzed by UV–Vis spectroscopy and the high-per-

formance liquid chromatography (HPLC).

Antioxidant activity of EGCG-loaded CD-
MOF

Antioxidant activity of the samples was evaluated by

the DPPH method for testing and comparing the

efficiency of the free and encapsulated EGCG with

different dose. Briefly, the effects of CD-MOF-EGCG

dose were carried out by exposing 1–4 mg of CD-

MOF-EGCG to 4 mL of methanol. Then 36 mL of

0.2 mM of DPPH radical solution in methanol was

added. The mixture was shaken in a vortex and

allowed to stand in the dark for 30 min at room

temperature. The absorbance was measured by a

UV–Vis spectrophotometer at the wavelength of

517 nm. The antioxidant activity was expressed as

DPPH radical-scavenging activity (RSA) according to

the following equation:

RSA %ð Þ ¼ 1� As=A0ð Þ � 100 ð1Þ

where As and A0 are the absorbance at 517 nm of

sample and blank DPPH solution, respectively.

Effect of CD-MOF encapsulation
on the stability of EGCG in alkaline
solution

The DPPH method was also used to evaluate the

ability of the CD-MOF to protect EGCG from degra-

dation in alkaline environment. The antioxidant

activity of encapsulated and free EGCG was analyzed

after dissolution in buffer solution (pH = 10). Four

milligrams of the CD-MOF-EGCG (0.8 mg of free

EGCG) was added to 10 mL of the pH 10 solution.

After specific time intervals, 0.4 mL of the solution

was added to 3.6 mL of 0.2 mM of DPPH radical

solution. The mixture was shaken in a vortex and

allowed to stand in the dark for 30 min, and then the

antioxidant activity percentage was measured by a

UV–Vis spectrophotometer.

Cytotoxicity assays

The cytotoxic activity of CD-MOF, CD-MOF-EGCG,

and free EGCG was evaluated on C6 cells using the

MTT (3-(4,5-dimethyl-2-thiazolyl)-2-5-diphenyl-2H-

tetrazolium bromide) method. C6 cells (rat glioma

cells) were incubated for 24 h with 5% CO2 at 37 �C
prior to the assay in 96-well plates at a density of

1 9 104 cells per well. Subsequently, different con-

centrations of CD-MOF, CD-MOF-EGCG, and free

Scheme 1 Schematic

representation of synthesis and

application of CD-MOF for

EGCG loading.
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EGCG (0, 1, 3, 5, 15, 30, 60, 125, and 250 lg mL-1)

were added to the medium and incubated for another

24 h. Then, 20 lL of MTT (50 mg mL-1) was added

to the cell culture medium and incubated for 4 h.

Finally, the medium was replaced by 150 lL of

DMSO. The absorbance at 490 nm was monitored by

a microplate reader. Non-treated cells were used as a

control, and the cell viability was calculated as a

percentage of the absorbance of the sample well to

that of the cell control. All the experiments were

performed in triplicate.

Results and discussion

Adsorption kinetics for EGCG

In order to test the influence of time on the adsorp-

tion ability of EGCG onto the CD-MOF, 5 mg of the

as-synthesized CD-MOF was suspended in 10 mL of

100 mg L-1 EGCG ethanol solution. The amount of

the remaining EGCG in the supernatant was deter-

mined by UV–Vis absorption spectroscopy. In the

presence of CD-MOF nanocrystals, as shown in

Fig. 1a, the absorption intensity at 276 nm of EGCG

in the solution decreased continuously with the

adsorption time. For comparison, the same experi-

ment for free EGCG without adding of CD-MOF was

also carried out (Fig. 1b). As can be seen in Fig. 1b, in

the absence of CD-MOF, the absorbance remained

almost unchanged even over a period of 36 h, sug-

gesting that there is no degradation of EGCG in

ethanol under the current adsorption conditions.

These findings indicate that decrease in the amount

of EGCG in the ethanol with the presence of CD-MOF

due to encapsulation into the pores of CD-MOF. The

encapsulation rate of EGCG into CD-MOF was

determined by first-order kinetics (Fig. 1c). The value

of the encapsulation half-life was estimated to be

6.59 h, suggesting that encapsulation of EGCG into

the CD-MOF to be a relatively slow process under

this adsorption condition. For a higher EGCG loading

level, 100 mg of the CD-MOF was added to 10 mL of

5000 mg L-1 EGCG ethanol solution. The amount of

the EGCG laden in CD-MOF was obtained according

to the standard equation. The calibration curve of

EGCG was determined by taking absorbance versus

EGCG concentration in a range of 0–100 mg L-1 as

parameters (Fig. 1d). The EGCG content was deter-

mined to be 0.26 g of EGCG per gram of the sample.

Characterization of samples

The synthesis of monodispersed and nanosized

crystalline MOFs is an important factor for their

application in biomedicine. The morphology and size

distribution of the as-synthesized CD-MOF crystals

were characterized by SEM technique. As shown in

Fig. 2, these crystals displayed cubic morphologies

with smooth surfaces and uniform size distributions.

The representative SEM images reveal that the size of

the CD-MOF particles is around 500 nm. Although

the literature reported that CD-MOFs carriers exhibit

high drug loading capacity, the size of them is quite

big. And we all know that downsizing materials to

the nanoscale is a suitable method to tackle down

new application in biomedicine. Owing to their

smaller particle size, nanomaterials can improve the

drug delivery for the treatment of diseases. In this

work, the particle size of the as-synthesized CD-MOF

is much smaller than that of the reported in the lit-

erature [29, 31–33].

The corresponding crystallographic structures of

the as-synthesized CD-MOF before and after EGCG

loaded were characterized by PXRD and IR analysis.

As shown in Fig. 3, the PXRD pattern of pure CD-

MOF confirmed the crystalline morphologies of the

sample, which is consistent with reported in the lit-

erature [29]. At the same time, the PXRD pattern

shown in Fig. 3 reveals that EGCG loading does not

influence the crystallinity of the CD-MOF crystals.

EGCG is a crystalline green tea catechin with char-

acteristic PXRD peaks quite different from those of

CD-MOF. However, there are no PXRD peaks

belonging to those of EGCG observed in the EGCG-

loaded CD-MOF sample, which can be ascribed to

that EGCG is entrapped in a molecular state in the

porous of CD-MOF.

The FTIR spectra of the free EGCG and CD-MOF

with and without loaded EGCG are presented in

Fig. 4. The FTIR spectra of the CD-MOF nanocrystals

showed the band located at around 3287 cm-1 can be

ascribed to the –OH group of the c-CD. In the spectra

of EGCG-loaded CD-MOF sample, the band of –OH

group is shifted to the higher values (3310 cm-1)

compared with the pure CD-MOF. The upward shift

of the –OH stretching vibration suggesting that the

EGCG can be encapsulated onto the CD-MOF via the

interaction between the –OH group of CD-MOF and

EGCG. Furthermore, the prominent bands around

3359 and 3483 cm-1 for the characteristics of phenolic
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hydroxyl vibration of EGCG were not present in the

spectra of CD-MOF-EGCG, indicating a hydrogen

bond type interaction between the phenolic hydroxyl

group of EGCG and the –OH group of the c-CD of

CD-MOF framework.

The porous features of the CD-MOF before and

after encapsulation of EGCG were investigated by the

nitrogen adsorption–desorption isotherms (Fig. 5).

The Brunauer–Emmett–Teller (BET) surface area and

pore volume of the obtained CD-MOF were calcu-

lated to be 175 m2 g-1 and 0.11 cm3 g-1, respectively.

The adsorption of EGCG results in a dramatic

decrease in both BET surface area and pore volume of

the CD-MOF nanocrystals (Fig. 5a). After the catechin

encapsulation, the BET surface area and pore volume

of the nanocrystals decreased to 45 cm2 g-1 and

0.03 cm3 g-1, respectively, which implies that the

EGCG occupies almost all pore space in the frame-

works. Moreover, estimation of the pore size distri-

bution by Barrett–Joyner–Halenda (BJH) method

shows three pore sizes at 1.01, 1.21, and 1.45 nm for

the as-synthesized CD-MOF nanocrystals (Fig. 5b),

Figure 1 UV–Vis absorption spectra of EGCG in the presence (a) and absence (b) of CD-MOF in ethanol with time. c Variation of

absorbance at 276 nm of EGCG in the presence of CD-MOF and d the calibration curve of EGCG in ethanol.

Figure 2 SEM images of the

as-synthesized CD-MOF (a,

b).
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attributed to micropore cage, which is similar with

the previously reported for CD-MOF [32]. In the

meantime, the pore volume of the pores was signifi-

cantly reduced after the EGCG incorporation. All

these results upon EGCG encapsulation supported

that EGCG was successfully trapped within CD-MOF

nanocrystals.

Antioxidant activity of EGCG-loaded CD-
MOF

We have chosen CD-MOF to encapsulate catechin

due to its nontoxic and biocompatibility. To explore

the potential application of nanosize CD-MOF as

catechin vehicles, antioxidant and anticancer catechin

EGCG, as a typical example, was trapped within CD-

MOF. The radical-scavenging activity (RSA) of both

free and encapsulated EGCG was evaluated by the

model DPPH decolorization assay to ascertain whe-

ther the encapsulation process had an impact on the

antioxidant activity of the catechin molecular and the

results are presented in Fig. 6. It was shown that

there was no antioxidant activity of the unloaded CD-

MOF, thus, the antioxidant activity of the MOF was

neglected. Therefore, the RSA of the CD-MOF-EGCG

was attributed only to the contribution of the loaded

EGCG. From Fig. 6, we can see that the final antiox-

idant activity increased with the amount of CD-MOF-

EGCG addition (Fig. 6). As the amount of CD-MOF-

EGCG increased from 1 to 4 mg, the antioxidant

activity gradually increased from 12 to 50%. While no

significant differences were found between the

antioxidant activity of the 4 mg of CD-MOF-EGCG

(50%), corresponding to 0.8 mg of EGCG, and the

Figure 3 PXRD patterns for EGCG, CD-MOF and the EGCG-

loaded CD-MOF (CD-MOF-EGCG).

Figure 4 FTIR spectra of EGCG, CD-MOF and the EGCG-

loaded CD-MOF (CD-MOF-EGCG).

Figure 5 Nitrogen adsorption–desorption isotherms (a) and the corresponding pore size distribution analysis obtained using BJH method

(b) of CD-MOF and the EGCG-loaded CD-MOF (CD-MOF-EGCG).
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same amount of free EGCG (55%), indicating that the

RSA of the encapsulated EGCG was almost retained

during the encapsulation process.

Stabilization of EGCG in the loaded CD-
MOF

Further, we investigated the stability of EGCG in the

CD-MOF structure. We all know that EGCG is rela-

tively stable in organic solvents like ethanol, but it is

quite unstable in the alkaline solution [34]. The

EGCG-loaded CD-MOF described in this work is

designed to overcome this problem. It is worth to

mention that the dissociation of the EGCG-loaded

CD-MOF framework in water leads to the formation

of a water-soluble complex that involves EGCG, CD,

and potassium cations. Protection ability of CD-MOF

for the loaded EGCG was also tested by the DPPH

method. Figure 7 shows comparison of the antioxi-

dant activity performance of the dissolved EGCG

without and with the protection of CD-MOF in water

under alkaline conditions (pH = 10) in five consecu-

tive days, respectively. At the beginning, the free

EGCG shows a little higher activity due to the dif-

fusion of DPPH molecular into the EGCG is easy.

However, the antioxidant activity of free EGCG

drops rapidly in the subsequent days. As can be seen

from Fig. 7, the antioxidant activity of the free EGCG

decreases significantly from 55 to 11% after 5 days. In

contrast, the EGCG protected by CD-MOF maintain

its activity well in the 5 days. The antioxidant activity

of CD-MOF-EGCG only drops by 8% after 5 days.

These results suggest that the encapsulation of EGCG

in the pores of CD-MOF could effectively protect

EGCG from the degradation in alkaline solutions.

Under alkaline conditions, the phenolic hydroxyl

group of EGCG becomes de-protonated, and it is

likely to undergo degradation by ungergoing oxida-

tion to a semiquinone radical intermediate and form

quinone oxidized products. In contrast, for CD-MOF-

EGCG, the EGCG can be adsorbed onto the porous

via the interactions between the hydroxyl group of

EGCG and the –OH group of the organic part of the

framework, thus enhancing the chemical stability and

antioxidant activity. Therefore, in the presence of this

CD-MOF-EGCG system, the stability of EGCG was

substantially enhanced due to incorporation within

the pores of the CD-MOF.

Cytotoxicity

In vitro cell viabilities of CD-MOF, CD-MOF-EGCG,

and free EGCG on C6 cells are evaluated by MTT

assay to study the toxicity of CD-MOF and the ther-

apeutic effect of CD-MOF-EGCG (Fig. 8). As shown

in Fig. 8, after an incubation time of 24 h with C6

cells, the C6 cells treated with the CD-MOF without

loading EGCG exhibited a high cell viability ([ 95%)

when the concentrations of the CD-MOF ranged at

0–250 lg mL-1, indicating that the as-synthesized

CD-MOF nanocrystals were safe, biocompatible, and

nontoxic. However, after loading with EGCG, the

CD-MOF-EGCG nanocrystals show a stronger cell

growth inhibition effect on C6 cells compared to the

presence of CD-MOF. The C6 cell viability value

decreased to 44% when the concentration of the CD-
Figure 6 Antioxidant activity of free and encapsulated EGCG,

together with pure CD-MOF blank.

Figure 7 Time-dependent radical scavenging activity of EGCG-

loaded CD-MOF and free EGCG in pH 10.
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MOF-EGCG is only 250 lg mL-1. For free EGCG, as

expected, a relatively lower cell viability value (33%)

is observed at the concentration of 250 lg mL-1. At

first glance, one may argue that the cytotoxicity of

CD-MOF-EGCG is reduced against C6 cells com-

pared to the cytotoxicity of EGCG alone, so that the

cytotoxicity of the CD-MOF-EGCG maybe entirely

attributed to the presence of EGCG. However, this

cell viability value was measured based on the same

total particles concentration, namely 250 lg mL-1

(Fig. 8). The actual content of EGCG in the CD-MOF-

EGCG nanocrystals is only 51.58 lg mL-1, corre-

sponding to only 20.63% of pure EGCG used. If we

scale up to the same amount of EGCG used, the cell

viability value will be significantly lower after the

EGCG is loaded with porous CD-MOF. Therefore,

these results clearly demonstrate that CD-MOF plays

an important role in the enhancement of induced cell

death activity of the CD-MOF-EGCG nanocrystals,

which suggests that the CD-MOF-EGCG can be

potentially applied for cancer treatment.

Conclusions

In conclusion, this work demonstrates a promising

catechins encapsulation system based on nanoscale

CD-MOF for antioxidant activity and tumor therapy.

The nontoxic and biocompatible CD-MOF nanocar-

riers have been fabricated by using a simple modified

vapor diffusion method. For the first time, the as-

synthesized CD-MOF used as a novel carrier for the

encapsulation of EGCG through a hydrogen bond

type interaction between the phenolic hydroxyl

group of EGCG and the –OH group of the organic

part of CD-MOF. Significantly, the antioxidant

activity results of CD-MOF-EGCG shows excellent

chemical stability of EGCG in alkaline solutions. The

cytotoxicity results demonstrate that the obtained

CD-MOF nanocrystals were safe and nontoxic.

Moreover, encapsulation of EGCG in the pores of

CD-MOF shows an outstanding efficacy in killing the

cancer cells. These findings demonstrate the signifi-

cant potential of scale-up synthesis of nanoscale CD-

MOF and exploration of their properties to store and

stabilize catechins for biomedical applications.
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