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In this research, we have synthesized guanidine functionalized PEGylated mesoporous silica nano-
particles as a novel and efficient drug delivery system (DDS). For this purpose, guanidine functionalized
PEGylated I3ad mesoporous silica nanoparticle KIT-6 [Gu@PEGylated KIT-6] was utilized as a promising
system for the effective delivery of curcumin into the breast cancer cells. The modified mesoporous silica
nanoparticles (MSNs) was fully characterized by different techniques such as transmission and scanning
electron microscopy (TEM & SEM), N2 adsorption-desorption measurement, thermal gravimetric analysis
(TGA), X-ray powder diffraction (XRD), and dynamic light scattering (DLS). The average particle size of
[Gu@PEGylated KIT-6] and curcumin loaded [Gu@PEGylated KIT-6] nanoparticles were about 60 and
70 nm, respectively. This new system exhibited high drug loading capacity, sustained drug release profile,
and high and long term anticancer efficacy in human cancer cell lines. It showed pH-responsive
controlled characteristics and highly programmed release of curcumin leading to the satisfactory re-
sults in in vitro breast cancer therapy. Our results depicted that the pure nanoparticles have no cyto-
toxicity against human breast adenocarcinoma cells (MCF-7), mouse breast cancer cells (4T1), and
human mammary epithelial cells (MCF10A).

© 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

Turmeric, Curcuma longa L. (Zingiberaceae family) rhizomes, is
endowed with promising pharmaceutical properties and has a long
history of medicinal uses in ancient for the treatment of a wide
range of diseases. These medicinal properties are associated chiefly
with curcumin, the compound presents in the rhizome of turmeric
and chemically named (diferuloylmethane)-(1, 7-bis (4-hydroxy-3-
methoxyphenyl)-1,6-hepadiene-3,5-dione) [1].

Currently, precious pharmaceutical properties of curcumin have
been proved comprehensively [2] and the number of publications
have endorsed its anti-oxidant [3], anti-cancer [4], anti-
served.
inflammatory [5], anti-microbial [6], and anti-fungal [7] activities.
However, the most important point about the oral consumption of
curcumin is related to its low bioavailability, demonstrated by
Ravindranath and Chandrasekhara [8]. Curcumin is a hydrophobic
polyphenol and insoluble in water, but is readily soluble in organic
solvents such as dimethyl sulfoxide, acetone and ethanol. To take
advantage of pharmaceutical activities of curcumin and overcome
its poor availability at the site of action in the body, versatile ap-
proaches have been developed [9].

In recent decades, mesoporous silica nanoparticles (MSNs) has
opened new horizon to introduce new DDSs and their efficiency
have attracted a great deal of attention for their potential
biomedical utilizes [10]. It is notable that, the proficiency of MSNs is
indebted to the well-defined pores having a narrow diameter dis-
tribution, high pore volume, silanol functionalization opportunity,
and specific surface area accompanied the hydrothermal stability
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[11]. Apart from these properties, the most outstanding aspect of
MSNs is biocompatibility which has been proved in the in vitro and
in vivo experiments leading to design of novel DDSs [12].

Another prospect which allows chemists to designate intelligent
spacers for the efficient and controlled release of embedded drug is
the feasibility of selective functionalization of MSNs. Literature
review revealed that the convenient surface modification of
different MSNs could be played crucial role in the improving their
efficiency and intelligence as nano-DDSs [13]. Recently, MSNs with
three-dimensional cubic Ia3d symmetry consisting of two inter-
penetrating continuous networks of chiral channels have shown
lots of superiorities. Among 3D networks, KIT-6 which has
composed of two interwoven nano-channels similar to that found
in MCM-48 exhibited remarkable properties [14]. However; to the
best of our knowledge only a few reports are available on the
immobilization of biomolecules and drugs on organically modified
KIT-6 [15].

PEG (poly ethylene glycol) is water soluble, FDA-approved,
nontoxic, non-antigenic, non-immunogenic with no significant
interfere with the drug release [16]. PEGylation of DDSs has been
routinely used owing to their ability as an efficient manner to
enhance the permeability, retention effect, blood circulation, EPR
effect, and excellent colloidal stability in aqueous dispersions
[17e22]. In this manner, various investigations were achieved to
improve the drug delivery performance of different MSNs as DDSs
by PEGylation [23e27]. With regard to these reports, the intro-
duction of efficient and low-cost anticancer DDSs integrating three-
dimensional cubic Ia3d MSNs with various surface characteristics
would be of great significance. Therefore, focusing on the valuable
medicinal properties of curcumin and in continuation of our suc-
cessful experiences in the field of nanoporous materials [28];
herein, we present an efficient nano drug delivery system to
enhance the absorption and therapeutic level of curcumin in the
breast cancer. It was found that the guanidine functionalized
PEGylated KIT-6 is a good candidate for the breast cancer
treatment.

2. Material and methods

2.1. Chemicals, cell lines and cell culture

Pluronic P123 (EO20PO70EO20), tetraethoxysilane (TEOS, 98%), 3-
(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazotium bromide
(MTT), dimethyl sulfoxide (DMSO) and highly purified curcumin
were purchased from Sigma Aldrich. Phosphate buffer (20 mM, pH
7.8), EDTA, and corresponding salts used in this research were
purchased from Merck. Trypsin, culture medium
(DMEM ¼ Dulbecco's Modified Eagle's Medium), and supplements
were obtained from Gibco (Germany). Human mammary epithelial
(MCF10A), mouse breast cancer (4T1) and human breast adeno-
carcinoma (MCF-7) cell lines were obtained from Pasteur institute
of Iran.

All cell lines were grown in DMEMmedium supplemented with
10% (v/v) heat-inactivated fetal bovine serum (FBS), 2% L-glutamine,
2.7% sodium bicarbonate, 1% Hepes buffer, and 1% penicillin-
streptomycin solution (GPS, Sigma) at 37 �C in humidified atmo-
sphere with 5% CO2. All cells were trypsinized in the solution of
0.05% trypsin and seeded into 96-well micro-plates at the density
of 1 � 105 cells/well.

2.2. Characterization

The powder XRD spectrum was recorded at room temperature
with a Philips X'pert 1710 diffractometer using CuKa
(a ¼ 1.54056 Å) in Bragg-Brentano geometry (q-2q). The
morphologies of the products were observed using SEM (Hitachi S-
4800 II, Japan) equipped with energy dispersive X-ray spectros-
copy. The TEM experiments were performed on a Hitachi H-7650
(Tokyo, Japan) operating at an acceleration voltage of 80 kV. The IR
spectra were taken using Nicolet FT-IR Magna 550 spectrographs
with spectroscopic grade KBr. The surface areas were calculated by
BET method and the pore size distributions were calculated from
the adsorption branch of the isotherms using BJH method. The size
of the nanoparticles was assessed by dynamic light scattering
(Nano-ZS 90, Malvern Instrument, United Kingdom). The temper-
ature was kept at 25 �C during the measuring process and mea-
surements were recorded as the average of three test runs. The zeta
potential of the nanoparticles was measured in folded capillary
cells using Nanosizer (Zetasizer Nano ZS90, Malvern Instruments
Ltd., Malvern, UK).

2.3. Preparation of guanidine functionalized PEGylated KIT-6,
[Gu@PEGylated KIT-6]

2.3.1. Synthesis of KIT-6
KIT-6 was prepared according to the previous reported method

[29]. A mixture of Pluronic P123 tri block copolymer and n-BuOH
was used as structure-directing agents. The preparation of the KIT-
6 proceeded as follows: 4.0 g of P123 was dissolved in 144 g of DI
water and 7.9 g of 35 wt % HCl with stirring at 35 �C, and then 4.0 g
of n-BuOH was added at once. After 1 h, 8.6 g of TEOS was added to
this clear solution. This mixture was left under vigorous and con-
stant stirring at 35 �C for 24 h. Subsequently, the temperature was
increased to 100 �C and aged at the same temperature for 24 h
under static condition. The white precipitate product was filtered
without further washing and dried under vacuum at 100 �C over-
night. The template was removed via a brief EtOH/HCl washing
after calcination at 550 �C for 6 h.

2.3.2. Synthesis of [PEGylated KIT-6]
PEG600esilane was synthesized via the hydrogen-transfer

nucleophilic addition reaction between the end hydroxyl group of
PEG (MW ¼ 600) and the isocyanate group of 3-(triethoxysilyl)
propyl isocyanate (TESPIC) [25]. The probable adsorbed water in
purchased PEG was removed at 90 �C for 3 h in vacuum. Then
0.01 mol of dried PEG600 were completely dissolved into 50 mL of
dry pyridine with vigorous stirring under argon atmosphere at
70 �C. After stirring for 6 h, 0.01 mol of TESPIC was added into the
aforementioned mixed solution. After 24 h, the solvent was
removed by vacuum evaporation. The residue was washed three
times with n-hexane, and then recrystallized from EtOH at 0 �C. The
obtained white waxen PEG600esilane was filtered at 0 �C, and then
dried at room temperature in vacuum. Then a solution of 0.1 g of
PEG600esilane in 30 mL of EtOHwas added drop-wise to a vigorous
stirring solution of 25 mg of as-prepared KIT-6 in 30 mL EtOH/H2O
(1:2) and HCl (pH ¼ 4). After vigorous stirring for 24 h, the solution
was filtered off and washed thoroughly. The white residue was
dried at 100 �C in vacuum for 12 h to achieve [PEGylated KIT-6].

2.3.3. Synthesis of [Gu@PEGylated KIT-6]
4 mmol aminopropyltriethoxysilane (APTES) was added to a

suspension of 1 g of the previously [PEGylated KIT-6] in 30 mL
toluene. The suspension was gently stirred for 24 h under reflux
condition. The suspensionwas filtered off, washed and finally dried
under vacuum exhaustively to obtain aminopropyl functionalized
PEGylated KIT-6 [H2N-nPr-PEGylated KIT-6]. Then, [Gu@PEGylated
KIT-6] was prepared by stirring 0.5 g of [H2N-nPr-PEGylated KIT-6]
with 0.3 g (2.0 mmol) of 1-H-pyrazole-1-carboxamidine hydro-
chloride and 0.36 mL (2.1 mmol) diisopropyl ethylamine in 5 mL of
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DMF for 24 h. The resulting fine powder was centrifuged, washed
with EtOH and dried under vacuum for 20 h.

2.3.4. Drug loading into the surface of [Gu@PEGylated KIT-6]
To load CUR into the functionalized surface of the pores of

nanocarrier, a curcumin solution in acetone (3.0 � 10�3 M) was
added drop-wise to a 5 mg of [Gu@PEGylated KIT-6] and lived for
24 h under inert atmosphere. Finally the solid was centrifuged at
15,000 rpm for 5 min. Then, the collected solid was washed thor-
oughly with EtOH (30 mL) to rinse away any surplus curcumin and
dried under vacuum to achieve curcumin loaded [Gu@PEGylated
KIT-6] which was denoted as CUR@[Gu@PEGylated KIT-6] [30]. To
evaluate the CUR-loading efficiency, the supernatant and washed
solutions were collected and the residual CUR content was
measured by using UVevis measurement. The loading content (LC
%) and loading efficiency (LE %) of CUR can be calculated as follows:

SF loading contentð%Þ ¼ Weight of SF in MSN
Weight of MSN

� 100% (1)

SF loading efficiencyð%Þ ¼ Weight of SF in MSN
Weight of Free SF

� 100%

(2)

2.4. Analysis of loaded drug

2.4.1. Fluorescence stability
The fluorescence emission of curcumin was analyzed in diverse

biological medium to assess the capability and efficacy of the pre-
pared [Gu@PEGylated KIT-6] nanoparticles in drug protection. To
this purpose, ammonium buffer 20 mM (pH ¼ 9.25), phosphate
buffer 20 mM (pH ¼ 7.40), acetate buffer 20 mM (pH ¼ 4.75), and
cell culture Dulbecco's Modified Eagle's Medium (DMEM;
pH ¼ 7.40) were prepared. Then CUR@[Gu@PEGylated KIT-6] were
dispersed directly in the mediums at a concentration of 25 mg mL�1

(drug content equal to 5.43 mM). In addition, [Gu@PEGylated KIT-6]
and curcumin at the same concentration was used as a reference.
The fluorescence emission spectra were recorded from 420 to
700 nm.

2.4.2. In vitro drug release profile
1mg of the CUR loaded [Gu@PEGylated KIT-6] was poured into a

dialysis bag (Spectrapor, MW cutoff 3500 g mol�1) and put into
500 mL of phosphate buffer solution (PBS) (0.01 M, pH ¼ 7.4) and
citrate buffer (0.01 M, pH ¼ 5.4). The release assay was performed
at 37 �C using a shaking water bath (GFL, Burgwedel, Germany).
Sampling was performed at 0, 4, 8, 12, 24, 48, 72, 96, and 120 h
according to the sink condition. In each time point, 1 mL of the
sample was drawn out, freeze dried and dissolved in 2 mL of
methanol. Then, the samples were evaluated using fluorescence
spectroscopy to determine the quantity of the releasing curcumin.
To facilitate the exact estimation of the amount of curcumin
released from CUR@[Gu@PEGylated KIT-6], an identical standard of
curcumin (0e10 mg/mL) was prepared and the absorbance was
measured at 450 nm using the UVevis spectrometer. The accu-
mulated release was calculated using the following equation:

R ¼
V
Pn�i

i
Ci þ V0Cn

mdrug

Eq. (1). The equation to calculate the accumulated release of CUR
from CUR@[Gu@PEGylated KIT-6].
Where, R is the accumulated release (%), V is the sampling vol-
ume, V0 is the initial volume, Ci and Cn are the curcumin concen-
trations, i and n are the sampling times, and mdrug is the mass of
loaded curcumin into [Gu@PEGylated KIT-6].

2.4.3. Cell cultures and in vitro experiments
The human breast adenocarcinoma cell line (MCF-7) was kept in

DMEM F12 medium, supplemented with 10% FBS and 2 mM L-
glutamine and grown at 37 �C in a 5% CO2 atmosphere. For each run,
the dried CUR@[Gu@PEGylated KIT-6] nanoparticles were re-
suspended in the complete culture medium to give the final con-
centration of 10e60 mM, and then added to the cells. Stock solution
of curcumin (100 mM) were prepared in DMSO and diluted with
the culture medium to get the same amount of curcumin carried by
[Gu@PEGylated KIT-6] nanoparticles.

2.4.4. Determination of nanoparticles cytotoxicity
To rule out the toxicity of [Gu@PEGylated KIT-6] and CUR@

[Gu@PEGylated KIT-6] NPs, MTT assay was accomplished. The cells
(in culture medium) were dispensed in 96-well plates (100 mL in
each well containing 1 � 105 cells per well) for overnight till the
cells adhered to the wells. Then, the media was changed with
prepared concentrations of nanoparticles (included [Gu@PEGylated
KIT-6], [PEGylated KIT-6], [KIT-6], and CUR@[Gu@PEGylated KIT-6]
NPs) which dissolved in culture medium with the range of
10e60 mM. After 24, 48, and 72 h of exposure, the toxicity was
monitored by adding tetrazolium salt (4 h incubation). Afterward,
upper media were gently removed from all wells using a syringe
and 100 mL of DMSO were added to each wells and were shake on
an Eppendorf Thermo-mixer at 37 �C and 1200 rpm to dissolve all
crystals, after 10 min the samples were transferred to the ELISA
reader (power wave 300, Biotek, USA) and the optical density was
read using a test wavelength of 570 nm and a reference (back-
ground absorbance subtraction) wavelength of 690 nm.

2.4.5. Apoptosis measurement
Apoptosis was detected using Annexin V-FITC apoptosis detec-

tion Kit (Biovision, Inc.) and analyzed by flow cytometry. MCF-7 Cell
lines were seeded in 6-well plates (1.0� 105 cells per well) and 24 h
after plating, were incubated with 100 mg mL�1 CUR@[Gu@PEGy-
lated KIT-6] nanoparticles for 12, 24 and 48 h or left untreated as
control. Next, the cells were washed twice with cold PBS, then
carefully trypsinized to avoid mechanical damage of the membrane
and re-suspended in Annexin binding buffer in the presence of
Annexin VeFITC and propidium iodide (PI) stain. The sample
acquisitionwas performed using the flow cytometer (BD Bioscience
FACS, USA).

3. Results and discussion

3.1. Preparation and characterization of drug delivery system

The modified mesoporous solids including [Gu@PEGylated KIT-
6] and CUR@[Gu@PEGylated KIT-6] were prepared as shown in
Scheme 1. The prepared nanoparticles were comprehensively
characterized by XRD, N2 adsorption-desorption analysis, FT-IR,
TGA, TEM, and SEM. SEM and TEM were applied to recognize the
structural order and morphology of the pure mesoporous solid KIT-
6 (Fig. 1). As shown in TEM images, the synthesized KIT-6 possesses
an ordered cubically honeycomb-like network with uniform nano-
channels. The average pore diameters of the KIT-6 which estimated
from the TEM images, was about 7.5 nm, well agreeing with that
from the XRD patterns and N2 sorption analysis.

To confirm the ordered mesoporous frameworks, the XRD
experiment utilized as a very sensitive and applicable technique.



Scheme 1. The synthesis of CUR@[Gu@PEGylated KIT-6].
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The XRD patterns are shown in Fig. 2, and clearly are attributable to
the corresponding reflections of the 3D cubic symmetry of the
space group Ia3d. As shown, the sharp peak along with a distinct
shoulder peak due to the 211 and 220 diffractions has appeared at
2q ¼ 0.88� and 2q ¼ 0.96�, respectively. Another low intense
diffraction peak of higher order has appeared at 2q ¼ 1.67�, indi-
cating (332) reflection. Except for the expected decrease in the
peaks intensity, no significant changes were observed during the
post modification processes. The positions of XRD peaks remained
virtually fixed which proved the retention of the mesoporous
Fig. 1. TEM image (a), (b); and SEM image (c) of
structure of KIT-6 after functionalization. These XRD diffractograms
generally confirmed that [Gu@PEGylated KIT-6] were successfully
prepared for the desirable potential applications.

To quantify the porous nature of the particles, the N2 adsorp-
tionedesorption isotherm experiment was carried out. It has
revealed a high pore volume and surface area in the synthesized
KIT-6 (Fig. 3). The specific surface area of the calcined KIT-6 was
calculated by the multiple-point BET (BarretteJoynereHalenda)
around 834.61 m2 g�1. And its pore diameter distribution was
determined using BJH (BarretteJoynereHalenda) averaged ~7.5 nm
I3ad Mesoporous Silica Nanoparticles KIT-6.



Fig. 2. The XRD patterns of KIT-6 and CUR@[Gu@PEGylated KIT-6].

Fig. 3. N2 adsorption/desorption isotherm of a) KIT-6, b) [PEGylated-KIT-6], c)
[Gu@PEGylated KIT-6], d) CUR@[Gu@PEGylated KIT-6].
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and total pore volume ~1.81 cm3 g�1. Based on these results, the
surface area, pore volume, and pore size of functionalized KIT-6
samples were decreased (Table 1). Despite the decrease in the
adsorbed amount of N2, the shape of the hysteresis loop was
typically identical. This observation has confirmed that the pore
shape might not be significantly changed during the silane func-
tionalization and post modification process to prepare [Gu@PEGy-
lated KIT-6].

The presence of the guanidine and PEG groups on the meso-
porous framework after functionalization of KIT-6 and also the
successful immobilization of curcumin were confirmed by FT-IR
spectra (Fig. 4). The spectrum of [Gu@PEGylated KIT-6] exhibited
Table 1
BET and BJH analysis before and after functionalization.

Mesoporous material SBET (m2 g�1) Vtotal (cm3 g�1) Pore diameter
(nm) (BJH)

KIT-6 834.61 1.81 7.5
[PEGylated-KIT-6] 595.6 0.485 5.7
[Gu@PEGylated KIT-6] 355.3 0.398 3.9
CUR@[Gu@PEGylated KIT-6] 234.6 0.219 2.1
new peaks indicating the changes in the structure of KIT-6. As
shown in Fig 4b, after the reaction between PEG600esilane and KIT-
6, the resultant [Gu@PEGylated KIT-6] did not show any vibration at
2000e2500 cm�1 which confirmed the absence of the isocyanate
group. Meanwhile, two bands appeared at 1712 cm�1 and
1530 cm�1 which should be assigned to the carbonyl and amide
vibrations ineNHCOOe group, respectively. Moreover, another two
bands appeared at 1130 cm�1 and 780 cm�1, which are assigned to
SieOeSi and CeSi vibrations in silanes, respectively. The another
bands which appeared at 1667 cm�1 and 1430 cm�1, are assigned to
guanidyl and CeN vibrations, respectively.

In Fig. 5, the TGA analysis of [Gu@PEGylated KIT-6] showed a
first peak at 95 �C and second peak at 395 �C which related to the
desorption of water and loss of the organic spacer group, respec-
tively. Therefore, we can conclude that the loading of PEG was 20%
and the loading of guanidine functional onto KIT-6 was 25%
(~2.0 mmol g�1). The loading of guanidine functional onto KIT-6
was also confirmed by acid-base back titration and elemental
analysis. Also in the case of CUR@[Gu@PEGylated KIT-6], the TGA
analysis showed the weight loss about 89%, which is attributed to
the removal of curcumin, guanidine and PEG groups. Based on
these results, we found that the loading of the curcumin moiety
was 1.67 mmol g�1 of [Gu@PEGylated KIT-6].

The dynamic light scattering (DLS) and zeta-potential mea-
surements have also been carried out to determine the size dis-
tribution and surface charges of the non-modified and modified
NPs .The zeta potential, which arises from the existence of charge
on the particle surfaces, is the electrostatic potential at the slipping
plane in the electrical double layer separating the thin layer of
liquid bound to the matrix surface. The reported zeta potential for
non-functionalized KIT-6-type MSNs is highly negative as expected
from the low isoelectric point (pH ¼ 2e3) of pure silica. In com-
parison, zeta potential measurements showed that the negatively
charge of MSNs became slightly positively charged (3.3 mV) after
PEGylation, and the existence of guanidine in the nanoparticles of
[Gu@PEGylated KIT-6] is reflected by a strongly positive zeta po-
tential of the particles, i.e. 24 ± 5 mV which arises from the fully
ionization of the guanidine groups at physiological pH (Fig. 6a, b).
Particle size distribution of PEGylated KIT-6-type MSNs and
[Gu@PEGylated KIT-6] in PBS solutionmeasured by DLS is relatively
narrow particle size distribution (mean dimmer ¼ 64.06 ± 15.2,
Fig. 4. FT-IR spectra of a) curcumin, b) [Gu@PEGylated KIT-6], and c) CUR@[Gu@PE-
Gylated KIT-6].



Fig. 5. TGA analysis of KIT-6, [Gu@PEGylated KIT-6], and CUR@[Gu@PEGylated KIT-6].
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PDI ¼ 0.025) and same measurements for [Gu@PEGylated KIT-6]
showed mean dimmer ¼ 68.85 ± 21.62 PDI ¼ 0.065 (Fig. 6c, d).
Therefore, the DLS and TEM data indicate that this polymer coating
procedure can avoid the agglomeration of the nanoparticles into
the larger (micrometer-scale) aggregates, which is a critical factor
in biomedicine applications.

As it is known, the affinity of the guanidine functional groups to
carbonyl functional groups in curcumin can form the CUR@
[Gu@PEGylated KIT-6] complex by the electrostatic interaction,
Fig. 6. The zeta-potentials of a) PEGylated KIT-6, b) [Gu@PEGylated KIT
which can enhance the loading of drug into the MSN's pores. We
first investigated the drug-loading capacity of the [Gu@PEGylated
KIT-6] by determining the total amount of loaded drug. We then
determined the loading content (LC %) of CUR at different weight
ratios of CUR/[Gu@PEGylated KIT-6]. The maximum LC% of 50% is
reached at the CUR concentration of 1.0 mg mL�1.

Finally, the efficacy and capability of [Gu@PEGylated KIT-6] NPs
were investigated in the releasing of curcumin, under different pH
conditions including phosphate buffer (0.01 M, pH ¼ 7.4) and cit-
rate buffer (0.01 M, pH ¼ 5.4) at 37 �C [31]. The amount of released
curcumin from [Gu@PEGylated KIT-6] NPs was determined by
measuring the fluorescence emission intensity of the supernatant
at different pH values. As shown in Fig. 7 the profiles of the release
process were expressed based on the weight percentages of cur-
cumin at the different pH values. According to the release curves,
curcumin release from the nanoparticles over a 96 h period and this
time was slower at pH ¼ 7.4 in comparison to pH ¼ 5.4, and in the
comparison with the release profiles of free curcumin, there are
similar release profiles at pH ¼ 7.4 and 5.4. Under the studied
conditions, in 48 h 41.19% and 82.26% of loaded curcumin was
released at pH ¼ 7.4 and 5.4, respectively. After 72 h, 45.23% and
97.75% and after 120 h, 52.41% and approximately 100% of loaded
curcumin was released at pH ¼ 7.4 and 5.4, respectively. These
results strongly indicated that the acidic protons effectively cleaved
the hydrogen bonds between curcumin and the guanidyl group
attached onto the surface of MSN. As a result, the pH values of the
medium has pivotal role in the release rate of curcumin from
-6]; and DLS of c) PEGylated KIT-6, and d) [Gu@PEGylated KIT-6].



Fig. 7. In vitro release profiles of CUR@[Gu@PEGylated KIT-6] at pH 7.4 and pH 5.4; all
experiments were performed at 37 �C. Data represent mean values ± SD (n ¼ 3).
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[Gu@PEGylated KIT-6]. It is notable that the amount of curcumin
released from Cur@[Gu@PEGylated KIT-6] can be efficiently
controlled by the acidity of medium.

We originally determined the toxicity of curcumin on MCF7 and
4T1 cancerous cell lines as well as human mammary epithelial
(MCF10A). As shown in Fig. 8, CUR@[Gu@PEGylated KIT-6] signifi-
cantly suppresses the proliferation of MCF7 and 4T1 cancerous cell
lines in a dose and time-dependent manner in comparisonwith the
pure curcumin and [Gu@PEGylated KIT-6] NPs (Pb < 0.01). The IC50
value of CUR@[Gu@PEGylated KIT-6] for MCF7 cell lines within 24 h
Fig. 8. The cytotoxicity effects of a) curcumin, b) CUR@[Gu@PEGylated KIT-6], c) KIT-6, and
were measured.
were 27.4 mM which reduced to 19.5 mM in 48 h. The IC50 values of
CUR@[Gu@PEGylated KIT-6] for 4T1 cells were slightly different
and were equal to 29.11 mM for 24 h and decreased to 14.68 mM for
48 h. In contrast, the same concentrations of CUR@[Gu@PEGylated
KIT-6] did not affect the proliferation of MCF10A cells. Furthermore,
[Gu@PEGylated KIT-6], [PEGylated KIT-6], and [KIT-6] NPs did not
show any side effects on the cell lines even at concentration of
60 mM, which in turn confirms the safety use of these nanoporous
materials on the mouse and human cell lines. The experiments
were separately done in triplicate for the three cell lines.

To determine the cytotoxic effect of CUR@[Gu@PEGylated KIT-6]
NPs on MCF-7 cells, flow cytometry was performed at 12, 24 and
48 h after treatments. The percentage of live cells (A�/PI�) was
89.0% after 12 h significantly decreased to 73.2% after 24 h and
7.62% after 48 h which indicates the powerful cytotoxicity of
designed curcumin loaded nanoparticles. Apoptosis rate for early
apoptosis (Aþ/PI�) was 9.97%, 20.0% and 69.8% at 12, 24 and 48 h,
respectively and it was 0.878%, 2.53% and 17.4% for late apoptosis
(Aþ/PIþ). These results suggested that rate of total apoptosis
significantly increased by passing time and this increase is more
considerable in the case of early apoptosis which proves the
effective function of NPs in modifying the cytotoxic effects of cur-
cumin. Percentage of necrotic cells (A�/PIþ) was also increased at
hour 48 in comparison to hours 24 and 12 (Fig. 9).
3.2. Cell internalization

In order to cell internalization study of CUR@[Gu@PEGylated
KIT-6] and free curcumin, MCF-7 cells were plated in 100 mm
d)[Gu@PEGylated KIT-6] on the cancerous and normal cells (MCF7, 4T1 and MCF10A)



Fig. 9. The apoptosis induction by CUR@[Gu@PEGylated KIT-6] on MCF7 cell line.

Fig. 10. The intracellular uptake of CUR@[Gu@PEGylated KIT-6]; (a) CUR@[Gu@PEGylated KIT-6] and (b) free CUR were dispersed in PBS to a final concentration of 200 mM and
visualized. MCF-7 cells were treated with 15 mM CUR@[Gu@PEGylated KIT-6] or free CUR and checked with light and U.V. microscopy. CUR crystals with different sizes are observed
as dark and bright spots under light and U.V. microscope, respectively. CUR@[Gu@PEGylated KIT-6] is observed only under U.V. microscope as dispersed plots especially inside the
cells (400� magnification).
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dishes and allowed to grow to 50% confluency. Thereafter, the cells
were incubated with 15 mM CUR@[Gu@PEGylated KIT-6] as well as
free CUR for 4e6 h. The samples were washed twice with PBS
before visualizing by fluorescence microscopy. The homogenized
feature of CUR@[Gu@PEGylated KIT-6] configuration recognized in
images of light and UV microscopy (Fig. 10). Meanwhile, free cur-
cumin aggregated as crystal bodies with different sizes. Also, the
absorbance spectrum of CUR@[Gu@PEGylated KIT-6] did not shift
in excitation/emission compared to curcumin dissolved in PBS or
1% methanol (data not shown). To evaluate the cell internalization
of free curcumin and its nano version, fluorescence microscopy was
performed after 5 h of treating with 15 mM CUR@[Gu@PEGylated
KIT-6] and free curcumin.

4. Conclusion

There is significant interest to develop novel and efficient DDSs
to augment currently available treatment protocols, which may
allow decreased side effects and toxicity without compromising
therapeutic efficacy. Curcumin is one such potential candidate, and
this report presents design and synthesis of a novel and robust
nanoporous carrier for the smart delivering of curcumin and
investigates its therapeutic activity in the breast cancer. Curcumin
loaded [Gu@PEGylated KIT-6] nanoparticles has been prepared and
utilized as an efficient and salient anticancer drug delivery system
with pH-responsive controlled characteristics and highly pro-
grammed release which led to the satisfactory results in the in vitro
breast cancer therapy. [Gu@PEGylated KIT-6] nanoparticles as a
nanoporous carrier have exhibited extraordinarily high loading
capacity and loading efficiency about 50% and 100%. Our obtained
results depicted that the pure nanoparticles have no cytotoxicity
against normal cells. The saliency of the [Gu@PEGylated KIT-6]
nanoparticles include biocompatibility, high loading efficiency,
controllability, and penetrability make it a robust and noticeable
tool for a vast range of potential applications in biomedicine. The
applicability of the current systems is currently under investigation
in related fields which will be reported in due course.
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