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Abstract The motive of the at hand exploration was

to contrive a proficient innovative pH-responsive

nanocarrier designed for an anti-neoplastic agent that

not only owns competent loading capacity but also

talented to liberate the drug at the specific site. pH

sensitive hollow mesoporous silica nanoparticles

(*MSN) have been synthesized by sequence of

chemical reconstruction with an average particle size

of 120 nm. *MSN reveal noteworthy biocompatibil-

ity and efficient drug loading magnitude. Active

molecules such as Doxorubicin (DOX) can be stocked

and set free from the pore vacuities of *MSN by

tuning the pH of the medium. The loading extent of

*MSN was found up to 81.4 wt% at pH 7.8. At mild

acidic pH, DOX is steadily released from the pores of

*MSN. Both, the nitrogen adsorption–desorption

isotherms and X-ray diffraction patterns reflects that

this system holds remarkable stable mesostructure.

Additionally, the outcomes of cytotoxicity assessment

further establish the potential of *MSN as a relevant

drug transporter which can be thought over an

appealing choice to a polymeric delivery system.
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Introduction

In the recent decades, conspicuous progression in the

groundwork of drug delivery has been made owing to

their inordinate aptitude to ameliorate therapeutic

demand of pharmacologically active molecules at the

goal site, particularly in cancer therapy (Khaled et al.

2005; Tasciotti et al. 2008; Pandey et al. 2011). The

most frequently used traditional dosage format has

flaws, such as miserable solubility and biodistribution,

swift clearance of the drug from desired location,

tissue devastation on extravasation, and unspecific

uptake of normal cells, that limits the desired

pharmacological action of the drug candidate. These

impediments can be worked out by bringing in a

relevant delivery system that mends the pharmacoki-

netic criterions of the drug substance and supervises its

release rate in response to internal or external stimuli.

To escort the sturdy tissues/organs such as kidney,

liver, bone marrow, and heart from the noxious drugs
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and to avert the denaturing of the drugs prior to

arriving the aimed intracellular and intra nuclear

terrains, the stimuli-responsive ‘‘SMART’’ drug deliv-

ery porters have been immensely designed (Besseling

et al. 1998; Stuart et al. 2010; Tang et al. 2011; Carmen

et al. 2013). These ‘‘SMART’’ drug-delivery systems

are prone to a swift response toward the fluctuations of

regional ambience, such as temperature (Schmaljoh-

ann 2006), pH (Liu and Eisenberg 2003; Liu et al.

2006; Liao et al. 2011), light (Qiu and Park 2001),

redox-regulated nanovalves grounded on mesostruc-

tured thin films for release of luminescent molecules

(Lai et al. 2003; Mal et al. 2003; Hernandez et al. 2004;

Yoo and Pak 2013), and magnetic field (Medeiros

et al. 2011). All of these materials are smart only

because they are ‘‘Specific and Measurable Agents to

Reach the Target site’’.

Mesoporous silica nanoparticles (MSN) hold illus-

trious vow for a diversity of implementations and have

come out as vehicles or reservoirs in a wide assortment

of domains such as drug delivery (Vallet-Regi et al.

2001; Mou et al. 2008; Slowing et al. 2008; Lee et al.

2010; Manzano and Vallet-Regi 2010), adsorption and

heterogeneous catalysis (Rao et al. 1997; Lim et al.

1998; Chen et al. 2003; Pere-Quintanilla et al. 2007),

Biosensors (Radu et al. 2004; Trewyn et al. 2007), etc.

Attainments are continuous to optimize their porous

parameters, such as enhancement of pore volume or pore

size, with the aspiration of considerably progressing the

storage magnitude of cargoes, or promoting the host–

guest specific interaction for the premeditated objective.

Various approaches have been developed to syn-

thesize pH-responsive MSN-based nanocarriers for

drug delivery. A supramolecular system with pH-

responsive nanovalves annexed to the surface of MSN

was developed (Angelos et al. 2008; Zhao et al. 2010;

Meng et al. 2010). Martinez-Manez illustrated a

mesoporous material embodying functional moieties

of polyalcohol and boronic acid groups, which enabled

‘‘open-close’’ of the system by restraining pH (Aznar

et al. 2009). Yang et al. notified a smart pH-responsive

drug carrier founded on carboxylic acid modified

SBA-15 silica rods (Yang et al. 2005). Poly(acrylic

acid) and poly(methacrylic acid) chains were addi-

tionally spliced onto the surface of MSN to serve as pH

sensitive gatekeeper (Hong et al. 2009; Gao et al.

2009). In addition, Sun et al. (2010) affixed poly(2-

diethylaminoethyl methacry-late) (PDEAEMA) shells

onto the exterior surface of MSN via surface-initiated

atom transfer radical polymerization (ATRP) to whip

up a novel nanodevice with MSN cores as drug

carriers and pH-responsive PDEAEMA shells as smart

nanovalves.

Herein, we report smart pH-responsive carrier

system (*MSN), based on interaction between car-

boxylic group of hollow mesoporous silica nanopar-

ticles (CmMSN) and poly(2-diethylamino ethyl

methacrylate) (PDEA), for the storage and smart

release of drug molecules from pH sensitive orifice of

the mesopores (Fig. 1).

Experimental section

Material

The entire chemical used in the study was of analytical

grade. Cetyl trimethyl ammonium bromide (CTAB),

Tetra ethyl orthosilicate (TEOS), and Poly(lactide-co-

glycolides) (PLGA) were purchased from Scientific

supplier (Gwalior, India). Doxorubicin in the form of its

hydrochloride salt (DOX) was obtained from R.P.G.

Life Sciences limited (Maharashtra, India). The entire

reagents were used as purchased without further

purification. Water used in the experiment was purified

by Milli-Q system to a resistivity of 18.2 mX.cm.

Preparation of hollow mesoporous silica

nanoparticles

Initially, the Poly(lactide co-glycolides) (PLGA) nano-

spheres were prepared by conventional emulsification/

H+

OH-

Storage Release

= Cation of PDEA
= Triethoxysilanyl Octadecenoic anion (COO )-

= Triethoxysilanyl Octadecenoic acid (COOH)

Doxorubicin

Fig. 1 Schematic representation of pH-responsive hollow

mesoporous silica nanoparticles. The pH-controlled system is

based on the interaction between negative carboxylic acid

modified hollow mesoporous silica nanoparticles (CmMSN)

with Polycations (PDEA)
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solvent evaporation method (Park et al. 2003). The

size of nanospheres is controlled by changing the

molar ratio of PLGA, potassium persulfate (KPS), and

CTAB. Hollow mesoporous silica nanoparticles

(*MSN) were prepared using PLGA nanospheres as

the core template and CTAB as structure-directing

agent (Jiao et al. 2012). Briefly, 0.57 g of synthesized

nanospheres having average diameter of 84 nm were

dispersed uniformly in a mixed solution of ethanol

(20 mL) and deionized water (50 mL). 10 mL of

deionized water containing 0.3 g of CTAB was added.

The mixture was stirred quickly for 30 min at 40 �C.

Finally, 0.85 mL of aqueous ammonia solution

(25 wt%) and 1.16 mL of tetraethyoxysilane (TEOS)

were successively added to the above mixture. The

reaction was carried out for 24 h. After several

washing with water and ethanol, the products were

refluxed in the ethanol solution of NH4NO3 (10 mg/

mL) at 80 �C for 3 h to remove the surfactant (CTAB).

The synthesized product was centrifuged and washed

with ethanol three times and dried under vacuum

(Yamato Vacuum Drying Oven, ADP200/300) at

150 �C for 3 h.

Synthesis of carboxylic acid modified hollow

mesoporous silica nanoparticles (CmMSN)

CmMSN were prepared by functionalization of the

surface of hollow mesoporous silica nanoparticles by

triethoxysilanyl octadecenoic acid ethyl ester. Briefly, in

2 g of obtained dried sample of hollow mesoporous

silica nanoparticles, 20 mL of dry toluene and 0.35 g of

triethoxysilanyl octadecenoic acid ethyl ester were

added and stirring at room temperature for 15 min.

Toluene was evaporated by a rotary evaporator at 80 �C

for 2 h, and the resulting material was dried under

vacuum at 150 �C for 12 h. The obtained sample was

placed in a round-bottom flask containing a bar magnetic

stirring, equipped with a reflux condenser under nitro-

gen, followed by addition of dry CH3CN (60 mL) and

AlI3 (0.2 g). After heating at 85 �C for 4 h, the mixture

was cooled to ambient temperature, followed by filtra-

tion, washing with fresh Acetonitrile, and stirring with

10 % HCl for 1 h. After filtration, washing, and drying

at room temperature for 24 h, carboxylic acid modified

mesoporous silica nanoparticles were obtained.

pH-Controlled drug storage-release study

DOX was dissolved in distilled water at a concentration

of 1 mg/mL. CmMSN (5 mg) were ultrasonically dis-

persed in 1 ml of the DOX solution. The mixture was

stirred at room temperature for 24 h. After addition of

PDEA (5 wt% in water, 2.5 mg), the pH value of the

solution was adjusted to 7.8, and the solution was stirred

for 3 h at room temperature. After filtration, washing

with water three times for removal of DOX outside of

mesopores and drying under vacuum at room tempera-

ture for 4 h, the DOX-loaded sample (DOX@MSN) was

obtained. In comparison, another sample was prepared in

the absence of PDEA. The mass of DOX loaded in the

synthesized nanoparticles was analyzed by UV–Vis at a

wavelength of 480 nm. The drug loading content and

entrapment efficiency were calculated using the Eqs. (1)

and (2), respectively (Tang et al. 2011; Jiao et al. 2012).

A series of DOX-loaded sample were, respectively,

dispersed in 2 mL of phosphate buffer saline (PBS)

solutions of different pH values (2.0 and 6.5), and the

samples were transferred into dialysis bags (molecular

weight cut off 5,000). Then, the dialysis bags were

kept in a 250-mL lucifugal sink with 200 mL of PBS

(pH 2.0 or 6.5) and gently stirred at 37 �C. At timed

intervals, 2 mL of the solution was extracted period-

ically, and then 2 mL of fresh PBS was added to keep

the volume constant. The amount of released drug was

analyzed by UV–Vis, and all released results were

averaged over three measurements

Characterization

Nanoparticles size distribution (polydispersity index)

and zeta potential (f) were determined using photon

Loading content ð% Þ ¼ Initial amount of DOX� supernatant free amount of DOX

DOX loaded composite nanospheres
� 100 ð1Þ

Entrapment efficiency ð% Þ ¼ Initial amount of DOX� supernatant free amount of DOX

initial amount of drug
� 100 ð2Þ
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correlation spectroscopy (Zetasizer, Beckman Coulter

Inc., Delsa Nano 4C). The size distribution analysis

was performed at a scattering angle of 90� and at a

temperature of 25 �C using samples appropriately

diluted with filtered water (0.2 lm filter; Minisart,

Germany), whereas zeta potential was measured using

a disposable zeta cuvette. All measurements were

performed in triplicate (n = 3), and the standard

deviation (SD) was recorded. The entrapment effi-

ciency of *MSN was determined by the separation of

drug-loaded nanospheres from the aqueous medium

containing non-associated DOX by ultracentrifugation

(REMI high speed, cooling centrifuge, REMI Corpo-

ration, India) at 20,000 rpm at 4 �C for 30 min. The

amount of DOX encapsulated into the nanospheres

was calculated as the difference between the total

amounts used to prepare the nanospheres and the

amount that was found in the supernatant. The amount

of free DOX in the supernatant was measured

spectrophotometrically at 480 nm. UV–Vis spectra

were obtained using a Perkin-Elmer Lambda 35

spectrophotometer. Modified nanosperes were visual-

ized using a JEOL 6700F ultra high resolution

scanning electron microscope (SEM). Fourier trans-

form infrared spectroscopy (FTIR) measurements

were performed with a Nicolet Impact 410 FT-IR

spectrometer. A total of 2 % (w/w) of sample, with

respect to the potassium bromide (KBr; S.D. Fine

Chem. Ltd., Mumbai, India) disk, were mixed with dry

KBr. The mixture was ground into fine powder using

an agate mortar before compressing into KBr disk

under a hydraulic press at 10,000 psi. Each KBr disk

was scanned at 4 mm/s at resolution of 2 cm over a

wave number region of 400–4,000 cm-1 using IR

solution software (ver. 1.10). The characteristic peaks

were recorded for different samples. Thermo gravi-

metric analysis (TGA) was used to measures the

amount and rate of change in the weight of a material

as a function of temperature in a controlled atmo-

sphere. TGA thermograms of different samples were

obtained using an automatic thermal analyzer system

(Diamond TG/DTA 8.0, Perkin-Elmer, USA). Sam-

ples were crimped in standard aluminum pans and

heated from 100 to 800 �C at a heating rate of

10 �C/min under constant purging of dry nitrogen at

20 ml/min. An empty pan, sealed in the same way as

the sample, was used as a reference. X-ray diffraction

(XRD) patterns were obtained with a Siemens D 5005

diffractometer using Cu Ka radiation. Nitrogen

adsorption–desorption isotherms were obtained on a

Micromeritics Tristar 3000 pore analyzer at 77 K

under continuous adsorption conditions.

Cytotoxicity assays

A human cervical cancer cell line (HeLa cells) was

used to evaluate the cytotoxicity of *MSN and

DOX@ *MSN. HeLa cells were cultured in a RPMI-

1640 medium supplemented with 10 % (v/v) fetal

bovine serum, 2 mM L-glutamine, 100 U/mL penicil-

lin, and 100 U/mL streptomycin at 37 �C and

5 % CO2. The cytotoxicity was assessed using MTT

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium

bromide) assay. Cells were seeded into 96-well

microtiter plates at the density of 20,000 cells per

well. After incubation for 24 h, the medium was

aspirated, and various concentrations of samples (free

DOX and DOX@ *MSN) in fresh cell growth

medium were added. Control cells were added with

equivalent volume of fresh media. Cells were cultured

for 24 h before the cell viability assay was performed.

The old medium was removed, and 100 lL of fresh

medium and 10 lL of a 5-mg/mL MTT solution were

added to each well. Plates were then incubated under

cell culture conditions for 4 h. The old medium was

aspirated, and 100 lL DMSO was added to dissolve

the formazan crystals. The absorbance of each sample

was measured at 570 nm.

Result and discussion

Preparation and characterization of CmMSN

As describe in experimental section, the sample is

prepared by grafting of triethoxysilanyl Octadecenoic

acid ethyl ester with the synthesized hollow mesopor-

ous silica nanoparticles, refluxing in CH3CN in the

presence of AlI3, and heating at 80 �C in ethanol. After

interaction between surface silanol of mesoporous

silica naoparticles with triethoxysilanyl Octadecenoic

acid ethyl ester, the acid ethyl ester species attached on

the pore outlets of as-synthesized CmMSN, as

evidenced by an IR band at 1,735 cm-1 assigned to

C=O species of ether (Fig. 2a). After refluxing in

CH3CN and AlI-3, a new band at 1,712 cm-1 appears,

which is associated with C=O species of the acid

(Fig. 2b). These results indicate that the acid ethyl
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ester groups modified on as-synthesized CmMSN are

cleaved to carboxylic acidic groups. Hollow meso-

porous silica nanoparticles show much simpler IR

spectra (Fig. 2c). The main peak appears at

1,055 cm-1 due to the Si–O stretching vibration

which implies that CTAB and PLGA are completely

removed. Finally, CmMSN with a large amount of

core volume are successfully prepared. Scanning

electron microscopy image (Fig. 3) of sample shows

the poly-dispersed hollow core with average diameter

of about 120 nm. The polydispersity index (Fig. 4) of

these CmMSN is approximately 0.05, suggesting a

high size uniformity in these products measured by

dynamic light scattering (DLS). As a typical guest

molecule, DOX is used to study the efficiency of this

pH-responsive carrier system. After the PDEA solu-

tion is mixed with the carboxylic acid modified hollow

mesoporous silica nanoparticles and DOX, the drug-

loaded sample (DOX@ *MSN) is obtained. Nitrogen

adsorption–desorption isothems (Fig. 5) also provide

direct evidences of storage-release efficacy of the pH-

controlled carrier system and indicative of a meso-

porous character of *MSN. Sample exhibits a typical

type IV isotherm, giving a large pore volume

(1.07 cm3 g-1), surface area 962 m2 g-1, and narrow

pore size 2.7 nm, calculated by the Barret-Joyner-

Halenda (BJH) method (Fig. 6). After loading of

DOX, Nitrogen adsorption–desorption isothems still

shows a type IV isotherm, but its pore volume

(0.53 cm3 g-1), surface area (467 m2 g-1), and pore

size distribution (1.9 nm) are drastically decreased,

which should be attributed directly to DOX stored in

the hollow core of the sample. Very interestingly, after

DOX has been released, the sample still shows a

typical IV isotherm, and its pore volume

(0.83 cm3 g-1), surface area (916 m2 g-1), and pore

size (2.7 nm) are obtained. All results mentioned

above further demonstrate that this system is efficient

for storage and release of DOX, and the mesostructure

in this system is stable for drug delivery.

Figure 7, thermogravimetric analysis (TGA) was

used to evaluate the organic residue in the resulting

CmMSN. The CmMSN without the template removed

give a weight loss of up to 43.2 % as a result of the

Fig. 2 FT-IR spectra of carboxylic acid modified mesoporous

silica nanoparticles (CmMSN). (a) C=O of ether, (b) C=O of

acid, and (c) hollow mesoporous silica nanoparticles
Fig. 3 SEM micrograph of carboxylic acid modified mesopor-

ous silica nanoparticles (CmMSN)

Fig. 4 DLS curve of carboxylic acid modified mesoporous

silica nanoparticles (CmMSN)
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presence of the PLGA and CTAB templates. Upon

treatment with the ethanol solution of NH4NO3 for

30 min, the obtained particles show a weight loss of

14.2 %, and when the processing time was prolonged

by 6 h, their weight loss is just 13.3 % which is almost

invariant when compared with the former. The

additional weight loss is attributed to the dehydroxy-

lation of Si–OH groups. As a result, it is believed that

the template removal process, wherein the PLGA

cores are dissolved in the solution accompanied by the

CTAB removal through ion exchange, can be very

quickly completed within 30 min.

Effect of pH and ionic strength on the stability

of the *MSN

To investigate the pH-dependent behavior of the

*MSN, the pH values of the dispersed medium were

changed from 3 to 8. Figure 8 exhibited the alteration

tendency of zeta potentials and hydrodynamic diam-

eters of *MSN as a function of pH values. The trend

of zeta potential showed a monotonous shape

(Fig. 8b), while the hydrodynamic size showed a

parabola shape (Fig. 8a) with pH variation. Similar

results were demonstrated in the early report (Hu et al.

2005). Figure 8a demonstrated that the hydrodynamic

size reached a minimum at pH 6.5. Above pH 4.0, the

zeta potential was found to be negative, and the pH

was higher than the pKa of Octadecenoic acid. Below

pH 4.0, the zeta potential got close to zero, and the

repulsion among nanospheres was weaken leading to

the aggregation of the nanospheres, so dramatic

increase of the hydrodynamic diameter was observed.

The above results were very important since it not only

proved the pH-responsive property of *MSN, but

also indicated that the synthesized *MSN were stable

in the pH range of 5–8 and by controlling pH values,

surface charges, and hydrodynamic size can be easily

controlled, which are very important for their appli-

cation in drug-delivery system.

Salt concentration also has a great influence on the

stability of the *MSN, so it is important to examine

the stability of the modified nanospheres at different

NaCl concentrations. In Table 1, it can be found that

Fig. 5 Nitrogen adsorption/desorption isotherm of sample A-1

(*MSN before drug loading), A-2 (*MSN after drug loading),

and A-3 (*MSN after drug release)

Fig. 6 Pore size distribution of pH sensitive hollow mesopor-

ous silica nanoparticles (*MSN) obtained by BJH method

Fig. 7 TGA Thermogram of (a) CmMSN without the template

removed (b) product collected after CmMSN was processed in

the ethanol solution of NH4NO3 after 6 h
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the hydrodynamic diameters of the modified nano-

spheres just had a slight increase when the salt

concentrations increased from 0.01 to 1.0 M. Above

0.60 M, the hydrodynamic diameters of the *MSN

increased rapidly together with the polydispersity

indexes because more salt would screen the electro-

static charges on the surface of the carboxylic acid

modified nanospheres (Stuart et al. 1998), leading to

the destabilization of nanospheres. The useful con-

clusion was that the *MSN were stable in the

physiological saline (0.15 M NaCl) and were prom-

ising for the further application as drug vehicles.

DOX loading and release study

With the potential application in drug delivery, the

CmMSN nanospheres were loaded with DOX for 24 h

at 25 �C, and ultimately afforded DOX loading

contents were found to be 18.4 ± 0.5 wt%, and their

entrapment efficiencies were estimated to be 81.4 ±

2 wt%. To investigate pH-responsive release of this

system, the DOX-loaded sample (DOX@ *MSN) is

immersed in water at different pH values, and the mass

transport from *MSN to the solution was detected by

UV spectrophotometer. Figure 9 shows the level of

DOX released from sample at pH 2.0–pH 7.5 over the

same time period (30 min). Obviously, the released

amounts of DOX from *MSN are stepwise from 8 to

86 % by adjusting the pH values from 7.4 to 2.0, which

shows that the environment sensitive pores in the

system are gradually opened. As shown in Fig. 1,

polycations (PDEA) polymer binds to anionic

CmMSN by oppositely charged ionic interaction and

gate closed for storage of drugs in the mesopores.

When ionized carboxylic acid species (COO-) are

transformed into unionized form (COOH) in acidic

medium, polycations are separated from the surface of

*MSN, leading to opening of the mesopores for the

release of drugs. Actually, interaction between poly-

cations (PDEA) and anionic CmMSN is weakening

with increasing acidity.

It is well known that the micro-environment around

tumor tissues and other inflamed tissues in the body

tends to be more acidic, relative to the normal tissues

(pH 7.4). The release behaviors of *MSN were tested

at different pH values. As a control, the release curves

of pure DOX solution in the dialysis bag at different

pH values were determined first. The results show that

the release trends of pure DOX in the dialysis bag at

pH 2.0, 4.5, 6.5, and 7.4 have no distinct differences,

and most of the DOX can be released in 1 h. So the

dialysis bag did not interfere in the release trends of

drug. Figure 10 shows the dependence of the released

amount of DOX from the sample on time at pH values

Fig. 8 The size (a) and zeta potential (b) of pH sensitive hollow

mesoporous silica nanoparticles (*MSN) at different pH values

Table 1 Particle size and size distribution of hollow meso-

porous silica nanoparticles at pH 7.4

NaCl concentration (mol/L) Diametera (nm) PIb

0.10 180 0.04

0.20 180 0.04

0.30 183 0.08

0.60 184 0.06

1.00 189 0.1

a The diameter was determined at 25 �C by DLS
b PI polydispersity index, PI = (l2)/T2

Fig. 9 Release amount of DOX from the sample at various pH

values in 30 min
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of 2.0, 4.5, and 6.5, respectively. Notably, the release

rate is very fast at pH 2.0, and the amount basically

reaches a maximum value of 90 wt% at 30 min

possibly, in this case, there is not any negative charge

on CmMSN. Therefore, PDEA with a positive charge

will be separated from the surface of CmMSN, and

then the state of the gates around the pores is

completely opened. On the contrary, at pH 6.5, the

release amount is quite low and remains essentially

constant (10 wt%), which suggests that the state of the

gates around the pores is almost closed due to a strong

interaction between the negative group (COO-) and

the positive group of PDEA. It is very interesting to

note that there is a steady release with stepwise

increasing from 35.4 to 80.2 wt% during 4 h when at

pH 4.5. This result indicates that drug delivery in our

system at a mildly acidic pH value such as pH 4.5 may

be long-lived and continuous, which is helpful for

maintaining the concentration of drugs in the certain

sites of the body within the optimum range.

XRD patterns

Figure 11 shows the XRD patterns of sample A-1

(*MSN before drug loading), A-2 (*MSN after

drug loading), and A-3 (*MSN after drug release)

for *MSN, only a single broad peak was observed

at 20�–30� confirming the formation of amorphous

silica material. Obviously, these samples almost

retain the same value and intensity of the d100

peaks, which indicates that DOX storage and release

do not damage the ordered mesostructure in this

system. It is well known that ordered mesoporous

silica materials have good hydrothermal and chem-

ical stability. Therefore, the carrier system based on

the CmMSN will be considered an interesting

alternative to the polymeric delivery system which

suffers from limitations including poor thermal and

chemical stability.

In-vitro cytotoxicity assays

The in-vitro cytotoxicity of *MSN to HeLa cells was

investigated by MTT assay. When the pure *MSN

were 0.1, 1, 10, and 100 lg/mL, the cell viabilities

were 100 ± 5, 100 ± 5, 96 ± 5, and 96 ± 4 % for

24 h, respectively. The blank carrier (*MSN) showed

no cytotoxicity on the HeLa cells even at the

concentration of 100 lg/mL, this proves that the

*MSN carriers are biocompatible nanospheres.

When the HeLa cells were treated with either the

suspension of DOX@ *MSN or a solution of pure

DOX, significant decrease in the cancer cell viability

was observed (Fig. 12). Furthermore, it was also seen

that the DOX-loaded sample showed higher cytotox-

icity than free DOX at the same dose. Also, the IC50

value (the concentration of drugs required to reduce

cell growth by 50 %) for HeLa cells was determined to

be 1.1 lg/mL for free DOX and 0.5 lg/mL for DOX@

*MSN, respectively, so DOX@ *MSN showed a

more efficient cytotoxicity than pure DOX to HeLa

cells.

Fig. 10 Dependence of released amounts of DOX on time at

different pH values

Fig. 11 XRD patterns of sample A-1 (*MSN before drug

loading), sample A-2 (*MSN after drug loading), and sample

A-3 (*MSN after drug release)
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Conclusion

In the present investigation, an efficient responsive

carrier system has been successfully constructed by

oppositely charged ionic interaction between polyca-

tions and anionic CmMSN. This intelligent system is

efficient for storage and release of drug controlled by

the pH. Moreover, this system with attractive features

of high drug loading capacity, mild storage-release

conditions, and stable mesostructure will be consid-

ered as an interesting alternative to the polymeric

delivery system. The well-defined core–shell nano-

spheres were confirmed by the results from SEM

observation, FTIR spectra, BET, and Nitrogen-desorp-

tion isotherm. In-vitro cytotoxicity of *MSN to HeLa

cells was investigated by MTT assay. The cumulative

release of *MSN showed that a low leakage at pH 6.5

with only 10 % amount was released after 4 h while

significantly enhanced up to near about 80.2 % at pH

4.5. These results demonstrated that the drug release

from the *MSN was pH-responsive apparently. More

significantly, artificial molecular gates around pores

switched on and off by the pH value are of great

importance for other potential applications including

sensors and molecular machines.
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