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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Synthesis of biocompatible silica nano-
particles from rice husk as an agricul-
tural wasteHigh. 

• Biocompatibility and appropriate 
toxicity on the MCF-7 cell line for syn-
thesized nano carrier. 

• Higher drug delivery potential of syn-
thesized silica with temperature and pH- 
responsive polymeric shell.  
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A B S T R A C T   

In this study, mesoporous silica nanoparticles were synthesized from rice husk (RMSN-D) as a natural, available, 
economical, and non-toxic source for cancer treatment. Also, to increase the drug delivery efficiency, after 
modifying the surface of nanoparticles by vinyl groups (RMSN-DV), acrylic acid and n-isopropyl acrylamide were 
polymerized on the RMSN-DV surface by a well-tuned monomer ratio to create a biocompatible smart dual 
responsive drug delivery system (RMSN-DAN). The structure and physicochemical properties of the nano-
particles were characterized by XRD, FT-IR, SEM, TEM, EDS, BET, HNMR, and EDS techniques. The results 
indicated that monomers were successfully grafted onto the RMSN-D. Doxorubicin (Dox) was exploited as a 
model drug, and in-vitro Dox release was investigated. The result exhibited an excellent temperature and pH- 
responsive controlled release behavior. The biocompatibility and safety of natural silica source and RMSN- 
DAN were demonstrated Via MTT assay. Dox-loaded RMSN-DAN demonstrated cytotoxic activity similar to 
free Dox to MCF-7 cell line. Moreover, apoptosis of the MCF-7 cell line was investigated by flow cytometric 
analysis and morphological study. Therefore, this dual-responsive biocompatible and economic RMSN-DAN 
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nanocarrier could be applied in targeting and stimuli-responsive drug delivery due to negligible drug leakage 
during blood circulation whilst having a rapid release upon reaching tumor tissues.   

1. Introduction 

Fortunately, the use of nanocarriers to chemotherapeutic agents’ 
delivery to the cancerous sites increases the hope of achieving a fully 
smart cancer-targeting system without harming normal cells. Smart 
drug delivery systems consist of three major components: non-toxic 
nanocarrier, targeting agent, and controlled drug release system. One 
of the main features of a nanocarrier must be its sustained release po-
tential. Through the nanomaterials, mesoporous silica nanoparticles 
(MSNs), as an inorganic component have sustained drug release 
behavior because of structural properties [1,2]. MSNs have unique and 
beneficial structural properties, including high surface area, high pore 
volume, stable mesopore structure, adjustable pore diameter and par-
ticle size, cellular membrane-penetrating, and simple internal and 
external surface functionalization [3–8]. These properties have made 
MSNs suitable for drug delivery. The MSNs can be made of metal alk-
oxides such as tetraethyl orthosilicate (TEOS) [6,9–12], trimethyl 
orthosilicate (TMOS) [11,13,14], or inorganic metal salts such as so-
dium silicate [15–17]. In the previous studies, alkoxides, especially 
TEOS, have been commonly used as sources for the synthesis of MSNs. 
Due to the complicated synthesis process of the alkoxides, their high 
cost, and toxicity to the kidneys and respiratory tract [18], there is a 
tendency to synthesize MSNs from natural sources which are available, 
biocompatible, and non-toxic. Sodium silicate as an economical and 
available precursor can be an excellent source for the preparation of 
silica-based nanoparticles. However, industrial production of sodium 
silicate requires a great deal of energy. Because it is obtained by melting 
a mixture of high-quality sodium carbonate and quartz sand at a tem-
perature of 1300–1600 ◦C [19,20], this method also produces a large 
volume of CO2 gas due to burning sodium carbonate and fuel needed to 
reach the desired temperature [21]. Therefore, the synthesis of sodium 
silicate from silica-rich industrial by-products is under scrutiny. Scien-
tists found that some agricultural wastes such as rice husk, wheat husk, 
etc., were a rich source of amorphous silica, which can be converted to 
sodium silicate [22–26]. In this case, the MSNs were obtained by hy-
drolysis and condensation of sodium silicate solution in the presence of 
surfactant under sol-gel operation [21–23]. Millions of tons of cereal 
husk were produced worldwide each year. Most of them were burned to 
generate electricity, used in construction or insulation, and the rest were 
disposed of as waste. The grains absorb the silica in the surrounding soil 
as silicic acid (water-soluble silica) through the roots and direct it to the 
leaves. During the evaporation and polymerization process, silicic acid 
was condensed to form SiO2.nH2O, and thus, the silica-cellulose hybrid 
membrane was formed [27]. 15–28% of rice husk dry weight is 
composed of silica [28,29], which is why using this material as available 
and economic silica sources to produce silicon-based compounds such as 
MSNs. Despite the remarkable features of MSNs, they were not capable 
of targetable drug delivery or controlled drug release. Therefore, to 
approach the ideal drug delivery system, the silica surface can be easily 
functionalized by targeting agents and controlled release systems. In this 
study, the functionalization of silica nanoparticles was performed to 
improve drug loading and targeted release. Poly (N-isopropyl acryl-
amide) (PNIPAAm) is a temperature-responsive polymer. Aqueous so-
lutions of PNIPAAm become abruptly turbid at the cloud point, quickly 
switching to the liquid state when the temperature decreases below this 
point. This feature allows PNIPAAm to be used as a smart polymer in the 
controlled release field [30]. 

Moreover, Polyacrylic acid (PAA) as a pH-responsive polymer was 
used as the second smart polymer. The high intensity of the glycolysis 
process in cancerous cells results in the production of lactic acid and 
carbon dioxide, which causes to decrease in the pH of the cell 

environment. So, it can be used as an intrinsic stimulus for drug release 
in the target area [31]. PAA structure in the tumor extracellular envi-
ronment (pH 6.8) or cancerous cell endosome and lysosome (pH 
5.0–5.5) is compact. However, when the medium’s pH was increased to 
7.4, the carboxyl group of PAA was ionized, and the polymer expands 
into a fully solvated open coil format. So, this polymeric shell can act as a 
pH-responsive gatekeeper for controlled drug release [32]. Numerous 
studies have been performed to synthesize of dual stimuli-responsive 
copolymers such as poly (NIPAAm-co-AA) in smart drug delivery [33]. 
However, due to their “burst” release profile, researchers tended to use 
organic/inorganic composite drug delivery systems to overcome the 
organic drug delivery system’s disadvantages and created a stable drug 
release profile. Thus, smart drug delivery systems were formed based on 
MSNs, which functionalized with smart polymers. Chang et al. synthe-
sized magnetic MSNs coated with poly (Nisopropylacrylamide-co-me-
thacrylic acid) (P(NIPAM-co-MAA)) to prepare dual pH and 
temperature-responsive system for Dox delivery. In this study, the 
MSN was synthesized with TEOS as a silica source. The result exhibited 
an apparent Thermo/pH-response controlled drug release. However, the 
MTT assay of blank drug delivery system to normal cells indicated that 
the composite microspheres were slightly toxic. At a concentration of 50 
µg ml− 1, the cell viability was reported about 85% [34]. Zhang et al. 
synthesized uniform spherical regular and smooth ethane-bridged MSNs 
via inorganic-organic hybrid silicon sources which AA and NIPAAm 
monomers were grafted on vinyl modified MSNs surface [35]. Since the 
adjusting of monomers ratio is an essential factor in tuning the LCST and 
drug release efficiency, so this factor must be optimum. 

Herein, we propose a facile, economic, biocompatible, safe, and 
efficient strategy for synthesize dual pH and thermo-responsive biogenic 
mesoporous silica nanoparticles, which were extracted from rice husk. 
High biocompatibility, good dispersity, high drug loading, higher drug 
release rate at the cancerous sites, and lower drug release in the normal 
sites due to well-tuned monomers ratio are fantastic features of the 
synthesized drug delivery system. This framework is providing a new 
approach for the study of drug loaded and controlled release behavior. 
Doxorubicin (Dox) has been chosen as a model chemotherapeutic agent, 
and HFF-2 and MCF-7 cell lines were chosen as normal and cancerous 
model cells, respectively. The cytotoxicity of the RMSN-D and RMSN- 
DAN onto the HFF-2 and MCF-7 cell lines were measured. Also, the 
drug release behavior of the nanocarriers in the cancerous and normal 
sites was investigated. Moreover, apoptosis, as the mechanism of cell 
death, was evaluated by a morphological study of cells and flow cyto-
metric analysis. 

2. Experimental 

2.1. Materials 

Rice husk as a silica bio-source, was obtained from a rice mill in Iran. 
Sodium hydroxide, hydrochloric acid, sulfuric acid, Cetyl trimethyl 
ammonium bromide (CTAB: 99%) as surfactant, sodium dodecyl sulfate 
(SDS) as a structure-directing agent, ammonia solution 25%, and 
Dimethyl sulfoxide (DMSO) were bought from Merck (Darmstadt, Ger-
many). Triethoxyvinylsilane (TEVS: 97%) as silane coupling agent, 
acrylic acid (AA), n-isopropyl acrylamide 97% (NIPAAm: 97%), and 
potassium persulfate were purchased from Sigma-Aldrich, Chemical Co 
(St. Louis, MO USA). Doxorubicin hydrochloride (Dox) as a model drug 
was bought from the Faculty of Tabriz Pharmaceuticals, Iran. The RPMI- 
1640 as a cell culture medium, fetal bovine serum (FBS), and penicillin- 
streptomycin were procurement from Gibco (Life Technologies, Paisley, 
Scotland). HFF-2 and MCF-7 cell lines were obtained from the Pasteur 
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Institute of Iran (Tehran, Iran). The 5-diphenyl-2-H-tetrazolium bromide 
(MTT), Trypsin, Hoechst 33342, and Propidium Iodide powder were 
bought from Sigma-Aldrich, Chemical Co (St. Louis, MO USA). 

2.2. Synthesis methods 

2.2.1. RMSN-D synthesis 
Rice husk was boiled in 1 M hydrochloric acid solution for 3 h to 

remove impurities. Then, the acid-treated rice husk was washed with 
distilled water until residual acid removal and dried overnight at 90 ◦C. 
The dried rice husk was calcinated at 550 ◦C for 2 h by a 5 ◦C/min 
heating rate to obtain silica nanoparticles from rice husk biosource 
(RSN). For the preparation of sodium silicate solution (SSS) as the 
RMSN-D precursor, one gram of RSN was entirely dissolved in 7.04 ml of 
1 M sodium hydroxide solution. The prepared mixture was heated at 
80 ◦C and stirred vigorously until half of the initial volume evaporated. 
To synthesize RMSN-D with mesoporous structure, at first, 4.8 g of CTAB 
as a template was added to 100 ml deionized water, and the solution was 
stirred at 40 ◦C for 1 h. Then, the SSS was dropped by drop added to the 
CTAB solution with the initial pH of 6.5 at 40 ◦C for 2 h. In the end, the 
pH of the mixture was adjusted to 11.25 by 1 M NaOH solution and the 
mixture was further stirred for 1 h. The reaction product was aged at 
100 ◦C for 24 h. The next day, the precipitated solid product was washed 
with distilled water. Then it was dried at 90 ◦C for 12 h, and calcined at 
500 ◦C for 4 h with a heating rate of 5 ◦C/min. The obtained product was 
assigned as RMSN-D. 

2.2.2. Surface modification of RMSN-D by TEVS to RMSN-DV synthesis 
The TEVS as a silane coupling agent was used to create the vinyl 

group on the RMSN-D. 0.1 g RMSN-D and 1.76 ml TEVS were added into 
the 26.6 ml ethanol and 6.6 ml deionized water, followed by ultrasonic 
treatment for 15 min 40 μl ammonia solution 25% was added to the 
solution and then was shaken for 2 h at 25 ◦C. Then the solution tem-
perature was raised to 50 ◦C for 1 h. In the end, the modified RMSN-D 
was separated by centrifuging at 9000 rpm for 10 min and washed 
with ethanol three times. Subsequently, the resulting precipitant dried at 
40 ◦C during the night [36]. 

2.2.3. Radical polymerization of AA and NIPAAm on RMSN-DV surface to 
RMSN-DAN synthesis 

RMSN-DAN was prepared by free radical precipitation polymeriza-
tion. At first, 100 mg RMSN-DV, 732 mg NIPAM, 270 μl AA, and 21.2 mg 
SDS were utterly dissolved in 90 ml deionized water at 70 ◦C for 1 h 
under nitrogen atmosphere. Then, the KPS solution, which was prepared 
by dissolving 54 mg of KPS in 5 ml deionized water, was added drop by 
drop in the mixture, and the reaction was accomplished at 70 ◦C for 6 h. 
The product was dialyzed (MWCO: 12,000 Da) against deionized water 
for three days and lyophilized to gain RMSN-DAN. 

2.3. Phase transition and swelling behavior of RMSN-DAN 

To evaluate the phase transition point of RMSN-DAN, 30 mg of 
nanoparticle was entirely dissolved in 1 ml PBS with pH equal to 5.4 at 
4 ◦C to obtain a transparent solution of RMSN-DAN. Then the mixture 
temperature gradually increased. The lower critical solution tempera-
ture (LCST) was determined as the temperature when a swel-
ling–deswelling transition suddenly occurred. Therefore, the 
temperature at which the solution becomes opaque was considered as 
the LCST point. To swelling investigation, normal and cancerous site 
conditions were considered. 0.3 g of RMSN-DAN was immersed in 20 ml 
of PBS with various solutions at the given pH and temperature for 2 
days. 

The swelling ratio (gram per gram) of the nanoparticle was calcu-
lated according to the following equation:  

Swelling ratio (%) = (Wt − Wd) * 100/Wd                                          (1) 

Wt: swollen weight and Wd: dried weight. 

2.4. Drug loading into the nanoparticles 

30 mg of RMSN-D or RMSN-DAN were entirely dispersed in 3 ml 
deionized water at 4 ◦C. Then 2.25 ml of Doxorubicin solution (2 mg/ml) 
was added to the mixture and was stirred at 4 ◦C for 24 h. To obtain Dox- 
loaded RMSN-D and RMSN-DAN, the mixture was centrifuged at 9000 
rpm for 4 min and washed with distilled water twice. The amount of 
loaded drug into the RMSN-D and RMSN-DAN was calculated using a UV 
spectrophotometer with a detection wavelength of 482 nm. 

2.5. In vitro drug release behavior 

To investigate the drug release behavior of nanocarriers, the Dox- 
loaded RMSN-D and RMSN-DAN were dispersed in 4 ml of PBS with 
two pH values of 7.4 and 5.4. The dispersions were transferred into a 
shaker incubator at the desired temperature. Then the solution was 
centrifuged, and the supernatant was replaced by fresh PBS at specified 
times. The amount of released drug was determined using a UV spec-
trophotometer with the detection wavelength of 482 nm. 

2.6. Cell culture 

Human breast cancer cells (MCF-7, cancerous cell) and Human 
foreskin fibroblasts cells (HFF-2, normal cell) were maintained in RPMI 
1640 medium supplemented with 10% (v/v) fetal bovine serum (FBS), 
streptomycin (100 μg/ml), penicillin (100 U/ml) in 5% CO2 humidified 
atmosphere at 37 ◦C [32]. 

2.7. The cytotoxicity assays 

The cytotoxicity of the RMSN-D, RMSN-DAN against HFF-2 and 
MCF-7 cell lines, and the Dox-loaded RMSN-D, and the Dox-loaded 
RMSN-DAN against MCF-7 cells were determined by MTT assay. 
Briefly, the HFF-2 and MCF-7 cells were seeded onto 96-well plates, in 
which the density of cells per well was 104, and incubated for 24 h to 
allow cell attachment. Then the cells were treated with free Dox, Dox 
loaded RMSN-D, and Dox loaded RMSN-DAN with the Dox concentra-
tions ranging from 0.08 to 20 mg ml− 1, and blank RMSN-D, RMSN-DAN 
were treated with the nanocarrier’s concentrations ranging from 0.4 to 
200 mg ml− 1, respectively. After treatment, 20 μl of the MTT (5 mg/ml 
in PBS) was replaced in each well and incubated for an additional 3 h. 
Upon removing the MTT solution, the purple formazan crystals were 
dissolved with 100 μl DMSO, and the absorbance was recorded at 570 
nm with a multi-well plate reader. Untreated cells in the medium were 
used as a control. All experiments were carried out with three replicates 
[32]. 

2.8. Morphological evaluation of the apoptotic cells 

For morphological studies of the MCF-7 cell line, the cells were 
seeded in 6-well plates at a concentration of 8 × 105 cells/well, in 2 ml of 
the growth medium, and incubated for 24 h to allow cell attachment. 
After that, the cells were treated with free Dox, Dox-loaded RMSN-D, 
and Dox-loaded RMSN-DAN with IC 50 Doxorubicin values obtained by 
the MTT assay. After 48 h of incubation, The DNA was also stained with 
Hoechst 33258 (1 mg/ml in PBS) for 2 min, then examined using a 
fluorescence microscope [37]. 

2.9. Cell cycle analysis 

To investigate the effect of drug-loaded nanoparticles on the MCF-7 
cell cycle pattern, cells with a concentration of 8 × 105 were seeded in a 
6-well plate. After 24 h, the cells were treated with free Dox, Dox-loaded 
RMSN-D, and Dox-loaded RMSN-DAN with IC 50 Doxorubicin values. 
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Scheme 1. The overall procedure to synthesize the RMSN-DAN nanocarriers for anti-cancer drug delivery.  

Fig. 1. X-ray diffraction patterns of the silica nanoparticles: (a) RSN and (b) 
RMSN-D. 

Fig. 2. FT-IR spectra of (a) RSN (b) RMSN-D (c) RMSN-D-vinyl (d) RMSN-DAN.  
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The contents of the wells were transferred to the microtubes and washed 
twice by PBS. Then the cells were fixed in 600 μl ethanol (70%) and 
stored at 4 ◦C for 3 days. Then, each microtube’s supernatant obtained 
by centrifuge, was discarded, and 100 μl Propidium iodide (PI) solution 
(20 μl/ml PBS) was added. In the end, the cells were analyzed by flow 
cytometry [38]. 

3. Characterization 

The low angle and normal X-ray diffractometer (XRD) patterns of 
nanoparticles were recorded using a powder X-ray diffractometer (D8 
Advance, Bruker AXS, Germany) with the scattering angle (2θ) range of 
10–80◦ for the RSN, and 1–10◦ for RMSN-D. Fourier transform infrared 

(FT-IR) spectra were recorded using the FT-IR spectrophotometer 
(TENSOR 27, Bruker, Germany). The nanoparticles were visualized by 
scanning electron microscopy (SEM) (TESCAN Vega 3, Kohoutovice, 
Czech Republic) and TEM (Bruker, Germany). Moreover, the energy- 
dispersive X-ray spectrum (EDS) was taken. N2 adsorption-desorption 
isotherms and parameters such as surface area, pore size, and pore 
volume were obtained with Surface Area and Pore Size Distribution 
Analyzer (Belsorp mini, japan). 

4. Results and discussion 

4.1. Characterization 

The overall procedure used to synthesize the RMSN-DAN is illus-
trated in Scheme 1. 

For the synthesis of MSNs from biogenic sources, amorphous bio- 
silica nanoparticles were first synthesized from rice husk as a precur-
sor for the sol-gel process. Fig. 1a illustrates the RSN wide-angle XRD 
pattern. A characteristic broad peak at a 2θ angle of 22.17◦, indicated 
the amorphous nature of silica. Also, no impurities were observed in the 
profile. Fig. 1b shows the low angle XRD pattern of RMSN-D. The XRD 
pattern showed the crystalline state of silica with an intense peak at a 2θ 

Fig. 3. SEM images of (a) RSN (b) RMSN-D (c) RMSN-DAN, and TEM images of (d) RMSN-D, and (e) RMSN-DAN.  

Table 1 
Mass percentage of elements in nanoparticles.  

Elements (W%) RSN RMSN-D RMSN-DAN 

Si 63.76 71.02  10.85 
O 36.24 28.98  26.61 
C – –  50.38 
N – –  12.16  
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= 2.36◦ related to the reflection line (100) for all samples, which 
characteristic of the hexagonal structure of the mesoporous silica 
nanoparticles with high crystallinity [39]. 

FT-IR analysis was performed to confirm the correct synthesis of 
RSN, RMSN-D, RMSN-DV, and RMSN-DAN nanoparticles. As illustrated 
in Fig. 2, characteristic bands of silica nanoparticles were visible at 

Fig. 4. The (a) N2 adsorption-desorption isotherm and (b) BJH pore diameter distribution of RSN, RMSN-D and RMSN-DAN.  

Fig. 5. 1H NMR spectra of the RMSN-DAN.  
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460 cm− 1, 810 cm− 1, and 1100 cm− 1 due to the asymmetric and sym-
metric stretching of Si‒O‒Si in all samples. The peak at 3450 cm− 1 was 
related to symmetric stretching of the Si‒OH group [40]. After the 
RMSN-D surface vinylation, the intensity of the surface silanol group 
decreased significantly. The C˭C group of VTES was overlapped with the 
O‒H stretching vibration of H2O at 1620 cm− 1. Also, the band at 
2975 cm− 1 was associated with the C‒H of vinyl groups. To ensure that 
the stimuli-responsive polymers were bonded to the RMSN-D surface, 
we need to see characteristic bands of polymers. The NIPAAm N‒H 
stretching band was visible at 1542 cm− 1 and C‒N stretching signals at 
1455 cm− 1, and 1385 cm− 1 have appeared from the amide group in 
NIPAAm. Peaks at 1725 cm− 1 and 1542 cm− 1 were related to C˭O, and 
the signal at 1639 cm− 1 was related to C˭O, and C˭C groups, respec-
tively. The peaks at 2973 cm− 1 and 1254 cm− 1 were owing to C‒H band 
from the isopropyl group in NIPAAm. 

The morphological properties and nanoparticles’ size were analyzed 
by Scanning electron microscope (SEM) and Transmission electron 

Fig. 6. Dox release profiles from Dox@RMSN-D, Dox@RMSN-DAN) (a) under 
cancerous, and normal cell conditions for 24 h, and (b) long time investigation 
under normal cell conditions. 

Fig. 7. The cytotoxicity and of different nanoparticles to (a) HFF-2 cells, (b) 
blank nanoparticles to MCF-7 cells, and (c) Dox added nanoparticles to MCF- 
7 cells. 
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microscope (TEM). As illustrated in Fig. 3, RSN, RMSN-D, and RMSN- 
DAN had a homogeneous spherical shape. The average hydrodynamic 
diameter of the nanoparticles was approximately 28.76, 41.8, and 
34.01 nm, respectively. The size of the RMSN-DAN was smaller than 
RMSN-D due to the aggregation inhibitory role of polymers formed on 
the surface of the silica nanoparticles. The elemental analysis was 
determined by Energy-dispersive X-ray spectroscopy (EDS). Table 1 
proposed the mass percentage of elements in nanoparticles. RSN and 
RMSN-D consist of Si and o elements; however, the RMSN-DAN contains 
Si, O, C, and N elements on its structure due to the successful conjuga-
tion of polymers on the silica surface. 

To improve the drug delivery capacity, CTAB as a template was 
introduced to create the RMSN with a high specific surface area and 
appropriate total pore volume. Fig. 4a illustrated the N2 adsorption/ 
desorption isotherms and the pore size distributions of RSN, RMSN-D, 
and RMSN-DAN. According to IUPAC classification, isotherms repre-
sent type IV, which confirmed the existence of a mesoporous structure. 
RSN and RMSN-D had a specific surface area of 226.52 and 950.76 cm2 

g− 1, respectively. Also, the average pore volume of them was 0.2498 and 
1.1218 cm3 g− 1. The corresponding pore size distribution curve (Fig. 4b) 
indicated that the RSN and RMSN-D had a narrow pore size. The average 
pore diameter of RSN and RMSN-D was 4.41 and 4.72 nm. Furthermore, 
the surface area, pore-volume, and pore diameter of RMSN-DAN cannot 
be calculated because the RMSN-D completely be trapped in the poly-
meric shell. So, as illustrated in Fig. 4 the N2 adsorption-desorption 
parameters of RMSN-DAN cannot be detected. 

The 1H NMR spectra of the copolymers were shown in Fig. 5. The 
characteristic peaks attributed to the protons of NIPAAM units were 
observed in the 1H NMR spectra of the RMSN-DAN. However, the peaks 
assigned to protons of acrylic acid were overlapped by those for the 
NIPAAm section. The 1H NMR spectrum confirmed that the AA and 
NIPAAm were polymerized successfully on the mesoporous surface of 
RMSN-D. 

The LCST point of RMSN-DAN was determined by detecting the 
phase transition of RMSN-DAN solution in the PBS with pH 5.4. By 
increasing the temperature to 38 ◦C, the solution becomes opaque from 
the transparent state. So, 38 ◦C was considered as the LCST point, which 
is an essential parameter in drug release behavior. The swelling per-
centage of RMSN-DAN was investigated at the body (37 ◦C and pH =
7.4) and cancerous site (40 ◦C and pH = 5.4) conditions. The swelling 
percentage for 48 h was 224% and 36%, respectively. So, the RMSN- 
DAN nanoparticles have a more significant swelling percentage at 
normal tissues in the body, which act as smart gatekeepers and protect 
drugs from premature release. However, in cancerous site conditions, 
RMSN-DAN was in collapse form, and the polymeric shell allows 
chemotherapeutic to release. 

4.2. In-vitro drug release behavior 

The in-vitro Dox release behavior was investigated by shaking Dox 
loaded RMSN-D and RMSN-DAN at 37 ◦C, and 40 ◦C in the PBS with two 
different pH values 7.4, and 5.4, respectively, which was illustrated in 
Fig. 6. The drug release rate of nanoparticles was faster at pH 5.4 than 
pH 7.4. In the case of RMSN-D, increasing in Dox release rate can be 
explicated based on Dox solubility. A lower pH causes Dox amine group 
protonation raising. So, the hydrophilicity of Dox enhanced [41], which 
afforded the fast release from the RMSN-D. However, as shown in Fig. 6, 
by smart polymers utilization, the drug release rates have been opti-
mized in two different pHs. At pH 7.4, there was a strong electrostatic 
attraction between the negatively charged carboxyl groups and the 
positively charged Dox molecules. So, the Dox release from the 
RMSN-DAN was restricted. By reducing the pH to 5.4, the carboxylic 
acid group was protonated; therefore, the electrostatic interaction 
decreased, causing the drug to be released rapidly at an acidic pH. [41]. 
It is well known that the LCST of PNIPAAm is about 32 ◦C [42]. So, the 
LCST must be fine-tuned for controlled release at a cancerous site. The 
copolymerization of NIPAAm with other monomers such as AA can 
modify the LCST. It has been repeatedly reported that the LCST of the 
copolymer was increased by increasing the AA contents in the poly-
merization reactions [42–46]. Due to the higher temperature of 
cancerous sited than normal tissues, it is necessary to increased LCST 
above 37 ◦C with well-tuning the ratio of the monomers. In this 
research, the LCST was tuned at 38 ◦C. So, at 40 ◦C, which the tem-
perature was above the RMSN-DAN LCST point, the PNIPAM was in a 
collapse, hydrophobic state, and consequently allowed the 
water-soluble Dox to diffuse out quickly from the nanoparticle shell [47, 
48]. At pH 7.4, and 37 ◦C, which simulated the body condition, the 
amount of cumulative drug released from RMSN-DAN was about 8.8% in 
24 h and 9.8% for 7days, which was significantly lower than that of 
RMSN-D (26.6% in 24 h and 31.7% during 7days). However, at pH 5.4 
and 40 ◦C, which simulated the cancerous sites, the cumulative released 
drug from RMSN-DAN quickly improved to 72% in 7 h, 75% in 24 h, and 
was significantly higher than the cumulative released drug from 
RMSN-D at the same condition (45.3% in 7 h and 48.5% in 24 h). The 
results clearly showed the RMSN-DAN improved drug release efficiency 
in cancerous sites and reduced the amount of cumulative released drugs 
in the normal sites of the body. 

4.3. MTT assay 

To evaluate the in-vitro cytotoxicity and biocompatibility of blank 
nanoparticles on the normal body cells, the MTT assay was applied on 
the HFF-2 cell line with the nanoparticle’s concentrations ranging from 

Fig. 8. Cell cycle analysis of the MCF-7 cells a) control, b) treated with Dox@RMSN-D, and c) Dox@RMSN-DAN the cells were treated with the IC50 value and 
harvested after 48 h. 
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Fig. 9. Fluorescence microscopy of the MCF-7 cells treated with the a) control, b) treated with Dox@RMSN-D, c) Dox@RMSN-D-AA-NIPAAm, and d) Dox. Fluo-
rescence images of the cells stained with Hoechst 33258 after 48 h. All the investigated chromenes induced condensation and fragmentation of the 
nuclei.5166737641. 
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0.8 to 400 µg ml− 1. The toxicity of RSN, RMSN-D, and RMSN-DAN was 
presented in Fig. 7a. Observations showed high biocompatibility and 
safety of RSN as a natural silica source. However, in a study compiled by 
A. A. Haroun et al., The viability percentage of HFB4 as a normal me-
lanocyte cell treated by TEOS for 48 h, was less than 85% at a concen-
tration of 100 µg ml− 1 [49]. Also, no significant toxicity of the 
nanoparticles was observed due to using the non-toxic silica source and 
biocompatible polymers. These results showed high biocompatibility of 
the RMSN-D synthesis based on biosource, and RMSN-DAN, which was 
modified by biocompatible polymers. The potential of Dox-loaded 
RMSN-D and Dox-loaded RMSN-DAN as drug delivery systems for can-
cer therapy was investigated by evaluating Fig. 7b. In the same Dox 
concentrations, Dox-loaded RMSN-DAN showed higher toxicity than 
Dox-loaded RMSN-D due to higher releasing efficiency. It was note-
worthy that the Dox-loaded RMSN-DAN toxicity effect on MCF-7 was 
similar to the Dox toxicity effect. So, this system can act as a 
high-efficiency drug delivery system in cancer therapy. Also, as ex-
pected, the blank RMSN-D and RMSN-DAN were not toxic to the MCF-7 
cell line. 

4.4. Cell cycle inhabitation 

To determine the cell cycle distribution pattern of treated and un-
treated MCF-7 cells by Dox-loaded nanocarriers, a flow cytometric was 
performed. The cells were treated for 48 with an IC50 value of Dox- 
loaded RMSN-D and Dox-loaded RMSN-DAN; Then, they were 
analyzed by flow cytometry. As shown in Fig. 8, the control MCF-7 cells 
were distributed among Sub-G1, G0/G1, S, and G2/M phases by almost 
6.57%, 64.9%, 15.00%, and 10.60%, respectively. After the treatment of 
cells with Dox-loaded RMSN-D and Dox-loaded RMSN-DAN for 48 h, the 
percent of the Sub-G1 phase was increased to 52.40%, and 64.9%, 
respectively. The results showed that the Dox-loaded nanoparticles, 
specially Dox-loaded RMSN-DAN, arrest the cell cycle in the Sub-G1 
phase [38] and induced a high level of apoptosis in the MCF-7 cells. 

4.5. Morphological assay of the apoptotic cells 

The cells were cultured at a density of 8 × 105 cells/well with the 
indicated concentrations (IC50 Values) of the Dox-loaded RMSN-D, Dox- 
loaded RMSN-DAN, and Dox for 48 h. Harvested cells were stained with 
Hoechst 33258 to detect the apoptotic cells (Fig. 9). Under a fluores-
cence microscope, the control cell nucleus was large and round, without 
any condensation and fragmentation. However, cells treated by Dox- 
loaded RMSN-D, Dox-loaded RMSN-DAN, and Dox exhibited chro-
matin condensation and fragmentation, a typical morphological feature 
of apoptosis. As illustrated in Fig. 9, the chromatin condensation and 
fragmentation were more comprehensive in the cells were treated by 
Dox-loaded RMSN-DAN. These data indicate that the Dox-loaded 
nanocarriers caused apoptosis in the MCF-7 cell line [50]. 

5. Conclusion 

In the present study, an economical, safe, biocompatible, and well- 
tuned dual-responsive drug delivery system based on a natural source 
was synthesized. Biogenic mesoporous silica nanoparticles were syn-
thesis from rice husk, then AA and NIPAAm monomers were grafted on a 
modified RMSN-DV surface. The results demonstrate the temperature 
and pH-responsive polymeric shell of the RMSN-DAN can control the 
opening and closing of the pores. The nanocarrier’s LCST was adjusted at 
38 ◦C by monomers ratio tuning in the reaction mixture. So, the drug 
release can be controlled in response to environmental stimuli such as 
temperature and pH. Also, the cytotoxic activity and apoptosis induction 
of the RMSN-DAN was explored on the HFF-2 and MCF-7 cells as a model 
normal and cancerous cell, respectively. The biocompatibility and safety 
of natural silica source and RMSN-DAN were demonstrated Via MTT 

assay on the HFF-2 cell. Dox-loaded RMSN-DAN demonstrated cytotoxic 
activity similar to free Dox to MCF-7 cell line. So, RMSN-DAN had the a 
high potential application in temperature and pH-responsive controlled 
drug release and cancer treatment. 
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