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A B S T R A C T

This paper deals with uniformly surface modification of mesoporous silica nanoparticles by applying dielec-
tric barrier discharge (DBD) plasma as an energy-efficient and green approach. First, the mesoporous silica
nanoparticles were synthesized from rice husk (RMSN-D) as an economic and biocompatible natural source.
The surface modification stage by DBD plasma was performed in two methods: i) Direct mode and ii) Direct
hybrid mode. The structure and physicochemical properties of the nanoparticles were characterized by XRD,
FT-IR, Fe-SEM/EDS, TEM, EDS, BET, and H��NMR techniques. Doxorubicin (Dox) was exploited as a model
drug, and in-vitro Dox release was investigated. The biocompatibility of nanocarriers was accepted by MTT
test on HFF-2 cell line as a normal modal cell. For the advanced cellular study, apoptosis of the MCF-7 cell
line treated with Dox-loaded nanocarriers was investigated by flow cytometric analysis and morphological
study by fluorescent microscopy. The results showed that Dox-loaded RMSN-D modified by direct hybrid
mode induced a high level of apoptosis in the MCF-7 cells.

© 2021 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
Keywords:
Dielectric barrier discharge (DBD)

Direct surface modification
Dual-responsive
Drug delivery
Mesoporous silica nanoparticles
Rice husk
rs. Published by Elsevier B.V. All rights reserved.

irect surface modification of mesoporous silica nanoparticles by DBD plasma as a green approach
ystem, Journal of the Taiwan Institute of Chemical Engineers (2021), https://doi.org/10.1016/j.
1. Introduction

various modalities of cancer therapy such as the use of stimuli-
responsive systems [1], active targeting approach, photothermal [2]
and photo dynamic therapy [3] based on nanomaterials were fabri-
cated. Due to mesoporous silica nanoparticle’s (MSNs) unique prop-
erties such as: high surface area, high pore volume, stable mesopore
structure, adjustable pore diameter/particle size, and simple internal
and external surface functionalization [4-7], MSNs have several appli-
cations in various fields like bioimaging, photo-therapy, drug deliv-
ery, combination therapy [3, 8-14], adsorption of organic, inorganic,
and gas compounds [15], catalyst [16, 17], enzyme immobilization
[18], etc. Moreover, in drug delivery and cancer treatment fields,
drug-loaded MSNs showed sustained release profile, which is the
characteristic feature of the ideal drug delivery system [7, 19]. In the
aim of drug delivery efficiency enhancement and design of a
targetable drug delivery system, the MSNs surface could be function-
alized by stimuli-responsive polymers. Poly (acrylic acid) as a pH-
responsive polymer and poly(n-isopropylacrylamide) as a tempera-
ture-responsive polymer are Abundant used stimuli-responsive poly-
mers that can be combined with MSNs to prepare an efficient drug
delivery system to cancer treatment [20]. Free radical polymerization
is the most frequently used method for obtaining various polymers
and materials composites [21]. In this technique, free radicals play an
essential role in initiating the polymerization process. Nowadays, the
use of low-temperature atmospheric pressure dielectric barrier dis-
charge (DBD) plasma systems for materials surface modification have
gained considerable research interest [22-25]. In a plasma reactor,
after applying a strong electric field at atmospheric pressure in the
presence of reaction precursors, complex plasma species containing
electrons, ions, neutral atoms, reactive species, metastable states, and
UV radiation are created. These energetic species can transfer their
momentum energy through direct collision with the material’s sur-
face and act as a reaction initiator at atmospheric pressure and mod-
erate temperature [22-25]. Material’s surface modification by plasma
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technology as energy-efficient and green approach has advantages
over the conventional chemical methods. Saving time and uniformly
modification without affecting their physical and chemical bulk prop-
erties are some of these advantageous [26]. Moreover, The use of DBD
plasma due to its simple structure and low cost as it does not require
vacuum arrangements has become attractive in materials surface
modification b plasma [25]. As mentioned before, plasma can be used
to modify and even functionalize material surfaces. In 2012, Yan et al.
used plasma technology to improve the surface of silica nanoparticles
for increasing the interaction between surfaces to nanocomposite
synthesis [27]. In a catalytic study, Rahmi et al. synthesized cold
plasma-modified Ni�Cu/Al2O3 nanocatalysts [28]. The purpose of
plasma in this study was to uniformly distribute the active phase of
the catalyst on the base and increase the nanocatalyst activity. The
use of plasma with the aim of mesoporous material templates has
also been studied by researchers. For example, Yuan et al. in 2014,
completely removed the P-123 template from the SBA-15 structure
by oxygen plasma, which increased the specific surface area and sila-
nol group density and caused CO2 adsorption capacity enhancement
[29]. Some researchers have directly modified the surface of the
material with plasma technology to create the desired functional
groups at the material's surface. Roucoules et al. succeeded in the
porous surface of polystyrene functionalization with amine group by
use of allylamine monomer vapor as a plasma reactor feed. Compared
to chemical modification, this method was inexpensive, solvent-free,
and the products were synthesized with smaller particle size and a
higher density of amine group [30]. Taraballi et al. also enriched
amine and carboxylic functional groups on collagen using N2/H2 and
CO2 plasma as widely used materials in tissue engineering [26]. From
the point of view of plasma technology applications in medicine, we
can mention the use of this technology in the sterilization of implants
and surgical instruments as well as the modification of the surface of
implants [31] to increase biocompatibility. In comparison, scientists
have conducted studies in the field of skin diseases treatment [32]
and cancer [33] with the help of this technology. So far, no extensive
studies have been conducted in terms of using this technology in
drug delivery and manufacturing of drug nanocarriers.

Herein, we propose a facile, economic, biocompatible, and effi-
cient strategy for synthesis dual pH and thermo-responsive biogenic
mesoporous silica nanoparticles, which were extracted from rice
husk. High biocompatibility, good dispersity, uniformly surface modi-
fication, and higher toxicity compared with free Dox at the cancerous
sites are fantastic features of the synthesized drug delivery system.
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,
RMSN-DPAN, and RMSN-DHPAN 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, apopto-
sis, as the mechanism of cell death, was evaluated by a morphological
study of cells and flow cytometric analysis.

2. Experimental

2.1. Materials

Rice husk was prepared from a rice mill in Iran as a precursor for
synthesizing silica nanoparticles. Hydrochloric acid to rice husk puri-
fication, sulfuric acid to regulate acidity, Cetyl trimethyl ammonium
bromide (CTAB: 99%) as a surfactant, sodium dodecyl sulfate (SDS) as
a structure-directing agent, ammonia solution 25% as a catalyzer, and
Dimethyl sulfoxide (DMSO) were purchased from Merck (Darmstadt,
Germany). Triethoxyvinylsilane (TEVS: 97%) as silane coupling agent,
acrylic acid (AA), n-isopropylacrylamide 97% (NIPAAm: 97%), and
potassium persulfate were purchased from Sigma-Aldrich, Chemical
Co (St. Louis, MO USA). The RPMI-1640 as a cell culture medium, fetal
Please cite this article as: S. Porrang et al., Direct surface modification of
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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 Institute of Iran (Tehran,
Iran). The 5-diphenyl-2-H-tetrazolium bromide (MTT), Trypsin,
Hoechst 33,342, and Propidium Iodide powder were bought from
Sigma-Aldrich, Chemical Co (St. Louis, MO USA). Doxorubicin hydro-
chloride (Dox) as a model drug was bought from the Faculty of Tabriz
Pharmaceuticals, Iran.

2.2. DBD plasma set up

The system in this study consists of four main parts, including a
high voltage power supply, DC generator, DBD batch plasma reactor,
and control board, which are illustrated in Scheme 1. The power sup-
ply is responsible for supplying the energy required by the plasma to
generate the discharge, which provides a variable voltage of 0�50 V
with a maximum current of 5 A. A high voltage convertor regulated
the voltage and frequency with a maximum value of 30 kV and 1 mA.
The plasma reactor has consisted of two electrodes and a quartz
dielectric barrier to generate non-thermal plasma with 1.5 mm thick-
ness and 25 cm height. The reaction precursors as a reactor feed were
placed in the inner chamber of the dielectric barrier. A steel rod is
placed in direct contact with the reaction mixture as an internal cath-
ode electrode connected to high voltage current. The copper outer
electrode as an anode winding was placed in the form of a coil around
the dielectric barrier. A magnet stirrer for preventing the precipita-
tion of nanoparticles in solution was placed under the plasma reactor.
The control board equipped with a fuse was intended for safety.

2.3. Synthesis method

2.3.1. RMSN-D synthesis
Rice husk, after washing with water and treated by 1 M hydro-

chloric acid for 3 h at 90 °C, and then drying, was calcined at 550 °C
for 4 h at a rate of 5 °C/min. The product was the silica nanoparticle
was named RSN. 1 g of RSN was dissolved in 7.04 mL of 1 M sodium
hydroxide solution at 80 °C to prepare sodium silicate solution. The
surfactant solution was prepared by dissolving 8 g of CTAB in 100 mL
of deionized water at 40 °C, and the acidity of the solution was
adjusted to 6.5 by 1 M sulfuric acid. Then sodium silicate solution
was added to the surfactant, and at the end, the pH of the mixture
was adjusted to 11.25 with 1 M NaOH solution and the mixture was
stirred for 1 hour. The reaction mixture was kept at 100 °C for 24 h,
and finally, the product at the bottom of the vessel was washed sev-
eral times with a vacuum filter by distilled water. The sample was
then calcined at 500 °C for 4 h at a rate of 5 °C/min. Similarly, meso-
porous silica nanoparticles named RMSN-D were synthesized [7].

2.3.2. Direct surface modification by DBD plasma
The TEVS as a silane coupling agent was used to create the vinyl

group on the RMSN-D nanoparticles. The surface modification stage
by DBD plasma was performed in two methods. i) Direct mode:
RMSN-D nanoparticles were modified by the vinyl group in the DBD
plasma reactor tank (RMSN-DPV), and then, Acrylic acid (AA), and N-
isoptopylacrylaminde (NIPAAm) monomers were polymerized in N2

atmosphere on the surface of the modified nanoparticle (RMSN-
DPAN). Briefly, 0.1 g RMSN-D and 1.76 mL TEVS were added into the
26.6 mL ethanol, 6.6 mL deionized water, and 40 mL ammonia solu-
tion 25%, followed by ultrasonic treatment for 15 min. Then the mix-
ture was transferred to the DBD plasma reactor tank, and the system
had run for 30 min with a voltage and a current value of 20 kV and
0.98 mA, and vigorously stirring. At the end of the process, vinyl
modified RMSN-D named RMSN-DPV was centrifuged at 9000 rpm
for 10 min and dried at 40 °C during the night. Afterward, 100 mg
RMSN-DPV, 732 mg NIPAM, 270 ml AA, and 21.2 mg SDS were dis-
solved in 90 mL deionized water under an N2 atmosphere at 70 °C for
mesoporous silica nanoparticles by DBD plasma as a green approach
n Institute of Chemical Engineers (2021), https://doi.org/10.1016/j.
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1 h. Then, the KPS solution (54 mg in 5 mL deionized water) was
added drop by drop in the mixture, and the reaction was accom-
plished at 70 °C for 6 h. The products were dialyzed (MWCO:
12,000 Da) against deionized water for 3 days, and then lyophilized.
ii) Direct hybrid mode: Initially, the 100 mg RMSN-D nanoparticles
were dispersed in 20 mL deionized water, and the mixture was trans-
ferred in the DBD plasma tank and treated with this system for
30 min with a voltage and a current value of 20 kV and 0.98 mA, and
vigorously stirring. Then the pretreated RMSN-D was modified by the
vinyl group in the presence of DBD-plasma (RMSN-DHPV), and stim-
uli-responsive polymers were created on its surface in an N2 atmo-
sphere (RMSN-DHPAN) as described in the direct mode section.

2.4. Phase transition and swelling behavior of RMSN-DPAN and RMSN-
DHPAN

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 mix-
ture temperature gradually increased. The lower critical solution
temperature (LCST) was determined as the temperature when a
swelling�deswelling transition suddenly occurred. Therefore, the
temperature at which the solution becomes opaque was considered
as the LCST point [1]. 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 tempera-
ture for 2 days [1].

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.

2.5. Drug loading into the nanocarriers

The Dox loaded nanocarriers were prepared by adding 4.5 mg Dox
solution (2 mg/mL) to the nanocarriers solution (30 mg of nanocar-
riers in 3 ml deionized water). The mixture was stirred for 24 h in the
darkroom. The mixture was centrifuged at 9000 rpm for 4 min and
washed with distilled water twice. The amount of loaded drug into
the nanocarriers was calculated using a UV spectrophotometer with
a detection wavelength of 482 nm.

2.6. In vitro drug release behavior

The release of Dox in-vitro was investigated by dispersion of Dox
loaded nanocarriers in 4 mL of PBS with two different pH values of
7.4, and 5.4. The dispersions were shaken transferred at the desired
temperature in the shaker incubator. For consecutive times, the dis-
persions were centrifuged, and the supernatant was replaced by fresh
PBS. The amount of released drug was determined using a UV spec-
trophotometer with the detection wavelength of 482 nm.

2.7. Cell culture

In this study, human breast cancer cells (MCF-7 cell line) and
Human foreskin fibroblasts cells (HFF-2 cell line) were chosen as
model cancerous and normal cells for toxicity investigation. The cells
were cultured in RPMI 1640 medium supplemented with 10% (v/v)
fetal bovine serum (FBS) and penicillin (100 U/ml). They were stored
in an incubator at 37 °C in 5% CO2 humidified atmosphere [20].

2.8. The cytotoxicity assay

The toxicity of nanocarriers was investigated in three stages. i)
MTT test of blank nanocarriers on HFF-2 cell line with the
Please cite this article as: S. Porrang et al., Direct surface modification of
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nanocarriers concentrations ranging from 0.4 to 200 mg.ml�1. ii)
MTT test of Dox loaded nanocarriers on MCF-7 cell line with the Dox
concentrations ranging from 0.08 to 20 mg.ml�1. iii) MTT test of blank
nanocarriers on MCF-7 cell line with the same Dox concentrations.
Briefly, the HFF-2 and MCF-7 cells were seeded onto 96-well plates
(104 cell/well) and incubated for 24 h. Then the cells were treated
with samples was described above. After 48 h, 20mL of the MTT solu-
tion (5 mg/mL in PBS) was replaced in each well and incubated for an
additional 3 h. Eventually, the absorbance of wells was recorded at
570 nmwith a multi-well plate reader. Untreated cells in the medium
were used as a control. All experiments were carried out with three
replicates [1, 20].
2.9. Morphological evaluation of the apoptotic cells

For the morphological studies of the untreated and treated MCF-7
cell line with free Dox, and Dox loaded nanocarriers, 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 samples in IC50
values obtained by the MTT assay. After 48 h of incubation, The DNA
was also stained with Hoechst 33,258 (1 mg/mL in PBS) for 2 min,
then examined using a fluorescence microscope [1, 34].
2.10. Cell cycle analysis

The cell cycle studies Were performed to investigate the effect of
the untreated and treated MCF-7 cell line with free Dox and Dox
loaded nanocarriers. The treating procedure was the same as mor-
phological evaluating. After 48 h incubation, the contents of the wells
were transferred to the microtubes and washed twice by PBS. Then
the cells were fixed in 600 ml ethanol (70%) and stored at 4 °C for
3 days. Then, each microtube's supernatant, which was obtained by
centrifuge, was discarded, and was replaced with 100 mL Propidium
iodide (PI) solution (20 mL/mL PBS). In the end, the cells were ana-
lyzed by flow cytometry [1, 35].
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 (2u)
range of 10�80° for the RSN, and 1 � 10◦ for RMSN-D. Fourier trans-
form infrared (FT-IR) spectra were recorded using the FT-IR spectro-
photometer (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) were taken. N2 adsorp-
tion-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-D from rice
husk and its modification process by DBD plasma with i) direct and
ii) direct hybrid modes are illustrated in Scheme 2. Details of the
steps taken to synthesize mesoporous silica nanoparticles from rice
bran and the reactions performed in the DBD plasma reactor to mod-
ify the nanoparticle’s surface as well as the polymerization of AA and
NIPAAm monomers on the modified nanoparticle surface are also
shown in Scheme 2.
mesoporous silica nanoparticles by DBD plasma as a green approach
n Institute of Chemical Engineers (2021), https://doi.org/10.1016/j.
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4.2. Scheme 2

Biogenic silica nanoparticle (RSN) as a precursor to RMSN-D syn-
thesis, was extracted from rice husk. Fig. 1 illustrated the wide-angle
XRD pattern of RSN and the low-angle XRD pattern of RMSN-D. As
illustrated in Fig. 1-a, RSN was amorphous in nature and had a char-
acteristic broad peak at a 2u angle of 22.17°, indicated the amorphous
nature of silica. Also, no impurities were observed in the profile.
Fig. 1-b shows the low-angle XRD pattern of RMSN-D. The XRD pat-
tern showed the crystalline state of silica with an intense peak at a
2u = 2.36° related to the reflection line (100), which characteristic of
the hexagonal structure of the mesoporous silica nanoparticles with
high crystallinity [1, 7, 36].

To obtain an infrared spectrum of nanocarriers to investigate the
chemical groups on them, the FT-IR analysis was performed at the
same condition for all the nanoparticles. As illustrated in Fig. 2, The
characteristic bands of silica nanoparticles were visible at 460 cm�1,
810 cm�1, and 1100 cm�1 due to the asymmetric and symmetric
stretching of Si�O�Si in all samples. The peak at 3450 cm�1 was
related to symmetric stretching of the Si-OH group [1, 7]. By plasma
modification of RMSN-D surface to inducing vinyl group, as illus-
trated in Fig. 2-c and d, the intensity of the surface silanol group
decreased significantly. Moreover, the band at 2975 cm�1 was associ-
ated with the C��H of vinyl groups. So, the vinyl group was success-
fully created on the RMSN-D surface by the plasma technique. Also,
the C = C group of TEVS was overlapped with the O��H stretching
vibration of H2O at 1620 cm�1. After creating the vinyl group on the
nanoparticles surface, the stimuli-responsive polymers were formed
on the modified nanoparticles by the radical polymerization method.
As showed in Fig. 2-e and f, 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, respectively. The
peaks at 2973 cm�1, and 1254 cm�1 were related to C�H band from
the isopropyl group in NIPAAm [1]. The results of FT-IR analysis
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-DPV (d) RMSN-DHPV (e) RMSN-
DPAN and (f) RMSN-DHPAN.
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indicated the correct synthesis of functionalized mesoporous silica
nanoparticles with temperature and pH-sensitive polymers by the
plasma technique.

The surface morphology and structural properties of nanocarriers
were analyzed by the Field emission scanning electron microscope
(FE-SEM) and Transmission electron microscope (TEM). Fig. 3 repre-
sented the Fe-SEM and TEM images of (a)RMSN-D, (b)RMSN-DPAN,
and (c) RMSN-DHPAN. Fe-SEM result for nanocarriers revealed a uni-
form, discrete spherical shape with a particle size of about (a)42, (b)
102, and (c)162 nm, respectively. The TEM image of RMSN-DPAN,
and RMSN-DHPAN showed were more uniform and separated from
one another. However, the presence of Si, O elements for RMSN-D
and the presence of Si, O, C, and N elements for RMSN-DPAN, and
RMSN-DHPAN were confirmed by Energy-dispersive X-ray spectros-
copy (EDS). The percentage of elements was reported in Table 1.

The specific surface area, specific pore volume, and the average
pore volume are characteristic parameters that influence the drug
delivery capacity of nanocarriers. To investigate these parameters,
the BET analysis was performed. Fig. 4-a illustrated the
N2 adsorption/desorption isotherms of RSN, RMSN-D, RMSN-DPV,
RMSN-DHPV, RMSN-DPAN, and RMSN-DHPAN. According to IUPAC
classification, the RSN and RMSN-D isotherms represent type IV,
mesoporous silica nanoparticles by DBD plasma as a green approach
n Institute of Chemical Engineers (2021), https://doi.org/10.1016/j.
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Fig. 3. FE-SEM and TEM images of (a) RMSN-D (b) RMSN-DPAN, and (c) RMSN-DHPAN.

Table 1
mass percentage of elements in nanoparticles.

Elements (W%) RMSN-D RMSN-DPAN RMSN-DHPAN

Si 71.02 12.90 12.94
O 28.98 29.68 35.19
C � 50.25 47.03
N � 7.29 4.84
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which confirmed the existence of a mesoporous structure [1, 7]. Also,
after surface functionalization by direct and direct hybrid plasma
approach, the RMSN-DPV and RMSN-DHPV had porous structure and
the N2 adsorption/desorption data represent type IV isotherm. RSN,
RMSN-D, RMSN-DPV, and RMSN-DHPV had a specific surface area of
226.52, 950.76, 703.58, and 690.75 cm2g�1, respectively. Also, the
average pore volume of them was 0.2498, 1.1218, 0.8756, and 0.7659
cm3g�1. The lower specific surface area and specific pore volume of
vinyl modified nanoparticles compared to RMSN-D indicates the suc-
cess of the surface modification step. Fig. 4-b showed the pore size
distribution of nanoparticles. The RSN, RMSN-D, RMSN-DPV, and
RMSN-DHPV had a narrow pore size, and the BJH peak pore diameter
of them was 3.32, 2.44, 2.43, and 2.42 nm, respectively. Furthermore,
the surface area, pore volume, and pore diameter of RMSN-DPAN and
RMSN-DHPAN cannot be calculated, because the RMSN-D completely
be trapped in the polymeric shell [1]. So, as illustrated in Fig. 4, the
Please cite this article as: S. Porrang et al., Direct surface modification of
to prepare dual-responsive drug delivery system, Journal of the Taiwa
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N2 adsorption-desorption parameters of RMSN-DAN cannot be
detected.

Fig. 5-a and b show the 1H NMR spectra of RMSN-DPAN, and
RMSN-DHPAN in DMSO. The characteristic proton signal at 1.03 ppm
assigned to (CH3)2CH�, and the signal at 3.8 ppm belonged to
(CH3)2CH� (isopropyl group) in NIPAAm [37-39]. However, the signal
attributed to �CH2� of NIPAAm and AA appeared at 1.5 and 2 ppm
[1, 40]. The signal at 7.2 ppm related to NH of NIPAAm, and the signal
at 12.1 ppm assigned to OH of AA [1, 40]. The 1H NMR spectrum con-
firmed that the AA and NIPAAm were polymerized successfully on
the RMSN-D surface.

The LCST point of RMSN-DPAN and RMSN-DHPAN was deter-
mined by detecting the phase transition of nanocarriers solution in
the PBS with pH 5.4. By increasing the temperature to 38 °C, the solu-
tions become opaque from the transparent state. So, 38 °C was con-
sidered as the LCST point of nanocarriers, which is an essential
parameter in drug release behavior. The swelling percentage of nano-
carriers was investigated at the body (37 °C and pH=7.4) and cancer-
ous site (40 °C and pH=5.4) conditions for 48 h. The swelling
percentage of RMSN-DPAN and RMSN-DHPAN at the body condition
was 241 and 289%. This parameter for nanocarriers at cancerous site
was 73 and 49%. So, the nanocarriers especially RMSN-DHPAN 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, nanocarriers were in
mesoporous silica nanoparticles by DBD plasma as a green approach
n Institute of Chemical Engineers (2021), https://doi.org/10.1016/j.
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collapse form, and the polymeric shell allows chemotherapeutic to
release.

4.3. In-vitro drug release behavior

To in-vitro drug release investigation, Dox as a model anti-cancer
drug was loaded into RMSN-D, RMSN-DPAN, and RMSN-DHPAN with
a drug loading percentage of 35, 56, 42%, respectively. RMSN-DPAN
and RMSN-DHPAN had higher Dox loading percentage compared to
RMSN-D due to polymeric cover around nanoparticles, which the
drug molecules could be trapped into the polymeric shell. Moreover,
because of the smaller size of RMSN-DPAN compared to RMSN-
DHPAN, it had a higher Dox loading percentage. Since extracellular
acidity, especially intracellular acidity, is lower in cancerous tissues
[1, 7, 39, 41, 42] and the temperature in these areas is slightly higher
(40 °C) [1, 7, 39] than normal tissues and blood flow, in this study,
drug release behavior was investigated in the following three condi-
tions: i) T = 37 °C, and pH= 7.4 (physiological condition), ii) T = 37 °C,
and pH= 5.4 (To investigate the pH effect in constant temperature,
and iii) T = 40 °C, and pH= 5.4 (cancerous site condition, and the tem-
perature effect can investigate against condition ii). As shown in
Fig. 6-a, the cumulative Dox release from RMSN-D and RMSN-DPAN
was investigated at the above conditions. 29.6% of loaded Dox in
RMSN-D released at condition (i); However, 46.6%, and 49.8% of
loaded Dox can release at conditions (ii) and (iii) for 96 h, respec-
tively. The higher Dox release amount at a lower pH value was due to
Dox’s higher solubility in this condition. A lower pH cause Dox amine
group protonation raising. So, the hydrophilicity of Dox is enhanced
[43]. As the temperature rises to 40 °C, no significant change was
Please cite this article as: S. Porrang et al., Direct surface modification of
to prepare dual-responsive drug delivery system, Journal of the Taiwa
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observed in the amount of drug released between conditions (ii) and
(iii). However, by employing the pH and temperature-responsive
RMSN-DPAN, the amount of released Dox at condition (i) reduced to
18%. However, at cancerous condition (iii), the amount of released
Dox enhanced to 82.2% for 96 h. As shown in Fig. 6-a, by keeping the
temperature constant at 37 °C and reducing the pH to 5.4, the final
amount of drug released for 96 h is 65.3%, which indicates the effect
of acidity on increasing drug release. By comparing conditions (ii)
and (iii) in Fig. 6-a, the positive effect of rising temperature at con-
stant pH on increasing the amount of drug release can be seen. Fig. 6-
b also compared the Dox release amount from RMSN-D and RMSN-
DHPAN samples in three various conditions for 96 h. The released
Dox percentage from RMSN-DHPAN in conditions (i), (ii), and (iii)
was 12.6%, 73.4%, and 98%, respectively. However, this system
showed better pH and temperature responsive behavior. Fig. 6-c
illustrated a comparative Dox release percentage from RMSN-DPAN
and RMSN-DHPAN nanocarriers. In condition (i), Dox-loaded RMSN-
DHPAN releases 5.5% lower drug into the normal body site simulator
medium which can minimize the side effect of Dox. It has also been
able to release 15.8% more drugs in simulated tumor medium. Also,
by comparing the drug release in the conditions (ii), better perfor-
mance of the RMSN-DHPAN was observed. In general, RMSN-DHPAN
had more sensitive behavior against temperature and pH changes.
Therefore, using the hybrid method in modifying the surface of
RMSN-D with plasma, has had a significant effect on increasing the
drug delivery efficiency of mesoporous silica nanoparticles in the
cancerous site.
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Fig. 5. 1H NMR spectra of the (a) RMSN-DPAN, and (b) RMSN-DHPAN.

Fig. 6. Dox release profiles from (a) Dox-loaded RMSN-D, Dox-loaded RMSN-DPAN, (b)
Dox-loaded RMSN-D, Dox-loaded RMSN-DHPAN, and (c) Comparison of the Dox-
loaded RMSN-DPAN and Dox-loaded RMSN-DHPAN release during 4 days.

Fig. 6. Continued.
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Fig. 6. Continued.

Fig. 7. The cytotoxicity and of different nanoparticles on (a) HFF-2 clells, (b) blank
nanoparticles on MCF-7 cells and (c) Dox-loaded nanoparticles on MCF-7 cells.

Fig. 7. Continued.

Fig. 7. Continued.
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4.4. MTT assay

The HFF-2 cell line as normal model cells were chosen for cytotox-
icity and biocompatibility evaluation of nanocarriers. Depending on
Fig. 7-a, 90% of the HFF-2 cells treated with RMSN-D were alive at a
concentration of 400 mg mL�1 after 48 h. By modification and func-
tionalization of the RMSN-D surface by biocompatible polymers, this
amount had been increased to 100%. So, the functionalization
improved the biocompatibility of nanocarriers. Overall, no significant
toxicity of the nanocarriers was observed in the nanocarrier’s con-
centration ranging from 0.8 to 400 mg mL�1. Also, the potential of
Dox-loaded nanocarriers was investigated by evaluating the cytotox-
icity of samples on the MCF-7 cells with the Dox concentration rang-
ing from 0.08 to 20 mg mL�1 during 48 h. As shown in Fig. 7-b, the
blank nanocarriers showed no toxicity on MCF-7 cell line at the same
Dox concentration after 48 h. However, as expected, by treating the
cells with free Dox and Dox-loaded nanaocarriers, the dose-depen-
dent inhibition of MCF-7 cell’s proliferation was observed. As shown
Please cite this article as: S. Porrang et al., Direct surface modification of
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in Fig. 7-c, the Dox-loaded RMSN-D showed mild toxicity on MCF-7
cells compared with free Dox. However, the Dox-loaded RMSN-DPAN
and Dox-loaded RMSND-HPAN had more toxic behavior against
MCF-7 cells than Dox-loaded RMSN-D and free Dox. This toxicity
enhancement can be explained by higher Dox releasing amount com-
pared with Dox-loaded RMSN-D and sustained Dox released from
them compared with free Dox. Moreover, it was clear that by hybrid
plasma modification, the toxicity of RMSN-DHPAN enhanced com-
pared with RMSN-DPAN due to higher Dox amount in the cancerous
medium.

Enhanced toxicity of Dox-loaded RMSN-DPAN and especially Dox-
loaded RMSN-DHPAN on cancerous cells compared to the free form
of Dox would be advantage in reducing the anticancer dose and side
effects in clinical cancer treatment applications. So, the hybrid plasma
modification of mesoporous silica nanoparticles can act as a high-effi-
ciency approach in drug delivery system designing and functionaliza-
tion.

4.5. Cell cycle inhabitation

The cell cycle distribution pattern of untreated MCF-7 cells and
treated MCF-7 cells with Dox-loaded nanocarriers was determined
by the flow cytometry approach based on PI staining.
mesoporous silica nanoparticles by DBD plasma as a green approach
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Fig. 8. Cell cycle analysis of the MCF-7 cells a) control, b) treated with Dox-loaded RMSN-D, c) Dox-loaded RMSN-DPAN, and Dox-loaded RMSN-DHPAN. The cells were treated with
the IC50 value and harvested after 48 h.

Scheme 1. The DBD plasma set up Consists of power supply, DC generator, DBD plasma, and stirrer.
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Scheme 2. The overall procedure of mesoporous silica nanoparticles synthesis from rice husk and b) nanoparticles surface modification synthesis by DBD plasma modification with
i) Direct and ii) direct hybrid modes to pH and Temperature-responsive drug delivery system synthesis.
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The cells were treated for 48 with an IC50 value of Dox-loaded
RMSN-D, Dox-loaded RMSN-DPAN, and Dox loaded RMSN-DHPAN;
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 2.76%, 58.6%, 8.93%, and 30.0%, respectively.
After incubation cells with Dox-loaded nanocarriers for 48 h, the per-
cent of the Sub-G1 phase was increased to 52.40%, 56.6%, and 80.1%,
respectively. The results showed that the Dox loaded nanoparticles,
specially Dox@ RMSN-DHPAN, arrest the cell cycle in the Sub-G1
phase [35] and induced a high level of apoptosis in the MCF-7 cells.

4.6. Morphological assay of the apoptotic cells

For the morphological study of untreated MCF-7 cells and treated
MCF-7 cells by Dox loaded nanocarriers and free Dox, the cells were
stained with Hoechst 33,258 to detect the apoptotic cells. As shown
in Fig. 9, under a fluorescence microscope, the untreated MCF-7 cell
Please cite this article as: S. Porrang et al., Direct surface modification of
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nucleus was large and round, without any condensation and frag-
mentation [44]. However, cells treated by Dox-loaded RMSN-D, Dox-
loaded RMSN-DPAN, Dox loaded RMSN-DHPAN, and free Dox exhib-
ited chromatin condensation and fragmentation, a typical morpho-
logical feature of apoptosis. As illustrated in Fig. 9, the chromatin
condensation and fragmentation were more comprehensive (the
apoptotic cells were represented by Arrows) in the cells were treated
by Dox-loaded RMSN-DPAN, and especially RMSN-DHPAN. These
results are in line with the previous observations, indicate the high
capacity of RMSN-DHPAN in drug delivery and cancer treatment
applications.

5. Conclusion

In the present work, an economic and biocompatible smart drug
delivery system based on a natural source,which modified by DBD
plasma was synthesized. The Biogenic mesoporous silica
mesoporous silica nanoparticles by DBD plasma as a green approach
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Fig. 9. Fluorescence microscopy of the MCF-7 cells treated with the a) control b)
treated with Dox-loaded RMSN-D c) Dox-loaded RMSN-DPAN, d) Dox-loaded RMSN-
DHPAN, and e) Dox. Fluorescence images of the cells stained with Hoechst 33,258 after
48 h. All the investigated chromenes induced condensation and fragmentation of the
nuclei. Arrows represent apoptotic cells.
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nanoparticles were uniformly modified by a DBD plasma in the
direct, and the direct hybrid modes, and formed spherical nanopar-
ticles of the same size. The PAA and PNIPAAm polymers were created
on the surface of the modified nanoparticle to generated RMSN-
DPAN and RMSN-DHPAN as stimuli-responsive drug delivery sys-
tems. The results demonstrate the higher stimuli-responsibility of
RMSN-DHPAN against temperature and pH variation. Also, by bio-
compatibility evaluation of blank nanocarriers on the HFF-2, no sig-
nificant toxicity was observed. Moreover, Dox-loaded RMSN-DPAN
and especially Dox-loaded RMSN-DHPAN showed a higher cytotoxic
effect on the MCF-7 cell line. As expected, advanced cellular tests also
confirmed this result. So, The use of the DBD plasma system in surface
modification had a significant effect on the drug delivery system‘s
performance. In conclusion, RMSN-DPAN and especially RMSN-
DHPAN had high potential application in temperature and pH-
responsive controlled drug release and cancer treatment.
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