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Abstract: Chemically modified mesoporous silica nanoparticles (MSNs) are of interest due to their chemical and thermal
stability with adjustable morphology and porosity; therefore, it was aimed to develop and compare the MCM-41 MSNs
functionalised with imidazole groups (MCM-41-Im) to unmodified (MCM-41-OH) and primary amine functionalised (MCM-41-
NH2) MSNs for experimental gene delivery. The results show efficient transfection of the complexes of the plasmid and either
MCM-41-NH2 or MCM-41-Im. Furthermore, following transfection of HeLa cells using MCM-41-Im, an enhanced GFP
expression was achieved consistent with the noticeable DNase1 protection and endosomal escape properties of MCM-41-Im
using carboxyfluorescein tracer.

1Introduction
Gene therapy is a method for improvement of genetic disorders and
some other diseases such as cancers by correcting the genes which
cause dysfunction [1, 2]. Although such diseases could be treated
or their progression halted theoretically through the use of gene
therapy, some limitations exist due to the imperfect methods
suggested for an effective gene delivery [3, 4]. Thus, development
of an optimised process for transferring the gene to intracellular
target is a crucial step for the progression of gene therapy [5].

As some serious defects such as insertion mutation and the
immunogenic reaction may exist using viral gene delivery method,
non-viral methods have attracted more attention [4]. Among
several non-viral methods, development of new delivery solutions
based on nanotechnology is promising [6, 7].

Recent advancement in nanotechnology has revolutionised the
subject of transferring biomaterials to target cells and tissues by
manipulating biocompatible complexes with genetic materials [8,
9], with immense loading efficiency, consistency, and the ability to
accomplish multiple applications synchronically [10, 11]. There are
some beneficial properties for new engineered carriers via
nanotechnology such as conservation and control release of
payloads, low cytotoxicity, and safer internalisation to target cells
[12]. During gene transfection, nanomaterials acting as gene carrier
can internalise genetic materials to cells more sufficiently than
other conventional methods with less toxicity [13–15]. They can
also present their burden to the nucleus of target cells while
remaining intact [16, 17].

In recent years, uniformity and adjustability of the pore size of
highly dispersed porous materials have attracted much attention
[12, 18, 19]. Ordered mesoporous silica with a pore size of 2–50 
nm is a particular class of these nanocarriers that are generally
synthesised in the presence of surfactant-type organic template
around a silica framework [20]. Some desirable features of
mesoporous silica nanoparticles (MSNs), such as chemical
inertness, the simplicity of production, hardiness, the special design
of porous and adjustable surface chemistry, allow them to be
considered as ideal vehicles to transfer biomolecules [21]. This

special architecture raises the efficiency of the surface of MSN to
carry different types of cargoes in their inner pores or external
surfaces [22].

The surface of MSN can be modified by functional groups in
order to condense nucleic acids and to facilitate cellular uptake and
endosomal escape with low toxicity [23–25]. Recent developments
have been made for gene therapy application through the use of
MSNs [21]. Surface functionalised (modified) MSNs thorough
phosphonate [26] poly L-arginine [27], poly-ethyleneimine [28–
30], cyclodextrin [31], poly-2-(dimethylamino) ethyl-methacrylate
[32], and poly-L-lysine [33] have been reported previously to
improve the transfection of siRNA, DNA, or controlled release of
drugs to the cells for the purpose of cancer therapy. Barkalina et al.
presented a formulation of poly ethyleneimine coated and –NH2
functionalised MSNs, which had been loaded with boar sperm. The
carrier has been shown to be successful in the delivery of
biomaterials into mammalian sperms without any negative effect
on the major parameters of sperm function [23]. Recently, chemical
modification by L-histidine using ‘grafting to’ approach shows a
significant enhancement of MSNs for gene transfer in an Achilles
tendon in vivo [34].

Introducing amine groups via ‘co-condensation’ method on the
surface of MCM-41 can also improve some carrier characteristics
such as DNA condensation and cellular uptake but may exert
cytotoxicity [34, 35]. Recently, Farjadian et al. [36, 37] reported
novel synthetic route in preparation of MSNs which resulted in
formation of controlled-sized nanoparticles with nanosphere sizes
<50 nm. In this study, a surface chemical entity of a special type of
MSNs (well-defined MCM-41) was altered via ‘co-condensation’
approach using silane coupling agents for acquiring a more
efficacious and safer gene delivery system [36]. Therefore, we
aimed to develop MCM-41 MSNs functionalised with imidazole
(MCM-41-Im) in comparison to primary amine (MCM-41-NH2)
and unmodified MSNs (MCM-41-OH) for experimental delivery of
a reporter gene plasmid (E-GFP) in HeLa cells.
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2Materials and methods
2.1 Materials and instrumentation

Tetraethyl orthosilicate (TEOS), (3-aminopropyl) triethoxysilane
(APTES), and triethoxy-3-(2-imidazolin-1-yl)propylsilane were
obtained from Sigma-Aldrich. Cetyl trimethylammonium bromide
(CTAB) was purchased from Daejung Chemical (Korea),
Metafectene from Biontex (Germany), cell culture medium
(DMEM, Dulbecco's modified Eagles medium), foetal bovine
serum (FBS), kanamycin, penicillin–streptomycin antibiotic, and
dimethyl sulphoxide (DMSO) from GIBCO/BRL Life
Technologies. Freshly prepared deionised water (Milli-Q3,
Millipore, UK) was used in all experiments. All other reagents
were of analytical grade.

Synthesised MSNs Fourier transform infrared spectroscopy
(FTIR) spectra were gathered using FTIR spectrometer (Burker,
vertex70, Germany) over the spectral region of 400–4000 cm−1.
Collection of the samples X-ray diffraction (XRD) patterns was
completed using an X-ray diffractometer (D8 Advance, Bruker) at
30 mA and 30 kV. The data from diffraction angles (2θ) below 10°
was gathered. CHN Elemental Analyzer (Termo finningan,
Germany) was used for determination of carbon (C), hydrogen (H),
and nitrogen (N) content of the modified MSNs. Millimole N per
gram of each sample was used for N/P calculations [38]. The
samples’ pores characteristics were examined through the
determination of nitrogen adsorption at −196°C. Before analysis,
MSNs was completely degassed for 12 h at 350°C. The
determination of pore characteristics was done in accordance with
Brunauer–Emmett–Teller (BET) via plotting the adsorption
isotherms. Characterisation of the synthesised MSNs was done
using a FESEM (MRA3, TESCAN, USA) and HRTEM (PHILIPS
EM 208, USA) in order to determine the particle size and
morphology. Prior to imaging, samples were sputter-coated with
gold. Dynamic light scattering (DLS) (Nanoflex, Microtrac,
Germany) and streaming potential (Zeta-check, Microtrac,
Germany) were employed to measure hydrodynamic diameter and
zeta potential of the samples having been dispersed by
ultrasonication (UP100H, Hielscher, Germany), respectively,
carbon and nitrogen contents of the samples were determined by
Elemental analyzer (FlashEA 1112, Thermo Finningan, Germany).

2.2 MSN (MCM-41) synthesis

Preparation of MCM-41 was carried out using a two-step
preparation method [36, 37]. First, 0.31 mmol CTAB was dissolved
at 60°C in 0.5 M NH4OH solution while stirring vigorously for 30 
min. Then, a dilute solution of TEOS in ethanol (0.2 M) was added
drop-wise during 20 min. After 4 h continuous stirring, a
concentrated ethanolic solution of TEOS (1 M) was added.
Solution ageing took place over 24 h at 60°C. Collection (via
sintered glass filter), washing, and re-dispersion of the samples
with deionised water and ethanol were undertaken several times
following drying in an oven at 80°C overnight. Acidic ethanol
extraction (1 g HCl/50 ml ethanol for 48 h) was used to remove the
surfactant templates, which was followed by a washing and drying
cycle.

2.3 Chemically modified MCM-41 synthesis

MCM-41-NH2 and MCM-41-Im particles were prepared according
to the aforementioned procedure using ‘co-condensation’ synthesis
method [36, 37]. In order to functionalise MCM-41 with primary
amine groups, 0.5 M NH4OH was used to dissolve CTAB (0.32 
mmol) for 20 min at 65°C. Then, ethanolic solution of TEOS (0.32 
mmol) and APTES (0.11 mmol) at 0.2 M total concentration was
added simultaneously under stirring. A concentrated ethanolic
TEOS and APTES solution (3:1 TEOS/APTES molar ratio, 1 M
total concentration) were then added drop-wise after a 4 h stirring
period. Solution ageing took place over 24 h at 60°C. Extraction of
surfactant templates was accomplished in acidic ethanol similar to
the procedure used for the preparation of unmodified MCM-41
nanoparticles. MCM-41-Im was also synthesised with
triethoxy-3-(2-imidazolin-1-yl) propylsilane added instead of

APTES in 1:3 molar ratio with respect to TEOS. To complete the
reaction, a similar procedure was followed.

2.4 Plasmid cloning and extraction

pEGFP-C1 expression vector (4700 bp) containing CMV promoter,
kanamycin resistant gene, and EGFP sequence was cloned in
Escherichia coli BL-21 bacteria. After transformation of plasmid
DNA into E. coli, bacteria were grown on LB agar containing
kanamycin. Bacteria containing plasmids were selected and
individual colonies were immersed in a sterile culture tube
containing LB broth supplemented with antibiotic. Tubes were
incubated in an orbital shaker incubator at 37°C for at least 2 h.
When the solution reached a reasonable level of turbidity, plasmid
extraction was performed using Maxi-prep plasmid extraction kit
(Thermo-Fisher Scientific). The yield concentration was measured
by PicoDrop spectrophotometer (Pico 200, Transferpette,
Germany). The consistency of extracted plasmid was investigated
on agarose gel (1%) using 1 × TBE buffer (50 mM Tris, 100 mM
borate, 10 mM EDTA, pH 8.2).

2.5 pDNA/MSN formulation

pDNA/MSN complexes were prepared at various N/P mole ratios
(0.1–5) of the modified MCM-41 nitrogen to the plasmid
phosphate. Accordingly, the concentrated solution of MCM-41 
MSNs in 1 M HEPES (20 mg/ml) sonicated for 30 min. Depending
on N/P proportions, different volumes of the MSN stock solution
were added to 1 µg plasmid solution and incubated at 4°C for 2 h.
The complexes of pDNA/MSN were freshly prepared before each
experiment.

2.6 Agarose gel retardation assay

The complex formation between pDNA and MSNs (either
MCM-41-NH2 or MCM-41-Im) was investigated by ethidium
bromide agarose gel retardation assay [34, 38]. To determine the
optimum N/P molar ratio defined by the maximum level of plasmid
DNA retardation in the agarose gel with the minimum quantity of
MSNs, the preparations at various N/P ratios were mixed
individually with a loading dye before running the gel at 100 V for
45 min.

2.7 DNase1 protection assay

Evaluation of plasmid DNA protection from DNase 1 digestion
(MBI Fermentas, Germany) was performed before and after
forming a complex with modified MSNs in various N/P
equivalents, where free plasmid DNA was served as a control [17].
All preparations were treated with 2 µl DNase1 in 20 µl final
volume and incubated at 37°C for 30 min, followed by 10 min
incubation at 65°C for enzyme deactivation. Products were run in
agarose gel at 100 V for 45 min. The DNA resided in the wells was
extracted by Plasmid DNA extraction kit (Vivantis, Malaysia). The
extracted plasmid DNA was loaded again in agarose gel and
compared with intact plasmid DNA bands in the gel following
electrophoresis.

2.8 Cell culture

HeLa cells (human cervical cancer cell lining) were purchased
from Cell Bank of Pasteur Institute (Iran), and cultured in DMEM
with 10% (v/v) FBS and 1% (v/v) penicillin–streptomycin. The
cells were maintained at 37°C/5% CO2 and subcultured every other
day.

2.9 Cytotoxicity

Cell cytotoxicity of unmodified and modified MCM-41 (MCM-41-
NH2 and MCM-41-Im) was examined with a tetrazolium (MTT)-
based colorimetric assay. Briefly, HeLa cells were seeded in 96-
well plates at the density of 104 cells per well and incubated for 24 
h at 37°C/5% CO2; MSNs of various concentrations in the range of
1–30 mg/ml were prepared by serial dilutions using growth culture
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medium. The cells treated with MSN-free medium were considered
as negative control. The medium was replaced by the MSN
containing media and incubated for a further 24 h, followed by
addition of 20 µl MTT solution (5 mg/ml) into each well. The
growth medium was removed after 4 h incubation and then 150 µl
DMSO was added to each well and kept at 37°C environment for
30 min. The light absorbance was measured at 570 nm using a
microplate spectrophotometer (Power Wave XS, Biotek, USA).
The averaged absorbance readings were divided by the
corresponding absorbance of control cells (no treatment) to
calculate cytotoxicity. The cytotoxicity of the MSNs/pDNA
complexes prepared was examined similarly after 24 h incubation
of the cells with various N/P ratios of MSN to pDNA. The
corresponding treatments of Metafectene®/E-GFP plasmid
complexes prepared according to the manufacturer's instruction
[39] and E-GFP plasmid alone (MSNfree) were considered as
positive and negative controls, respectively. Each experiment was
run in triplicate.

2.10 E-GFP expression

Quantitative determinations of E-GFP expression were carried out
using a FACSCalibur flow cytometer (Becton Dickinson, USA).
All cell samples were suspended in PBS in order to disperse cell-
clumps just prior to analysis. Voltage and gain settings were
obtained for FL1 (green fluorescence) readings (582 and 1.00 in
log mode) and for FSC (forward scatter) readings (E00 and 1.00 in
linear mode) were recorded. Typically, 104 cells were analysed per
sample. CELL Quest software (Becton Dickinson, USA) was used
to perform data acquisition and subsequent analysis.

2.11 Endosomal escape

Carboxy fluorescein was used as a membrane impermeable
fluorophore to monitor the endosomal membrane rupture following
the uptake of MSNs [40]. A number of 104 cells were seeded in 6-
well plates.

Following 24 h incubation at 37°C/5% CO2, the cells were
treated with 0.5 mg/ml carboxy fluorescein either alone (control

cells) or with unlabelled MCM-41-NH2 and MCM-41-Im (0.5 and
1 mg/ml) in complete culture medium without phenol red. After a
4 h incubation at 37°C, the cells were washed three times,
trypsinised, re-suspended in 500 µl of sodium monensin in ice-cold
PBS (20 µM), and analysed by FACS Calibur flow cytometer.

3Results
3.1 Synthesis and characterisation of MSNs

To verify the presence of amine and imidazole functional groups in
the synthesised MSNs, FTIR spectroscopy was carried out. The
asymmetric stretching vibrations of (Si–O–Si) can be observed at
∼1080–1100 cm−1 for all MSNs. Intense peaks between 3200 and
3500 cm−1 and ∼1650 cm−1 are related to OH stretching and
scissor bending vibration of H-bonded water molecules [41]. The
modified structure with APTES reagent resulted in the appearance
of the bands at 3100 and at 1484 cm−1 which are attributed to C–H
and N–H stretching vibration of aminopropyl anchored on the
surface of silica nanoparticles. The FTIR of MCM-41-Im showed
the characteristic bands at 1650 1458 and 1505 cm−1 belonging to
N–C = NC–N and C = C of the imidazole ring, respectively (Fig. 1)
[42]. 

CHN analysis was performed to estimate the degree of chemical
modification, confirming the presence of amine and imidazole
nitrogen atoms (Table 1). Accordingly, nitrogen content was
estimated 2.9 (mmol/g) for MCM-41-NH2 and 4.2 mmol/g
imidazole groups for MCM-41-Im. 

The nitrogen absorption–desorption technique and BET
calculations were also performed to obtain volume (Vt cm3/g) of
the synthesised structures as well as the surface area (i.e. SBET
m2/g) data as given in Table 2. The MSN samples possess a high
level of SBET, Vt, and WBJH. Furthermore, the results show a
modest reduction in SBET, Vt, and WBJH after functionalisation. 

The morphological characteristics of synthesised MSNs were
determined by FE-SEM and HRTEM (Figs. 2 and 3). The
micrographs showed that MSN had spherical shapes with mean
diameters of ∼42 nm for MCM-41, 47 nm for MCM-41-NH2, and
37 nm for MCM-41-Im. 

Fig. 1 FTIR spectra of unmodified MCM-41 (MCM-41-OH) and the corresponding particles modified with primary amine (MCM-41-NH2) and imidazole
(MCM-41-Im)

 
Table 1 CHN analysis of the modified types of MCM-41
Component name Average in MCM-41-NH2, % Average in MCM-41-IM, %
nitrogen 4.16 5.9
carbon 11.8 15.6
hydrogen 3.2 3.8

 

Table 2 Surface characteristics of MSNs before and after modification
Type of MSN SBET, m2/g Vt, cm3/g WBJH, nm
MCM-41-OH 1025 1.5 2.9
MCM-41-NH2 975 0.9 2.6
MCM-41-Im 780 0.7 1.6
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As shown in Fig. 4, the crystallinity of the synthesised samples
was determined by XRD. The diffraction pattern exhibits clear
peaks that can be indexed as (100) reflection 2.2 2θ. However, the
broadened peaks related to 110 and 200 planes were scarcely
identified, especially for MCM-41-Im. 

The average particle size determined by DLS showed a similar
result of 50 nm for MCM-41, 51 nm for MCM-41-NH2, and 35 nm
for MCM-41-Im. Table 3 shows an increased particle size of the
modified MSNs after admixture with a pDNA solution that
confirms complex formation. The electric potentials of MSNs at
shear plane relative to the bulk dispersion medium away from the
interface, or zeta-potential, were also determined. MCM-41 had a

negative net charge of −3.8 mV. In contrast, the positive charges of
+11.7 and +45.0 mV were observed for MCM-41-NH2 and
MCM-41-Im. 

3.2 Interaction between plasmid DNA and MSN

In order to assess the complex formation, gel retardation assay was
performed at varying N/P ratios of MSN to pDNA (0.1, 0.2, 0.5, 1,
and 2). No pDNA migration happened in the gel for the N/P ratios
as low as 0.2, similarly for MCM-41-NH2 and MCM-41-Im
(Fig. 5). In order to examine the ability of the modified MSNs to
protect pDNA from enzymatic degradation, DNase-1 sample

Fig. 2 FE-SEM photograph of the MSNs
(a, b) FE-SEM photography of unmodified MSNs(MCM-41-OH), (c, d) FE-SEM photography of modified MSNs with primary amines (MCM-41-NH2), (e, f) FE-SEM photography
of modified MSNs with imidazole groups (MCM-41-Im)
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treatments were carried out before gel electrophoresis for the
complexes of pDNA with the modified MSNs at N/P ratios of 0.5
and 1 in comparison to free pDNA. Fig. 6 shows a complete
degradation of free pDNA; however, the complexes of pDNA with
the modified MSNs were retained in the wells. The level of pDNA
protection was reliant on N/P ratio as well as the type of
modification. As shown in Fig. 5, MCM-41-NH2 had a weak
interaction with pDNA as the intensity of pDNA band retained in
the well was relatively lower than that of the MCM-41-Im
complexes in the similar N/P ratio of 0.5. 

3.3 Cellular experiments

In order to evaluate the safety of the synthesised MSNs before the
cell transfection, MTT assay was performed in HeLa cells. The
statistical results confirm dose-dependency of the cytotoxicity of
different types of MSNs (P < 0.001), which was indicated by a
decreasing percentage of live cells. Although there was no

significant difference with respect to the type of MSN modification
(P = 0.896) (Fig. 7a), the cytotoxic effect was only observed at
concentrations higher than 3 µg/ml (P < 0.01). 

MTT tests were also carried out to determine the viability of the
cells treated with the pDNA/MSN complexes correspond to N/P
ratios of 0.2, 0.5, 1, and 2. Fig. 7b shows an increase in
cytotoxicity with increasing N/P ratio (P < 0.05). The cytotoxicity
was significantly lower for the MCM-41-Im than the MCM-41-
NH2 complexes with pDNA (P < 0.001). Unlike naked E-GFP
plasmid which did not show any significant cytotoxicity, the cell
viability corresponding to Metafectene®/E-GFP plasmid was
calculated 72% ± 4.6, though the difference from the modified
MSNs was not determined significant (P > 0.05).

Gene transfer efficacy of MCM-41-NH2 and MCM-41-Im
loaded by pDNA was examined in vitro in HeLa cells. Fig. 8
shows the fluorescent cell percentage indicating expression of
EGFP plasmid was significantly higher for the MCM-41-Im than
MCM-41-NH2 similarly at N/P ratios of 1 and 2 (P < 0.001),
though there was no significant effect of N/P ratio of gene
expression in the studied range (P = 0.236). Compared with
Metafectene® as a positive control, MCM-41-Im showed a higher
level of gene expression (∼95%) at N/P = 1. 

The flow cytometry method was used to investigate the
particles’ ability to escape from the endosomes following
concomitant cell treatment with the modified MSNs and
carboxyfluorescein as an endosomal tracer molecule. Unlike
Fig. 9a which shows a similarly high carboxyfluorescein
fluorescence induced by 1 mg/ml concentrations of MCM-41-NH2
and MCM-41-Im (Fig. 9b), a superior fluorescence intensity was
obtained at low concentration (0.5 mg/ml) of MCM-41-Im than
MCM-41-NH2 (Fig. 9b). 

4Discussion
High porosity structure, colloidal stability, and the possibility to
functionalise the inner and/or the outer surface are among the
features that make MCM-41 MSNs as good candidates for
biological applications [43]. There are several previous studies that
have shown that mesoporous silica nanoparticles could be
endocytosed by mammalian cells [44, 45] and surfaces
functionalised MSNs are suitable vehicle for intracellular control-
released delivery [46, 47]. To investigate the application of the
surface-modified MSNs in gene delivery as the main goal of the
present study, a mandatory controlled synthesis needs to be
undertaken to obtain spherical nanoparticles. Well-defined
MCM-41 structures were synthesised according to reported
procedure [43] with some modifications. To this end, MCM-41
bearing –NH2 and imidazole functionalities (MCM-41-NH2 and

Fig. 3 HRTEM photograph of modified MSN with imidazole (MCM-41-IM)
 

Fig. 4 XRD pattern of the unmodified MCM-41 (MCM-41-OH) and the
corresponding particles modified with imidazole (MCM-41-Im)

 
Table 3 Mean hydrodynamic diameter and zeta potential of
the synthesised mesoporous silica nanoparticles
Type of MSN Hydrodynamic

diameter, nm
Zeta potential,

mV
MCM-41-OH 50.0 −3.8
MCM-41-NH2 51.0 +11.7
MCM-41-IM 35.0 +45
MCM-41-NH2/pDNA (N/P
1)

123.7 +4.5

MCM-41-Im/pDNA (N/P 1) 121.1 +7.1
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MCM-41-Im) were synthesised by co-condensation method [48]
and their applicability was investigated for pDNA condensation
and transfection in HeLa cells.

The synthesised MSNs were characterised according to their
size and morphology, crystallinity, porosity, chemical
modifications, hydrodynamic diameter, and zeta-potentials.
Aspherical particles of ∼40 nm (Fig. 2) were obtained by the two-
step method to control the rate of particle nucleation and growth

[48]. XRD shows 100 planes, broadening of 110 and 200 planes
attributed primarily to a decrease in the grain size [49] and also
filling the pores of nanoparticles with the functional groups [50]. A
little shift of 100 planes of MCM-41-Im XRD happened towards
higher angles, demonstrating a decrease in the unit cell parameter
(Fig. 4).

According to the BET, acquisition of the MSN samples
possessing high SBET, Vt, and WBJH (Table 2) indicates their

Fig. 5 Agarose gel retardation assay of pDNA complexes with the modified MSNs in various N/P ratios (0.2, 0.5, 1, 2, and 5) in comparison to free pDNA
 

Fig. 6 DNase-I protection assay for modified MSNs with amine and imidazole groups
(a) Agarose gel retardation assay after DNase-1 treatment of the samples: free pDNA or pDNA complexes with MCM-41-NH2 or MCM-41-Im in N/P ratios of 0.5 and 1, (b)
Retained pDNA in the wells that were extracted from the gel following DNase-1 treatment and investigated again by gel electrophoresis
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potential application for accumulating exogenous molecules as
well as presenting surface functionalities. The MCM-41-OH
showed the highest surface area of ∼1025 m2/g while by
introducing propylamine (MCM-41-NH2) and propylimidazolium
(MCM-41-Im) groups to inner pore walls, this value decreased to
975 m2/g and 780, respectively, which are acceptable changes
made by propylamine in compare with propylimidazolium groups.

The presence of –NH2 and imidazole functional groups was
confirmed by FTIR spectroscopy (Fig. 1) and CHN analysis
(Table 1). As reported in the literature [51], DLS experiment
showed a reduced particle size of silica nanoparticles following
chemical modifications. Zeta potential of the modified MSNs
demonstrated a decrease in the positive charges to the values of
+4.5 and +7.2 mV for respective MCM-41-NH2 and MCM-41-Im
particles following incubation with pDNA (Table 3) that can be
explained by electrostatic interactions happened between various
amines and pDNA phosphates.

In some other studies, MSNs are synthesised with a pretty
differences in method. Harini et al. synthesised MCM-41 in a one-
step method and modified them after that. In this study, we tried to
use co-condensation synthesis of MSNs in two-steps method and in
terms of characterisation, we achieved smaller size of nanoparticles
with sufficient functionality [52]. In another study, Kim et al. used
MSNs for delivering BMP-2 plasmid DNA for in vitro osteogenic
stimulation of mesenchymal stem cells. They synthesised MSN-
NH2 by modifying MCM-41 with APES with another different
method and characteristics of products [35].

Interaction of the modified MSNs with pDNA results in
retarding pDNA migration in gel electrophoresis [38]. This
happens since the modified MSNs, unlike MCM-41-OH, bearing
positive zeta potentials (Table 3) interacting with pDNA through
electrostatic interactions to neutralise the negative charge of
pDNA. Therefore, the pDNA complexes cannot migrate inside the
electrical field of gel electrophoresis and are retained in the wells.
The intensity of the band retained in the wells increased by the N/P
mole ratio of pDNA/MSN (Fig. 5), confirming that pDNA
retention is likely due to MSN interaction. However, the pDNA
loaded on the modified MSNs in N/P mole ratio of >0.5 were
retarded completely in the wells (Fig. 5), indicating strong
complexes formed between pDNA and the functionalised MSNs at
low N/P ratio. To verify the role of MSN modification, the
experiment was also performed for unmodified MCM-41. Unlike
the modified MCM-41, the bands corresponding to various forms
of pDNA were observed in the gel, showing that MCM-41 without
further surface modification cannot interact with pDNA
successfully. The incomplete interactions of pDNA and the MSNs
at N/P ratios <0.5 were also noticed by a partial migration of
pDNA in the gel. In comparison to the similar report on the
application of histidine functionalised MSNs for plasmid delivery
[34], more tightly condensed complexes are formed between
pDNA and MCM-41-Im. Also, a relatively lower amount of
MCM-41-Im is required to attain a complete complex formation in
comparison to histidine modified MSN [53]. Dissimilar synthesis

method or the different relative amount of imidazole functional
groups used in the preparation of the modified MSNs may explain
variable presentation of imidazole groups interacting to pDNA on
the MCM-41 surface.

Moreover, MCM-41-Im complexes with pDNA resist against
DNase1 degradation (Fig. 6), which may be due to the role of the
imidazole groups in condensation of pDNA. Considering that
apparent pKa of imidazole is ∼6.5 and it is partially protonated in
deionised water [54], the formation of some hydrophobic regions
on MCM-41-Im surface due to the presence of a unprotonated form
of imidazole amine group may contribute to a better condensation
of pDNA and a more resistance to DNase 1 digestion. The mutual
contribution of electrostatic and hydrophobic interactions in DNA
condensation has been discussed elsewhere [55].

The cytotoxicity of free MSNs and MS N/P DNA complexes
were investigated by MTT assay. Similar cytotoxic profiles were
obtained for all free MSNs in HeLa cells (Fig. 7). Lin et al. [56]
have also demonstrated a comparable dose-dependent cytotoxicity
of 15 nm silica nanoparticles at a concentration >10 µg/ml in lung
adenocarcinoma cells. In another study, the size-dependent
cytotoxicity of MSN particles has been addressed [57] that the
smaller particles show a lower cytotoxicity. However, the size of
reported particles has been above the size range used in the present
study. Unlike free MSNs, less cytotoxic complexes were found
between pDNA and MCM-41-Im than MCM-41-NH2 possibly due
to a more membrane-disrupting activity of protonated primary
amines [42]. This finding is not consistent with a recent report on
the application of MSN-NH2 and histidine-conjugated MSNs for
gene delivery application [34] that no significant difference has
been noticed between these modifications and at various N/P mole
ratios, showing the plausible participation of available NH2 group
of L-histidine in the cytotoxicity of the conjugated MSNs.

Transfection efficiency of the modified MSNs was investigated
by flow cytometry (Fig. 8). The results show a superior cell-
associated EGFP fluorescence following incubation with
MCM-41-Im/pDNA complexes than the complexes of pDNA with
MCM-41-NH2 or Metafectene® (a standard transfecting agent) that
might be attributed to enhance cellular uptake and/or endosomal
escape caused by imidazole groups [58, 59]. Surface
functionalisation of the MSNs with either –NH2 or imidazole group
results in increasing pDNA condensation (Fig. 5) and formation of
the loaded particles with a mean hydrodynamic diameter of ∼120 
nm and few positive charges (Table 3) that is assumed to induce
cellular uptake and expression of EGFP plasmid [60]. Since
making a balance between cationic density of nanoparticles and
their charge density causes better cellular interaction and
endocytosis [60, 61], in the present study, N/P ratio as the molar
ratio of amine group of modified MSNs to DNA phosphate groups
was used for making this balance. To demonstrate the capability of
the modified MSNs to escape from the endosome as a prerequisite
step for pDNA transfection, flow cytometry was performed.

Carboxyfluorescein was used as a negatively charged,
membrane impermeable fluorescent tracer that is internalised by

Fig. 7 Cell viability of the modified MSNs as a function of MSN concentration
(a) Cell viability of modified MSNs in complex with plasmid DNA in different N/P ratios of 0.2, 0.5, 1 and 2 in HeLa cells incubated after 48 h, (b) Cell viability of modified and
unmodified MSNs with different concentrations of 0.3, 1, 3 and 10 mg/ml in HeLa cells incubated after 48 h
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the cells only via endocytosis. The fluorescence of
carboxyfluoresce is self-quenched at the intra-endosomal high
concentrations used in the present study, but their escape from the
endosomes can be monitored by fluorescence dequenching. Similar
to another report [60], imidazole groups cause a better endosomal
escape than –NH2, which is only noticeable at the low MSN
concentration (Fig. 9a). This result is consistent with the higher
gene expression obtained for MCM-41-Im that confirms the
involvement of imidazole groups in the enhanced endosomal
escape, cyto-compatibility of pDNA complexes (Fig. 7b) and the
higher transfection efficiency of MCM-41-Im in an optimum N/P
ratio (Fig. 8).

5Conclusion
Through this study, the sized controlled MSNs particles are
recognised as novel carriers for gene transfection. The co-
condensation method applied to develop the modified MCM-41
nanoparticles showed a clear improvement in pDNA condensation,
protection against DNase-1 digestion, and improved transfection
efficiency. Both functionalised MSNs, MCM-41-HN2 and
MCM-41-im, showed excellent performance in pDNA transfection
which observed in flow cytometry results. However, better
transfection was observed by MCM-41-Im due to the presence of
more effective functional groups of imidazolium with more
positive charge. Furthermore, other functionalisation of MSNs

Fig. 8 Flow cytometry analysis of E-GFP plasmid gene expression in HeLa cell transfected with
(a) Metafectene®, (b) MCM-41-Im, N/P = 0.5, (c) MCM-41-Im, N/P = 1, (d) MCM-41-NH2, N/P = 0.5, (e) MCM-41-NH2, N/P = 1 (blue lines) versus negative control cells (red
lines)
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could be done using silane coupling agents for receptor-mediated
gene transfer with specific ligands that could be recognised by
target cell biomarkers. Furthermore, safety and efficacy of the
modified MSNs have to be tested in vivo to investigate their
success as a gene carrier in overcoming extracellular and
intracellular barriers.
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