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Abstract 

Several nanocomposites based on Mesoporous Silica 

Nanoparticles (MSN), aluminum ions, and 

Polyethyleneimine (PEI) were synthesized by the 

combination of the sol-gel and post-synthesis 

methods. These nanocomposites were mainly 

composed of MSN with the leading of Al and PEI 

species alone or in combination. The Al-MSN, MSN-

PEI, and Al-MSN/PEI samples were characterized by 

using FT-IR, XRD, SEM, EDX, zeta potential, and 

nitrogen physisorption techniques. The potential of 

their RNA delivery was investigated by loading and 

releasing the siRNA in the phosphate buffer. The 

obtained results showed that the loading capacity of 

each sample is directly related to its zeta potential. 

The Al-MSN/PEI sample showed the highest siRNA 

adsorption capacity due to possessing the highest zeta 

potential resulted in the presence of the high electric 

charge of Al3+ and the cationic nature of PEI. Under 
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the optimized conditions, the Al-MSN/PEI sample 

showed the amount of 47.19 µg adsorption of siRNA 

for 1.0 mg of Al-MSN/PEI. The results of releasing 

siRNA exhibited the yields of 12, 20.4, 29.6, and 

36.0 % for MSN, MSN-PEI, Al-MSN, and Al-

MSN/PEI, respectively at room temperature for 120 

min. 

 

Keywords: Aluminosilicate; Mesoporous silica 

nanoparticles; polyethyleneimine; siRNA delivery 

 

1.  Introduction 

Mesoporous silica nanoparticles (MSNs) form an 

outstanding class of nanomaterials when their 

interesting properties such as high surface areas, 

large pore size and volume, tunable porosity, and 

thermal stability are considered [1]. The 

modification of the MSNs able to increase the 

activity of MSNs in the adsorption process due to 

the generation of the active sites on the surface of 

MSN. Introduction of transition metal ions such 

as cobalt in the MSN frameworks can be 

modified the mesoporous structure through the 

sol-gel method or by the impregnation technique 

[2-9]. Generally, MSN exhibit specific surface 

areas around 1000 m2g-1, and this unique feature 

in combination with their high porosity provides 

a suitable platform for loading and delivery of 

large amounts of molecules [10-12]. Gene 

therapy has been recognized as one of the most 

potent therapies for the treatment of complex 

diseases such as cancer, cardiovascular disorders, 

and Alzheimer's disease [13-16]. Initiation and 

propagation of these diseases are based on the 

expression of certain genes that need to be 

silenced by the aid of small interfering RNA 

(siRNA) molecules. These are also known as 

short interfering RNA or silencing RNA, a class 

of double-stranded RNA and non-coding RNA 

molecules. They are typically made of 20-27 base 

pairs in length. They interfere with the expression 

of specific genes with complementary nucleotide 

sequences by degrading mRNA after 

transcription. siRNA may serve as the most 

appropriate tool for short term silencing of the 

protein-coding genes. Such therapy requires 

efficient gene delivery to cells because naked 

nucleic acids alone are not capable of getting 

across cell membranes [17,18]. Recently, some 

interesting methods for gene delivery have been 

introduced that included inorganic nanoparticles, 

liposomes, and polymer-based nanomaterials [19-

22]. The good biocompatibility of the silica-

based nanoparticles makes them a promising 

candidate for gene delivery [23,24]. Today, the 

attempts on developing silica-based gene delivery 

carriers are concentrated on two general aspects 

like surface chemistry and particle structure. 

From a surface chemistry point of view, before 

nucleic acid loading, an early modification step is 

required because the silica surface is negatively 

charged under biologically related conditions 

[25]. Different modifiers such as metal ions [26], 

amino silanes [27], cationic polymers [28,29], 

and peptides [30] have been used to change the 

surface charge of MSN. The modifier improves 

the interaction between DNA and MSN by 

reducing the electrostatic repulsion. Much 

attention has been paid to the modification of 

mesoporous silica materials and the enhancement 

of their adsorption capacity. Prabhakar and co-

workers studied the effect of amino-functional 

groups on the surface of mesoporous silica 

material and enhanced the DNA binding via 
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electrostatic interactions [31]. Keasberry et al. 

reported that the MSNs modified with 

polyamidoamine dendrimers have high 

adsorption capacity for plasmid DNA, and 

therefore have a higher ability to transfect HeLa 

cells [32]. Recently, MSN was modified with 

polyethylenimine-polyethylene glycol 

copolymers (PEI-PEG) and used as a co-deliver 

anticancer drug and siRNA into the breast cancer 

cells, in order to decrease the cells’ potency to 

develop drug resistance [33]. In nanoparticle-

based gene delivery systems, the nucleic acids 

were carried exclusively by the outer surface of 

the nanoparticles [34-37]. In recent years, Kumar 

and his co-workers synthesized a Mesoporous 

silica nanoparticle based enzyme for colon 

specific drug delivery through a natural 

carbohydrate polymer of guar gum capping. They 

showed that the MSN structure was remained 

after guar gum capping via non-covalent 

interaction. The result was manifested the release 

of 5-flurouracil as an anticancer drug in colon 

cancer cell lines in vitro which confirmed by 

biochemical assay and flow cytometry [38]. In 

another study, Wu et al., researched on the 

preparation of mesoporous polymer nanospheres 

(MPNs) as nanocarriers of B-cell lymphoma 2 

(Bcl-2) small interference RNA (siRNA) for 

breast cancer treatment. The FA-targeted-Bcl-2-

siRNA-loaded nanoparticles were prepared via a 

layer-by-layer assembly through the electrostatic 

interactions. These nanoparticles showed 

anticancer effect was increased on breast cancer 

(BC) cells by a significant sequence-specific 

inhibition of Bcl-2 mRNA expression in the BC 

cells by cancer cell apoptosis [39]. Folic acid-

loaded magnetic SBA-15 that incorporated with 

quercetin were synthesized to investigate human 

colorectal carcinoma cells (HCT-116). This 

composite caused the tumour suppression, and 

triggered mitochondrial-dependent apoptosis via 

a redox-regulated cellular signalling system [40]. 

In this study, we synthesized some 

nanocomposites based on the MSN which 

modified with aluminium, and polyethyleneimine 

(PEI) as the potential carriers for siRNA delivery. 

Their structures were characterized by using 

XRD, FTIR, SEM, BET, and TEM methods. In 

addition, the ability of their RNA delivery was 

investigated through the release of siRNA in the 

phosphate buffer solution (PBS, pH = 7.2) at 

room temperature. The important point of this 

study is that the aim of this research is merely to 

synthesize a nanocomposite based on 

mesoporous aluminosilicate nanoparticles and 

PEI polymer that carrier the siRNA. This study 

indicates that this nanocomposite with PEI 

polymer can be a good carrier for siRNA, and 

only the release of siRNA in the different alkali, 

acidic, and neutral media has been investigated. 

Therefore here, biological studies of the in vitro 

and in vivo tests have not been done on this 

nanocomposite. 

 

2. Experimental  

2.1 Materials 

Tetraethylorthosilicate (TEOS, 98%), 

cetyltrimethylammonium bromide (CTAB, 95%), 

aminopropyltriethoxysilane (APTES, 99%), 

phosphate buffer (pH = 7.2), sodium hydroxide 

(extra pure), polyethyleneimine (MW 10 kD), 

and ethanol (99%) were purchased from Sigma-

Aldrich Co. The certain siRNA was purchased 

from Sinagene Co. (Tehran). All of the solvents 
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and reagents were used as received without 

further purification. Double distilled water was 

used in all of the experiments. Aluminium nitrate 

nine hydrate (Al(NO3)3.9H2O) was purchased 

from Merck Co. 

 

2.2 Methods 

2.2.1 Synthesis of mesoporous silica 

nanoparticles (MSN) 

MSN samples were prepared according to the 

reported procedure [35]. A solution of CTAB (10 

g) in double-distilled water (275 ml) was 

prepared at room temperature. Then a solution of 

25% ammonia (54 ml) in ethanol (395 ml) was 

added to the above-mentioned solution and the 

mixture was stirred for 5 h. Finally, TEOS (45 

ml) was added to the mixture and stirred for 8 h. 

The gel was aged for 8 h. The precipitate was 

then washed with water and ethanol (300 ml) of 

each sample, oven-dried, and finally calcined at 

550 °C.  

 

2.2.2 Synthesis of Aluminium-modified 

mesoporous silica nanoparticles (Al-MSN) 

MSN (0.1 g) was added to 0.3 M Al(NO3)3.9H2O 

in double-distilled water (20 ml) and sonicated 

for 50 min. The mixture was then stirred at 70 oC 

for 5 h. Afterward, the precipitate was filtered 

and washed three times with water, oven-dried at 

90 °C for 24 h, and finally calcined at 650 oC for 

3h. The obtained sample was denoted as Al-MSN 

[41,42].  

 

2.2.3 Synthesis of PEI-modified MSN and Al-

MSN  

The PEI-modified MSN and Al-MSN samples 

were obtained as follows: the amount of 5.0 mg 

of each sample was dispersed into the absolute 

ethanol (1.0 mL) and sonicated for 15 min. Then 

polyethyleneimine (PEI, MW 10 kD, 2.5 mg) was 

added to the dispersion and the mixture was 

stirred at room temperature for 15 h. The PEI-

modified particles were collected by 

centrifugation, washed with absolute ethanol and 

distilled water (3×10 ml), and finally dried at 

room temperature. The samples were denoted as 

MSN-PEI and Al-MSN/PEI.  

 

2.2.4 siRNA loading and release  

The amount of siRNA was loaded on the MSN 

surface and monitored by using a UV-vis 

spectrophotometer. Typically, 10 mg of each 

sample was added to 10 ml of a 150 μg/mL 

solution of the siRNA in PBS (pH 7.2) and stirred 

at room temperature for 2 h. At given time 

intervals, the amount of the adsorbed siRNA on 

each sample was determined at λmax of 260 nm. 

The release of the siRNA was studied on the 

concentrations of 1, 5, 25, 50, 75, 100, and 150 

μg ml-1 of siRNA, in phosphate buffer solution at 

260 nm. The siRNA concentration was calculated 

as: [siRNA] = 0.0192 × Abs(260) – 0.037, (R2 = 

0.998), where Abs(260) stands for the absorbance 

of the solution at 260 nm.  

 

2.3. Characterization of the nanocomposites 

Fourier-transform infrared (FT-IR) spectra were 

recorded using KBr disks on a Rayleigh, WQF-

510 infrared spectrophotometer. Ultraviolet-

visible (UV-vis) absorption spectra were 

recorded on a Varian Cary 100 

spectrophotometer in quartz cuvettes. Zeta 

potential measurements were performed on a 

Zetasizer Nano ZS (Malvern, Instruments, and 
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Westborough, MA) with a backscattering 

detection at 173o. Powder X-ray diffraction 

(XRD) data were collected with a Philips PW 

1830 diffractometer (Cu‐Kα X‐radiation, λ = 1.54 

Å). SEM imaging was performed on a JEOL 

JEM-2100 transmission electron microscope. N2 

adsorption-desorption isotherms were measured 

at 77 K on a BELSORP MINI II instrument. 

Samples were degassed in a vacuum and 

annealed at 120 ˚C for at least 6h to remove 

moisture. The pore size distribution was 

evaluated by using the Barrett–Joyner–Halenda 

(BJH) model. 

 

3. Results and Discussion 

3.1 Characterizations of the nanocomposites 

The FT-IR spectra of the MSN, Al-MSN, MSN-

PEI, and Al-MSN/PEI samples are shown in 

Figure 1. The broad bands at about 3452 cm−1 are 

attributed to the O–H stretching vibrations of 

either silanol groups or adsorbed water [25-43]. 

The O-H and Si-O-Si bending vibrations have also 

appeared at 1640 cm-1. The symmetric and 

asymmetric Si–O–Si stretching vibrations were 

observed around the region of 1082 and 802 cm−1, 

respectively [25]. Two weak peaks of the C-H 

stretching vibrations are visible at about 2970 and 

2890 cm-1 which are attributed to the presence of 

the PEI molecules in the MSN-PEI and Al-

MSN/PEI samples [41-43]. Metal-oxide vibrations 

of either Si4+ or Al3+ species in tetrahedral holes 

also appeared at 467 cm-1 [43]. Although the C-N 

stretching vibrations of the PEI are anticipated to 

appear in the range of 1000-1250 cm-1, these were 

overlapped with the strong peaks of the Si-O-Si 

vibrations [43]. It can be concluded that PEI 

modification was successfully achieved and no 

considerable change in the metal-oxide bands were 

occurred. 

 

The low and high angle XRD patterns for the 

MSN, Al-MSN, MSN-PEI, and Al-MSN/PEI are 

presented in Figure 2. In all cases, a broad peak 

was observed at about 22o, which originates from 

amorphous silica [2]. In the low angle XRD 

patterns, three diffraction peaks of 100, 110, and 

200 were observed at 2.65o, 4.3o, and 4.8o, 

respectively, for the MSN (Figure 2A). These 

peaks are indicative of the mesoporous silica 

structure [36,37]. The intensity of these peaks 

were decreased after incorporating the metal and 

organic compounds which showed the less order 

mesoporous structure for these nanomaterials [2, 

43]. The morphology of the MSN, MSN-PEI, Al-

MSN, and Al-MSN/PEI samples was studied by 

SEM imaging (Figure 3). All of the samples were 

made of uniform spherical particles in the range 

of 70-180 nm [2]. It is also noteworthy that PEI 

treatment did not change the morphology of the 

products as it is evident from Figure 3b, and 3d. 

The presence and homogeneity distribution of Al 

ions in the Al-MSN/PEI sample were 

investigated by EDX and mapping, respectively. 

Figure 4a shows a homogeneous distribution of 

Al3+ in its mesoporous silica and Figure 4b is 

evidence of the presence of Si, O, and Al species 

in Al-MSN/PEI. The nitrogen adsorption-

desorption isotherms and pore size distribution of 

the samples are shown in Figure 5. All of the 

samples showed a type IV isotherm with distinct 

H4 hysteresis loops in the p/p0 range of 0.3-1.0 

(Figure 5A). The narrow pore size distribution of 

the samples are observed around 1.2 nm (Figure 

5B). 
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Figure 1: FTIR spectra of the MSN, MSN-PEI, Al-MSN, and Al-MSN/PEI samples 

 

 

 

 

Figure 2: XRD patterns of the MSN, MSN-PEI, Al-MSN, and Al-MSN/PEI samples (A) Low angle, and (B) 

high angle  

 

 

 

Figure 3: SEM images of a) MSN, b) MSN-PEI, c) Al-MSN, and d) Al-MSN/PEI 
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Figure 4: Mapping (a), and EDX (b) analysis of the Al-MSN/PEI sample 

 

 

 

 

Figure 5 (A): Nitrogen adsorption-desorption isotherms, (B) Pore size distributions of MSN, MSN-PEI, Al-MSN, 

and Al-MSN/PEI 

 

 

Catalyst S
a 
(m

2
g

-1
) Vp

b
 (cm

3
g

-1
) W

c
(nm) 

MSN 1062 0.53 2.00 

Al-MSN 691 0.36 2.10 

MSN-PEI 522 0.33 2.50 

Al-MSN/PEI 393 0.34 3.44 

aS, Surface area obtained from N2 adsorption-desorption isotherms; 

b
Vp Total pore volume; 

c
W Pore diameter 

 

Table 1: Physicochemical properties of the MSN, MSN-PEI, Al-MSN, and Al-MSN/PEI samples. 
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The surface area of the MSN was reduced upon 

modification with either Al3+ or PEI (1062 m2g-1 

for MSN vs. 691, 552, and 393 m
2
g

-1 
for the Al-

MSN, MSN-PEI, and Al-MSN/PEI samples, 

respectively). Conversely, the total pore volume 

of the MSN was reduced after modification from 

0.53 cm3g-1 for MSN to 0.34 cm3g-1 for Al-

MSN/PEI which may be due to partial pore 

blockage by PEI, Al3+, or both of them [6]. The 

pore size was also increased upon modification 

with Al3+ and PEI from 2.00 nm for MSN to 3.44 

nm for Al-MSN/PEI. 

 

3.2. Zeta potential measurements 

Zeta potential of the synthesized samples is 

presented in Figure 6. The Zeta potential of the 

pure MSN was altered after introduction with 

aluminium ions and PEI species so the PEI-

containing samples demonstrated positive zeta 

potentials [44]. The change in the zeta potential 

values from negative to positive indicated to 

increase in pure MSN surface isolation, due to 

the interactions between the MSN surface and 

PEI and aluminium ion modifiers [45]. The zeta 

potential of MSN was changed from −16.4 mV to 

6.0 mV after amination with PEI, making it 

possible to load siRNA molecules through the 

electrostatic attractions. Metal ions are also 

known to increase siRNA adsorption onto silica 

surfaces due to the mediation of the electrostatic 

repulsion between the negatively charged silica 

surface and the siRNA molecule [46]. 

 

Higher zeta potential of Al-MSN (+26 mV) can 

be related to the electronic nature of the Al3+ ions 

which carries a high positive charge. PEI, on the 

other hand, is a cationic polymer which induces a 

very positive charge on the modified MSN. Thus, 

we decided to use a combination of PEI and Al3+ 

to obtain the highest possible zeta potential. As 

anticipated, Al-MSN/PEI showed a high zeta 

potential of 54.1 mV, which confirmed that 

trivalent metals bind more strongly to siRNA 

[47]. 

 

 

 

 

Figure 6: Zeta potential values of the MSN, MSN-PEI, Al-MSN, and Al-MSN/PEI 
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3.3. Loading and release of the siRNA 

The trend of the siRNA incorporation on the 

MSN and its modified forms was studied by UV-

vis spectroscopy. First, a calibration curve was 

plotted according to the method described under 

the heading 2.2.4 (Figure 7). (Figure 8) illustrates 

the trend of siRNA loaded after each 120 min for 

the MSN, Al-MSN, MSN-PEI, and Al-MSN/PEI 

samples. The adsorption capacity of the Al-MSN 

and MSN-PEI samples was higher than the pure 

MSN. 

 

The adsorption capacity was improved when a 

combination of Al3+ and PEI was used. These 

observations are in agreement with the zeta 

potential values of the synthesized samples and 

the physicochemical properties (Table 1). The 

results showed although the MSN has the highest 

surface area and the highest monolayer adsorbed 

volume among the synthesized samples, it has the 

lowest siRNA adsorption capacity. Therefore, the 

adsorption capacity of the Al-MSN/PEI sample 

can be related to its physicochemical properties, 

including surface area, pore volume and pore 

diameter. Under the optimized conditions, 47.19 

µg of the siRNA was loaded on 1.0 mg of the Al-

MSN/PEI, after 90 min, which is a promising 

result. The siRNA release was investigated in a 

PBS (10 ml) at 260 nm, and at room temperature.  

 

The results were calculated as 1− (A1/A0), where 

A0 is the absorbance of the siRNA standard 

solution and A1 is the absorbance of siRNA in the 

filtrate. Figure 9 depicts the trend of the siRNA 

release for 120 min from the Al-MSN, MSN-PEI, 

and Al-MSN/PEI samples. The sharp release of 

the siRNA was observed for all of the samples in 

the first 20 min. The pure MSN showed a release 

efficiency of about 13% of its initial siRNA 

loading after 120 min. 

 

The MSN modification with aluminium or PEI 

alone or together had a significant positive effect 

on the release efficiency of the siRNA. The 

results showed 22, 30, and 36% siRNA release 

for the Al-MSN, MSN-PEI, and Al-MSN/PEI 

samples, respectively. According to the obtained 

results, the nanocomposite of Al-MSN/PEI 

exhibited the highest release due to the 

possessing the highest zeta potential on the 

surface of this composite. Since the MSN surface 

and the siRNA chain possess negative charge at 

neutral media [48], the pure MSN cannot strongly 

adsorb the siRNA chain due to the repulsion 

force between these two materials [49]. The 

formation of bonds occurred among the 

molecules with donor electron atoms and also 

phosphate groups in the siRNA chain with the 

Al3+ atoms in the nanomaterial structure [34]. The 

phosphate buffer solution reduced the interaction 

between the metal ions and the siRNA species 

which results in the release of the siRNA 

molecules. 
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Figure 7: The calibration curve for determination of the siRNA  

 

 

 

 

Figure 8: Incorporation of the siRNA on the MSN, MSN-PEI, Al-MSN, and Al-MSN/PEI samples for 120 min 

 

 

 

Figure 9: Desorption efficiency of the MSN, MSN-PEI, Al-MSN, and Al-MSN/PEI at room temperature for 120 

min 
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According to the Hard and Soft Acids and Bases 

(HSAB) theory, hard acids tend to hard bases and 

soft acids prefer binding with the soft bases. Al3+ 

is known as a hard acid due to its high positive 

charge and small radius, and it can easily form a 

stable complex with a phosphate group of the 

siRNA molecule. It is worth noting that the 

siRNA delivery systems are actively pursued by 

researchers around the world. A comparison of 

our results with the reported methods on siRNA 

delivery is summarized in Table 2. In comparison 

with the other reported nanoparticles as siRNA 

carriers, Al-MSN/PEI nanoparticles show many 

advantages including ease of work-up, high 

performance in siRNA loading and release, and 

the use of affordable and non-toxic raw materials. 

The synthesized nanocomposites were able to 

undertake gene delivery in a high yield for the 

first time, and have superiority in comparison to 

the other reported nanomaterials. Another 

important advantage of our protocol is working at 

neutral pH. For example, calcium phosphate 

nanoparticles [53] as siRNA carriers need the pH 

of solution to be adjusted at 4.0.  

Sample Temp. (
o
C) Loading (%) Release (%) Ref. 

Al-MSN/PEI 25 31.4 36 This study 

Mannitol 25 2 2 50 

Human Serum Albumin 37 8 40 51 

PLGA 25 2 57 52 

Chitosan nanoparticles (Ionic cross-

linking) 
25 8.3 9.5 53 

Chitosan nanoparticles (Ionic 

gelation with TPP) 
25 10 12 53 

Mesoporous glass nanoparticles 25 2.5 40 54 

Titania Nanotubes 25 2.2 90 55 

Calcium phosphate nanoparticles 25 - 30 56 

 

Table 2: A comparison of modified MSNs with the other vehicles for the siRNA delivery. 

 

4. Conclusion 

Mesoporous silica nanomaterials were 

synthesized and modified with aluminium and 

polyethyleneimine (PEI) to obtain suitable 

scaffolds for delivery of the siRNA chain. All of 

the synthesized samples were characterized by 

various techniques such as FT-IR, SEM, EDX, 

XRD, BET analysis. Zeta potential measurements 

showed that the loading of aluminium ions and 

PEI molecules to the MSN nanoparticles 

increased the zeta potential of the synthesized 

nanomaterials. The observed release efficiency 

for the MSN, MSN-PEI, Al-MSN, and Al-

MSN/PEI nanocomposites were 12, 20.4, 29.6, 

and 36%, respectively. Obviously, the Al-

MSN/PEI nanocomposite showed the highest 
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release efficiency. Al-MSN/PEI showed the 

highest zeta potential and exhibits the highest 

adsorption capacities among the synthesized 

samples. It was also found that the efficiency of 

the siRNA release from Al-MSN/PEI is just as 

good as its adsorption.  

The present study aimed to extend the 

applications of the mesoporous silica 

nanoparticles to the treatment of the deadly 

diseases of the 21st century, including 

Alzheimer’s disease, cancer, AIDS, etc. Although 

the gene silencing mediated by double-stranded 

small interfering RNA (siRNA) has been widely 

investigated as a potential therapeutic approach, 

its usage is hampered by its rapid degradation and 

poor cellular uptake into cells in vitro or in vivo. 

Therefore, we used MSNs as a siRNA vector due 

to their advantages such as low toxicity and 

biocompatibility. The results of the present study 

may provide a practical solution for siRNA 

purification techniques. Additionally, the Al-

MSN/PEI nanocomposite can be utilized in the 

treatment or monitoring of gene-related diseases. 

The essential purpose of this study is only to 

prepare a nanocomposite based on mesoporous 

aluminosilicate nanoparticles modified with PEI 

polymer that able to transfer the siRNA. The 

release of the loaded siRNA was studied in three 

conditions the alkaline, acidic, and neutral media. 

The results indicated that about 36% release of 

siRNA has happened. According to the obtained 

results, the certain siRNA can be loaded in the 

modified mesoporous silica nanomaterials which 

able to do certain gene delivery or for silencing 

some gene through this type of nanocomposite. 

To find the capability of this nanocomposite in 

the treatment of some diseases such as cancer, 

inflammatory and etc. through the gene or drug 

delivery, it is necessary to carry out the in vitro 

and/or in vivo biological studies. 
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