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Abstract

An easy and cost-effective sol-gel procedure is described for the synthesis and co-modification of
mesoporous silica nanoparticles (MSNs) with various metal ions and positive-charge inducing
polymers including PEI and PEG, for the construction of a reliable gene delivery vehicle. All of the
samples (denoted as PEI-MSN, M-MSN, PEI-M-MSN, and PEG-PEI-MSN, where, M= Fe?*, Fe3*,
Co?*, Zn?*, AI*"), were unambiguously characterized by conventional techniques including FTIR,
XRD, SEM, and BET. The adsorption capacity of siRNA was found to be more related to the zeta
potential of the samples than their specific surface areas. The best adsorption result was obtained by
using PEI-Fe(111)-MSN (48.8 ug of siRNA per mg of support). The release of siRNA from PEI-
Fe(I11)-MSN, was also good (91.5%), but a burst release profile was observed. Interestingly, when a
layer of PEG was used as a co-modifier, a sustained release profile was achieved, and meanwhile,
the released amount of siRNA was improved (93.2%). The whole combination showed no
considerable cytotoxicity according to the MTT test.
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Introduction

Gene therapy refers to a method in which modulation of gene expression is premediated in distinct
cells for the treatment of diseases. This method serves as a useful approach to selectively affect the
pathological issues in certain cells [1]. Since the first human DNA modification attempt by Cline in
1980 [2], the bibliographic records have witnessed the expansion of gene therapy methods using
exogenous nucleic acids such as DNA, mRNA, small interfering RNA (siRNA), and microRNA
(miRNA). The first therapeutic use of gene delivery was performed by Anderson in 1990.
Generally, siRNAs have smaller sizes and less immunogenicity, and these are in favor of
overcoming some adverse circumstances. In addition, their development and chemical synthesis is
easy to some extent. As an example, potential of siRNA has been approved by injection of Fas
SiRNA to protect the mice from autoimmune hepatitis [3]. While the siRNA and miRNA
oligonucleotides can be used to downregulate the expression of target genes, mRNA can be used for
the expression of encoded proteins. Presently, many RNA-based drugs are in clinical trials, and
many more are under development. These are intended for the treatment of various diseases
including, cancer, liver, neural system, and hereditary diseases [4]. One major concern is the
delivery of these oligonucleotides to the target cells, as their physicochemical properties such as
negative charge and hydrophilicity preclude their passive diffusion across the plasma membrane.
Therefore, this approach faces many physiological barriers such as nucleases, immune cells, non-
specific serum proteins, etc. Hence, delivery vehicles are necessary to safeguard NAs, and target
them to distinct cells. Inorganic nanoparticles, liposomes, viruses, and polymer-based nano-
materials have been recently introduced for efficient gene delivery [5-8]. Silica-based nanoparticles
form an outstanding class of inorganic vehicles which have the advantage of good biocompatibility
as it is a prerequisite for safe gene delivery [9,10]. Mesoporous silica nanoparticles (MSNs) exhibit
a porous honeycomb-like structure of silica. Some interesting advantages of MSNs include tunable
size, modifiability, and large specific surface areas (about 1000 m?g?). The high surface area of
pores paves the way for attachment of certain functional groups on the MSNs [11]. The MSNs fall
into three categories, i.e., ordered MSNSs, hollow type MSNSs, and core/shell type MSNs. Ordered
MSNs exhibit their pores arranged in an orderly manner. In order to deliver nucleic acid species, the
surface of the MSNs needs to be modified to carry positive charges for the binding of DNA or
SIRNA. This is achieved by grafting amine groups on the surface [12], coating with polycations
such as polyethyleneimine (PEI) [13], and poly(amidoamine) (PAMAM) [14]. Polyethylenimine-
polyethylene glycol copolymers (PEI-PEG), also have been used as modifiers for MSNs to co-
deliver anticancer agents and siRNA into the breast cancer cells [15]. It has been shown that the

nucleic acids are mainly carried by the outer surface of the MSNs [11,16]. In continuation of our
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interest and involvement in the chemistry of the MSNs and delivery of short oligonucleotides,
herein, we report our study of the surface charge effects on the uptake-and-release capacity of

mesoporous silica nanoparticles.

Experimental

Materials

All of the chemicals including FeCl,.4H20, FeCls.6H.0, CoCl,.6H,0, ZnCl2.3H20, AICI3.6H-0,
TEOS (98%), CTAB (95%), phosphate buffer (PBS, pH 7.2), NaOH (extra pure),
polyethyleneimine (PEI, MW 10 kD), O, 0O'’bis[2-(N-succinimidyl-succinylamino)-
ethyl]polyethylene glycol (MW=2000), and absolute ethanol were purchased from Sigma-Aldrich
and used as received. SiRNA as 21-mer with 3" TT-overhangs was purchased from Sinagene Co.
(Tehran).

Instrumentation

Fourier-transform infrared (FT-IR) spectra were recorded using KBr disks on a Bruker Alpha
infrared spectrophotometer. Ultraviolet-Visible (UV-Vis) absorption spectra were recorded on a
Varian Cary 100 spectrophotometer in quartz cuvettes. Zeta potentials were measured on a
Zetasizer Nano ZS (Malvern, Instruments, Westborough, MA) with a backscattering detection at
173° (25 °C, 200 pg.mLt, pH 7.0). Powder X-ray diffraction (PXRD) spectra were recorded on a
Philips pw 1830 diffractometer (Cu-Ka X-radiation, A = 1.54 A). A JEOL JEM-2100 transmission
electron microscope was used for TEM imaging. N2 adsorption-desorption isotherms were
measured at 77 K on a BELSORP MINI Il instrument. Samples were degassed in-vacuo and
annealed at 120 °C for at least 6 h to remove moisture. The pore size distribution was determined by
the Barrett—Joyner—Halenda (BJH) model.

Methods

Synthesis of mesoporous silica nanoparticles (MSNSs)

The general procedure for the preparation of the mesoporous silica nanoparticles is reported earlier
[17]. Accordingly, a solution of CTAB (7.29 g) in 175 mL of double distilled water was prepared at
room temperature. Then 25% ammonia (13.9 mL) in 228 mL of ethanol, was added to the
aforementioned solution and stirred for 1 h. After the addition of 15 mL of TEOS to the mixture and
stirring for 5 h, the gel was aged for 2 days. The precipitate was then washed with water and ethanol
(100 mL of each), oven-dried at 100 °C, and finally calcined at 550 °C.

2.3.2. Metal-modification of MSNs
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0.1 g of MSN was added to a solution of each of the FeCl,.4H,0, FeClz.6H20, CoCl2.6H20,
ZnCl,.3H20, and AICl3.6H20 salts to obtain the desired Si/M molar ratio of 75. The suspension was
sonicated for 15 min and then stirred at 300 rpm for 5 h at 70 °C. The precipitate was then filtered
and washed three times with water, oven-dried at 90 °C for 24 h, and finally calcined at 550 °C for
3h. The obtained samples were denoted as M-MSN (M= Co?*, Fe?*, Fe3*, Zn?*, and AP** [18].

Modification of the M-MSN samples with polyethyleneimine (PEI)

The M-MSN samples were covered with a layer of PEI according to the literature [19]. A dispersion
of 5.0 mg of the M-MSN in 1.0 mL of absolute ethanol was prepared by sonication for 15 min.
Then, 2.5 mg of polyethyleneimine (PEI, MW = 10 KD) was added and the mixture was stirred at
250 rpm for 5 h at room temperature. The PEI-modified particles were collected by centrifugation,
washed with absolute ethanol and distilled water (3x10 mL of each), and finally dried at room
temperature. The samples were denoted as PEI-M-MSN.

2.3.4. PEG-modification of the PEI-M-MSN

0O, O'-bis[2-(N-succinimidyl-succinylamino)-ethyl]polyethylene glycol (NHS terminated PEG,
MW= 2000) was added to a dispersion of PEI-M-MSN nanoparticles in ethanol [37]. After stirring
for 3 h at room temperature, the conjunction product was filtered-off and denoted as PEG-PEI-M-
MSN.

SiRNA adsorption-desorption experiments

A specified amount of each support (MSN, M-MSN, PEI-M-MSN, and PEG-PEI-M-MSN) was
treated with siRNA solution, and the adsorbed amount was determined by measuring the siRNA
concentration in the supernatant solution at different time intervals over 48 h. A standard calibration
curve of the absorbance vs. concentration was first plotted by measuring the absorbance of sSIRNA
solutions with known concentrations of 1, 5, 25, 50, 75, 100, and 150 pg mL, in PBS at 260 nm.
The siRNA concentration was then calculated as: [SiRNA] = 0.0192 x Abs(260) — 0.037, (R? =
0.9976), where Abs(260) is the absorbance of the solution at 260 nm (Figure 1).
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Figure 1. The calibration curve for determination of sSiRNA.

Cell culture

Normal human fibroblast cells were purchased from the Pasteur Institute of Iran. 200 uL of each of
250 and 125 pg. mL? concentrations of the MSN-based vehicle in a complete culture medium were
introduced into a 96-well plate. Three replicates were performed for each concentration. Then, the
trypsinized fibroblasts were suspended, and to each house, 7x10° cells were added. Then they were
incubated under standard conditions for 24 and 48 h. Afterward, 50 uL of MTT solution (5 mg/mL)
was used and wells were re-incubated for 4 h. After the complete dissolution of Formazan crystals
by isopropanol, the absorbance was measured at 570 nm. The results were expressed as survival

percent + standard deviation.

Results and discussion

Characterizations

FT-IR study

FT-IR spectra of the MSN and its metal-, and polymer-modified descendants are shown in Figure 2.

All of them are in common with the O—H stretching and bending vibrations of water molecules or

surface silanol groups at about 3450 and 1640 cm™ [20]. Symmetric and asymmetric vibrations of

the Si-O-Si scaffolds were appeared at 1082 and 802 cm™?, respectively. Polymer-modified

samples showed the C-H stretching vibrations at about 2970 and 2890 cm™. Metal-oxide vibrations

in tetrahedral holes appeared at about 465 cm™. Clearly, these bands tend to shift to higher wave

numbers upon increasing the oxidation state of the metal. This can be easily seen from the spectra

of Fe(I1)-MSN and Fe(l11)-MSN, and their polymer-modified forms. The C-N stretching vibrations
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of the PEI moiety probably overlapped with the strong peaks of the Si-O-Si vibrations (1000-1250
cm™). It can be concluded that the mesoporous structure of the MSNs was preserved after

modification.
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Figure 2 FTR spectra of the MSN and its metal-, and polymer-modified forms.

13



A. Mahmoudi and M.R. Sazegar, J. Appl. Chem. Res., 18, 1, 8-25 (2024)

XRD patterns

Low and high-angle XRD patterns of the MSN and its metal-, and polymer-modified forms are
presented in Figure 3. All of the samples exhibit a broad peak at about 22° resulting from
amorphous silica (Fig. 3b) [11]. Clearly, the XRD patterns of metal-, and polymer-modified
samples were the same at high angles. In the low angle patterns, a strong diffraction peak at 2.65°
corresponding to the (100) plane of the MSN unit cell (Figure 3a), along with two weak reflections
at 4.3° and 4.8° attributable to the (110) and (200) planes of the hexagonal mesoporous structure is
indicative of a well-ordered mesoporous silica material. Metal modification, however, resulted in
the down-shift of the most intense peak to smaller 26 angles, as a result of the substitution of Si by
M"™ and increased d1o0 spacing. Polymer-modified MSNs and M-MSNs, however, showed the same
XRD patterns, since polymer modification does not affect the crystal structure of the prepared
scaffolds. This can be easily understood from the XRD pattern of the PEI-M-MSN samples. It is
also noteworthy that the oxidation state of the metals had no drastic effect on the XRD patterns, for
example, PEI-Fe(I1)-MSN and PEI-Fe(l11)-MSN, as presented in Figure 3a.
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Figure 3 Low (a), and high angle (b) XRD patterns of the MSN and its modified forms.
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SEM micrographic study

SEM micrographs of the MSN and its modified forms at 100 kx magnification are shown in Fig. 4.
The MSN nanoparticles appeared as uniform spheres in the range of 50-100 nm (Figure 4a). SEM
micrographs of the PEI-MSN, Fe(I1)-MSN, Fe(111)-MSN, PEI-Fe(l1)-MSN, and PEI-Fe(ll1)-MSN
are also presented (Figures 4b-f). One can note that the morphological aspects of the modified
forms are not considerably changed, and the spherical shape of the modified MSNs was almost
preserved. A negligible increase in the average particle size can be attributed to the increase of d-
100 spacing, as deduced from the XRD patterns. The SEM images of the other products including
Co(Il)-MSN, PEI-Co(Il)-MSN, Al-MSN, and PEI-AI-MSN were more or less the same, and are not

presented here for the sake of brevity.
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Figure 4. SEM micrographs of the MSN, PEI-MSN, Fe(I1)-MSN, Fe(l11)-MSN, PEI-Fe(l1)-MSN, and PEI-Fe(111)-MSN (a-f).
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Nitrogen adsorption-desorption measurements

The effect of the modifiers on the porosity and surface areas of the samples was studied by nitrogen
adsorption-desorption measurements. The corresponding N2-sorption isotherms are shown in Figure
5. All of the samples showed a type 1V isotherm with distinct H4 hysteresis loops in the p/po range
of 0.3-1.0, corresponding to well-ordered mesoporous materials. The presence of small pores is
evident from the sharp inflections of capillary condensation at lower relative pressure. As plotted in
Fig. 5, and in agreement with the FTIR, SEM, and XRD results, the mesoporous silica nanoparticles
subjected to metal or polymer modification, maintain their crystal and pore structure. Considerable
changes in the physicochemical properties of the modified samples, however, were observed as

presented in Table 1.
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Figure 5 Nitrogen adsorption-desorption isotherms of MSN and its modified forms.
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Table 1. Physicochemical properties of the synthesized samples.

Average pore
Catalyst Seer? (M?gl)  VpP(cmigl) W< (nm) Vm ¢ (cm3g?)
diameter (nm)

MSN 1062.2 0.5285 1.21 1.09903 244.05
Fe(I1)-MSN 820.12 0.3365 1.21 1.09803 228.10
Fe(I11)-MSN 835.05 0.3617 1.16 1.09901 231.02
Co(I)-MSN 784.95 0.3394 1.34 1.09704 230.11

Al-MSN 814.00 0.3212 1.42 1.09900 234.14
Zn-MSN 798.54 0.3210 1.19 1.09888 229.31
PEI-MSN 620.14 0.2987 1.14 1.07806 214.89
PEI-Fe(l11)-MSN 486.66 0.2898 1.09 1.07754 212.36
PEI-AI-MSN 512.11 0.2999 1.19 1.07642 218.20
PEI-Zn-MSN 499.87 0.2891 1.03 1.07801 211.24

3 BET surface area obtained from N adsorption-desorption isotherms; ® Total pore volume; ¢ Pore size obtained from
the BJH method; ¢ Adsorbed volume.

According to the data in Table 1, the specific surface area (Sget) of the MSN decreased drastically
upon polymer modification (1062 vs. 620 m2g™?). This can be attributed to the partial blockage of
the pores, as indicated by the total pore volume (Vp, cm3g?). The pore blockage is much less when
the MSN is modified only with metals. In contrast, modification with both metal and polymer
modifiers results in a considerable decrease in the total pore volume and specific surface areas. The
effect of the oxidation state of the metal on the physicochemical properties of the sample was not
easy to justify. For example, the specific surface area of the Fe(lll)-MSN was higher than the
Fe(I1)-MSN. The same trend was observed for the monolayer adsorbed volume (Vm) and the pore

size obtained from the BJH method.

Zeta potential measurements

The measured Zeta potentials for the synthesized samples are presented in Figure 6. All of the
modified samples had positive zeta potentials, which is in agreement with previous reports [21].
Changing the values from negative to positive indicates an increase in the MSNs’ surface isolation
[22]. 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 electrostatic attractions. Metal ions also, can

modify the electrostatic nature of the MSNs, and increase the adsorption of siRNA onto their
17



A. Mahmoudi and M.R. Sazegar, J. Appl. Chem. Res., 18, 1, 8-25 (2024)

surfaces by the mediation of the electrostatic repulsions [23]. The observed zeta potential trend is as
follows:  MSN<PEI-MSN<Fe(I1)-MSN<Co(Il)-MSN<Zn-MSN<AI-MSN<Fe(l11)-MSN<PEI-AI-
MSN<PEI-Fe(111)-MSN. One can note that increasing the oxidation state of the metal modifier in
combination with PEI results in the highest possible zeta potential values, and the best result was
obtained by the Fe®* cations, probably as a result of its smaller ionic radius [24].
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Figure 6. Zeta potential values of the MSN and its modified forms.

siRNA loading studies

UV-Vis spectroscopy was used to study the trend of siRNA adsorption on the MSN and its
modified forms. Experimentally, 10.0 mg of each sample was dispersed in 10.0 mL of a 150 pg/mL
solution of siRNA in PBS (pH 7.2) at room temperature for 2 h. At given time intervals, the mixture
was sampled, filtered, and the absorbance of the filtrate was measured at 260 nm. The
corresponding details are described in section 2.3.4. First of all, the maximum loading capacity was
determined for each MSN sample after 120 min. This was necessary to limit our study to the best
adsorbent, prior to determination of its adsorption profile. The amount of SiRNA loaded on the
MSN and its modified forms are presented in Figure 7. It is crystal clear that the highest SIRNA
loading is related to the PEI-Fe(l11)-MSN. Considering the physicochemical properties, including
specific surface area, along with the zeta potential of the samples, it is clear that the main role is

played by the electrostatic charge of the nanoparticles. For example, although the bare MSN has the
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highest Sger, its loading capacity is much lower than the others as a result of its surface negative
charge and zeta potential. The other data presented in Table 1 also indicate that although the MSN
has the highest mono-layer adsorbed volume among the samples, it has the lowest SIRNA
adsorption capacity. Regardless of the MSN, the adsorption capacity of PEI-M-MSN samples can
be somehow related to their Sget, Vm, and average pore diameter values. It can be concluded that
although the surface area is an important factor in adsorption experiments, in the case of the
modified MSNs, the zeta potential of the nanoparticles has the highest impact on their adsorption
capacity. Under the optimized conditions, the highest load of siRNA was 48.8 ug per mg of the
PEI-Fe(l11)-MSN after 120 min.
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Figure 7. Maximum loading of the SiRNA on MSN samples after 120 min. under the optimized conditions.

To study the adsorption profile of siRNA onto the PEI-Fe(lll)-MSN, the adsorbed amount was
plotted against time over a period of 120 min. Figure 8 shows that the adsorption of the siRNA is
fast at the early moments of the treatment and finally reaches a maximum of 48.8 pg/mg after 120
min. This can be announced as a significant promotion when the recent reports in this context are
considered [13,25].
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Figure 8. Adsorption profile of siRNA onto the PEI-Fe(111)-MSN within 120 min.

The release of SiRNA

To study the release profile, siRNA-saturated PEI-Fe(l11)-MSN was first prepared as described in
3.3. After treatment with 20 mL of ethanol and 20 mL of distilled water, the sample was dried in
vacuo. The resulting siRNA -saturated sample was then dispersed in 1.0 mL of PBS and stirred at
room temperature for 2 h. At given time intervals, the mixture was sampled, centrifuged at 5000
rpm for 5 min, and the absorbance of the supernatant was measured at 260 nm. The amount of the
released siRNA from the sample was determined as described in section 2.3.4.

Figure 9 shows the release profile of sSiRNA over 120 min from PEI-Fe(l11)-MSN. Clearly, a burst
release was happened within the early moments of the experiment, and then reached to a maximum
of 91.5% of the adsorbed amount after 120 min. It is well known that a burst release of the
therapeutic agents from the vehicle in drug delivery systems is not favorable [26]. Instead, a
sustained release profile is usually of great importance [27]. The ease of siRNA release from a
modified MSN surface is just as important as its adsorption in siRNA purification techniques and
largely depends on the solvent used. The addition of PBS buffer solution reduces the interaction
between metal ions and siRNA, and the release of SIRNA molecules is facilitated as a consequence.
As said before, a sustained release of the loaded components on any vehicle is of crucial importance
in drug delivery systems. To overcome this problem, the siRNA-loaded vehicle was treated with a
layer of PEG polymer conjugated to the free amines on the particles’ surface. It has been shown that
the specific surface area, total pore volume, and pore size values decrease drastically upon
PEGylation [19]. However, it should be mentioned that the PEG-silane functionalized materials
show the blockage effects to a lesser extent [28]. As a consequence of pore blockage by PEG, an
additional PEG cleavage step at the expense of time is necessary to release the siRNA in a sustained
manner. Therefore, PEGylation of the modified MSNs can be considered a preferred choice for

controlling the release profile of the adsorbed nucleotides on the modified MSNSs.
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To improve the release profile of the siRNA from PEI-Fe(l111)-MSN, the effect of pegylation was
studied. Interestingly, it was found that co-modification of the Fe(111)-MSN with both PEI and PEG,
results in a more adsorption capacity (52.7 pg/mg of support), and meanwhile, the release profile
improved considerably as shown in Figure 10. Another advantage of the co-modification of Fe(l11)-
MSN with both PEI and PEG, is the improvement of the released amount of siRNA. Under the
optimized conditions, 93.2% of the adsorbed siRNA was released from PEG-PEI-Fe(l11)-MSN after
120 min.
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Figure 9. Release profile of sSiRNA from PEI-Fe(111)-MSN within 120 min.
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Figure 10. Release profile of siRNA from PEG-PEI-Fe(l11)-MSN over 120 min.

Since cytotoxicity is an important issue in gene delivery studies, we decided to study the cell
toxicity of the PEG-PEI-Fe(I11)-MSN against normal human fibroblast cells as a representative cell
line. MTT test was used according to Mosmann’s method [29]. Cells were stored in RPMI medium
with 10 % FBS and 1 % penicillin/streptomycin under standard conditions (37 °C and 5 % COy) in

an incubator. The culture medium was changed every 2 days. After 24 and 48 h of incubation of
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cells in presence of different concentrations of the PEG-PEI-Fe(I11)-MSN, the MTT results were

fetched as summarized in Table 2.

Table 2. MTT results after 24 and 48 h of incubation of normal fibroblast cells in presence of different concentrations
of PEG-PEI-Fe(111)-MSN.

Concentration (ug. mL?) Survival after 24 h (%) * Survival after 48 h (%) !
250 96.6 91.1
125 98.9 94.5
62 99.5 96.8

L In each concentration, three measurements were carried out.

It is clear that the PEG-PEI-Fe(l11)-MSN nanoparticles are tolerable according to the cell toxicity

measures announced by Fry et al [30].

Conclusion

It can be concluded that sol-gel synthesis of mesoporous silica nanoparticles, followed by co-
modification with metals and positive-charge inducing polymers, provides a cost-effective and easy
protocol for the preparation of a reliable gene delivery vehicle. The adsorption capacity was found
to be more related to the zeta potentials than the specific surface areas. Considering the metal
moiety, it was found that the siRNA adsorption capacity depends on the oxidation state of the metal
ion. The measured zeta potentials were also relevant to the oxidation state of a certain metal ion.
The cationic nature of the PEI modifier, on the other hand, resulted in a higher zeta potential for the
modified samples. On the contrary, it was revealed that the physicochemical properties of the MSN
support, including specific surface area, total pore volume, and average pore diameter, do not
significantly improve the maximum loading. The whole combination showed no considerable
cytotoxicity according to the MTT test. The novel features of the present study can be announced as
follows: comparison of the different oxidation states of the metal modifier, co-modification with
metal ions and positive charge-inducing polymers, discrimination between the role of the surface
charge and the surface area, in the uptake and release capacity of the MSNSs. Like any other
scientific research, the present work may also have some drawbacks. The most important issue is
that the PEI is regarded as a quite toxic polymer. Although our study showed no cytotoxicity for the
PEI-included vehicles, the final fate of this substance and other ingredients and their excretion from
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the body should be studied. In addition, application of other transition metal ions is suggested for

further research.
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