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For the first time, functionalized mesoporous silica nanoparticles (MSNs) with dinuclear Schiff-base
complexes were synthesized as attractive organic—inorganic hybrids and their capability investigated for
loading antibiotic drugs and immobilization of enzymes. 2D-hexagonal MCM-41 nanoparticles were
synthesized by a sol-gel method and amino propyl trimethoxy silane (APTMS) anchored on the surface
of the MSNs as a linker. MSN-APS nanoparticles were coordinated with dihydrazone Schiff-base
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complexes of copper(i) and nickel(n) by the nitrogen atom of APS for making MSN-APS-Cu,L and MSN-
APS-Ni,L hybrids, respectively (L is the Schiff-base ligand). These novel mesoporous silica nanoparticles
were characterized by various techniques, such as FT-IR, LA-XRD, FE-SEM, TEM, EDX, BET and TGA. The
results show that the synthesized hybrids have high potential for loading gentamicin and immobilizing
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Introduction

Mesoporous materials with a pore size of 2-50 nm have
attracted the attention of various scientists since their discovery
in 1992."7 About a decade later, other mesoporous silica
nanoparticles were also synthesized and studied.” The remark-
able characteristics of these new materials are: controllable
pore and particle size, stable suspension for long periods, high
surface area, mechanical and chemical stability and low
toxicity.*”” Mesoporous silica nanoparticles (MSNs) are divided
into five categories: 2D-hexagonal MCM-41 (MCM-41s), swollen
pore MCM-41 (SMCM-41s), hollow mesoporous nanoparticles
(HNPs), rod-like MCM-41 (RMCM-41s) and radial mesoporous
silica nanoparticles (RNPs).* "> Among them, MCM-41 with a
particle size of 50-200 nm has many interesting features, such
as biocompatibility, stability, good interactions with many
drugs for use as antibacterial agents, ease of functionalization
and high surface area."*® In recent years, organic groups or
inorganic compounds (in the form of metal complexes) were
grafted on the surface of MSNs. Metal complexes supported on
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enzymes such as DNase, coagulase and a-amylase.

MSNs are utilized in various fields, such as catalysis, drug
delivery, fluorescence, pollutant removal, photodynamic ther-
apy and tooth bleaching, as well as enzyme immobil-
ization.”*”*® Metal complexes of Ni**, Co®>" and Cu** have
been grafted on carbon nanotubes, quantum dots and various
nanoparticles, such as Au, Fe,O; and Si0,.**> Grafting of
metal complexes on nanoparticles has resulted in an increase
in the stability and lifetimes of the enzymes.*> Among the
ligands and complexes, bis-acyl-hydrazones and their metal
complexes have shown excellent properties for catalytic, anti-
cancer, antibacterial and antifungal activities.>*>" Therefore,
with regard to the importance of MSNs, bis-acyl-hydrazones
and their complexes, in this research work we report the
synthesis of new organic-inorganic hybrids and their charac-
terization, and an investigation of the capability of these
compounds to show biological activities. 3-(Aminopropyl)
triethoxysilane (APTMS) was functionalized on MSN and
grafted onto bis-acyl-hydrazone Schiff-base complexes of Ni**
and Cu®". These novel hybrids, including binuclear metal
complexes grafted on the surface of MSN through linkers, have
exhibited attractive properties, such as high surface area,
biocompatibility, thermal and mechanical stability, and a high
number of active sites (metallic centers) for stabilizing enzymes
and loading therapeutic agents. The ability of the new hybrids
to load gentamicin, and their antibacterial activities as well as
the immobilization of o-amylase, DNase and coagulase
enzymes were investigated.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Experimental

Synthesis of bis(2-hydroxybenzaldehyde) succinic
dihydrazone(H,L)

1 mmol (0.146 g) of succinic dihydrazide was dissolved in
25 mL of absolute ethanol in a flask and heated and stirred
for 30 min. Then 0.3 mL (2 mmol) of salicylaldehyde was slowly
added to the solution. The mixture was refluxed for 3 h. The
obtained white precipitate was filtered, washed with absolute
ethanol and dried in an oven at 80 °C for 5 h. This compound
was characterized by FT-IR.

Synthesis of bis-acyl-hydrazone complexes Cu,L and Ni,L

A mixture of 0.28 mmol (0.1 g) of H,L and 25 mL of absolute
ethanol was added to a flask and heated and stirred for 30 min.
Then 0.56 mmol of acetate salts of Cu®>" and Ni*" was dissolved
in ethanol. The solution of salts was added to the ligand
solution to obtain Cu,L and Ni,L. The mixtures were refluxed
for 3 h. The obtained green (Cu,L) and brown (Ni,L) precipi-
tates were filtered, washed with absolute ethanol and dried at
room temperature. These compounds were characterized with
FT-IR.

Synthesis of MSNs and MSN-APS

1 g of CTAB was dissolved in 480 mL of deionized water and
stirred vigorously. Then 3.5 mL of 2M NaOH was added to this
solution and it was heated at 80 °C for 4 h. 5 mL of TEOS was
added dropwise into the solution and stirred for 2 h at 80 °C to
form a white gel. This white gel was collected, washed several
times with deionized water and dried at 80 °C in an oven
overnight. The obtained MNS product was dispersed in acidic
ethanol and refluxed for 24 h. To prepare MSN-APS, 0.1 g of pre-
synthesized MSN was dispersed in 80 mL of ethanol, and 1 mL
of 3-aminopropyl triethoxysilane (APTMS) was slowly added to
this suspension and stirred. This mixture was refluxed for 3 h.
Then it was filtered, thoroughly washed with ethanol and dried
in an oven at 80 °C for 12 h. The MSNs were characterized by
FT-IR, FE-SEM, EDX, LA-XRD, BET.

Synthesis MSN-APS-Cu,L and MSN-APS-Ni,L

0.1 g of MSN-APS was dispersed in 20 mL of absolute
ethanol and stirred for 30 min. A solution containing
0.1 mmol of Schiff-base complexes Cu,L (0.044 g) or Ni,L
(0.045 g) was sonicated in 10 mL of absolute ethanol for
10 min and gradually added to the MSN-APS solution.
The mixture was stirred at room temperature for 12 h.
The nanoparticles were filtered and washed several times
with ethanol until the solution under filtration became
colorless. The collected products were dried in an oven at
80 °C for 24 h. Different stages of the synthesis of hybrid
mesoporous silica nanoparticles are shown in Fig. 1. MSN-
APS-Cu,L and MSN-APS-Ni,L nanoparticles were character-
ized by FT-IR, FE-SEM, TEM, EDX, LA-XRD, BET and TGA
techniques.
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Fig. 1 Schematic of synthesized mesoporous silica nanoparticles.

Biological experiments

Several microbial tests and enzyme immobilization were
accomplished in this research work. In the first part the
intrinsic antibacterial activity of MSN-APS-Cu,L and MSN-APS-
Ni,L was registered against Escherichia coli (ATCC 25922) and
Staphylococcus aureus (ATCC 6538) bacteria in Mueller-Hinton
broth culture medium. 100 pL of bacterial suspension that had
grown until 0.5 McFarland turbidity was added to 20 mg of each
compound in 5 mL of Mueller-Hinton broth and incubated at
37 °C (Merck, Germany). Simultaneously, a culture was pre-
pared from each bacterial species without nanoparticles and a
culture was prepared with nanoparticles without bacterial
inoculation. The optical density of the different samples was
measured with an ELISA microplate reader at 665 nm over 24 h.
In the second part the loading of MSN, MSN-APS, MSN-APS-
Cu,L. and MSN-APS-Ni,L nanoparticles was examined with
gentamicin antibiotic and their inhibitory activities were inves-
tigated against four bacterial species. For this test, 10 mg of
gentamicin was dissolved in 1 mL of MQ water and added to
20 mg of nanoparticles. For proper loading, samples were kept
in an incubator for 24 h at 37 °C. After three washings of the
nanoparticles with MQ-water, the antibacterial activity of
the nanocomposites and Gen@nanocomposites was investi-
gated against Gram-positive bacteria, i.e., Staphylococcus aureus

Mater. Adv., 2023, 4, 2770-2779 | 2771
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(ATCC 6538) and Bacillus subtilis (ATCC 6633), and two Gram-
negative species, i.e., Escherichia coli (ATCC 25922) and Pseudo-
monas aeruginosa (ATCC 9027) according to the standard Kirby—
Bauer disc diffusion method recommended by CLSI guidelines.
In the third part, the capacity of enzyme immobilization of
these new organic-inorganic hybrids was studied. Three
enzymes were used for this examination: a-amylase (Sigma
Company), coagulase and DNase (from S. aureus). The concen-
tration of o-amylase was 2 mg in 1 mL of PBS and those of
coagulase and DNase were 1 mL with respect to 20 mg of each
composite. In case of a-amylase, a solution of pure enzyme
(2 mg mL~" PBS) was prepared and 20 mg of each nanocom-
posite was added to 1 mL of this solution and incubated at
37 °C for 24 h. These nanoparticles were then washed three
times with PBS and dispersed in 500 uL sterile distilled water.
Finally, the enzyme loadings on these compounds were eval-
uated through culturing on starch agar, a plasma coagulation
test and clear halo zone formation on DNase agar.

Results and discussion

FT-IR spectroscopy

The FT-IR spectra of HyL, Cu,L, Ni,L, MSN-APS-Cu,L and MSN-
APS-Ni,L are shown in Fig. 2. Information about the FT-IR
spectra of MSN and MSN-APS was reported in our earlier
article.”®>® In the FT-IR spectra of H,L appeared bands of
-OH (3428 cm '), -NH (3201 cm '), aromatic -CH
(3054 cm™") and aliphatic ~-CH (2857-2928 cm™'). Also the
bands of C=0O and C=N were observed at 1662 cm™ ' and
1622 cm '.>»*® In the IR spectra of binuclear Schiff-base
complexes Cu,L and Ni,L, carbonyl bands had vanished and
the imine groups had decreased to 1618 cm™ ' and 1606 cm ™,
respectively, because of coordination of the imine of the ligand

4000.0 3600 3200 2800 2400 2000 1800 . 1600 1400 1200 1000 £00 600 450
Cm!

Fig. 2 FT-IR spectra of synthesized nanohybrids (a) L, (b) NiL, (c) CusL, (d)

MSN-APS-Cu,L and (e) MSN-APS-Ni,L.
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to transition metals ions. In the Cu,L spectra, the bands at
491 cm ™' and 597 cm ™" were related to the vibrations of Cu-N
and Cu-O. The vibrations for Ni,L were observed at 525 cm™*
and (Ni-N) 616 cm ™' (Ni-O). The FT-IR spectra of organic-
inorganic hybrids of MSN-APS-Cu,L and MSN-APS-Ni,L showed
that the MSN-APS and binuclear Schiff-base complexes were
grafted together, because the bands of the silanol groups (Si-O-Si)
at 1085, 802, 465 cm™ " and the imine of bis-acyl-hydrazone com-
plexes were seen for MSN-APS-Cu,L and MSN-APS-Ni,L.

FE-SEM and TEM

As shown in the FE-SEM images, MSN-APS-Cu,L and MSN-APS-
Ni,L had monotonous spherical morphology and their mean
diameter was estimated as approximately less than 100 nm by
Image] software (Fig. 3(a)-(c)). Also, the spherical morphology
of the initial MSN was preserved for these organic-inorganic
nanohybrids, which demonstrated that the Schiff-base com-
plexes had settled on the surface of the nanoparticles or on the
surface of channel-like pores. Mesoporous channels were
clearly observed in the TEM images of MSN-Cu,L, with a
hexagonal ordered arrangement. Obvious channel-like pores
parallel to each other can be seen (Fig. 4).

EDX

The elemental content of MSN, MSN-APS-Cu,L. and MSN-APS-
Ni,L was investigated by using energy dispersed X-ray (EDX)
spectroscopy. The EDX spectral patterns of the nanoparticles
are shown in Fig. 5: MSN (Si: 43.64% and O: 56.36%), MSN-APS-
Cu,L (Si: 14.61%, O: 48.71%, N: 7.62%, C: 28.50% and Cu:
1.26%) and MSN-APS-Ni,L (Si: 16.91%, O: 41.41%, N: 6.13%, C:
35.14% and Ni: 0.40%). The EDX results indicate the presence
of the expected elements in the structure of the nanoparticles
and prove their formation.

XRD

The low-angle powder X-ray diffraction in the 0.8° < 20 < 10°
range for MSN-APS-Cu,L and MSN-APS-Ni,L can be seen in
Fig. 6. In our previous work, the patterns for MSNs had four
reflection peaks with different intensities that indicate Bragg
peaks by indexing planes (100), (110), (200) and (210) at 26 =
2.27°, 3.88°, 4.50°, and 5.94°, respectively.>* This XRD pattern
exhibited a hexagonal arrangement of pores and the 2D-MCM-
41 structure of the nanoparticles.>® The XRD patterns of MSN-
APS-Cu,L and MSN-APS-Ni,L. compared with MSN show two
peaks at 20 = 2.01°and 2.11° (high intensity) and at 4.2°and
4.08° (low intensity), while the other peaks had vanished
because the mesoporous channels were filled with binuclear
Schiff-base complexes as well as a decreased order of meso-
pores (Fig. 6(a) and (b)). The position of index peak (100) was
used to calculate the interplanar spacings d;o for the materi-
als. The d;yo values were used to calculate the distances
_ 2di00
=~
of a, for MSN, MSN-APS-Cu,L and MSN-APS-Ni,L are 4.48 nm,
5 nm and 4.82 nm, respectively. The values of FWHM were

between pore centers a, (ao ) The calculated values

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FE-SEM images of the MSNs and functionalized MSNs: (a) MSN, (b)
MSN-APS-Cu,L and (c) MSN-APS-Ni,L.
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extracted from the curves and used to calculate the particle size
of the crystallite (D). According to the Debye-Scherrer equation,
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the D value for MSN-APS-Cu,L is 23.89 nm and that for MSN-
APS-Ni,L is 24.31 nm.

TGA

According to the thermogravimetric curves of MSN-APS-Cu,L
and MSN-APS-Ni,L two main weight loss steps were observed
from 25 °C to 800 °C at a heating rate of 10 °C min~ ' (Fig. 7).
The first step of decreasing weight was related to loss of
physical water or organic solvents on the surface. The second
step (22% loss weight) was attributed to the decomposition of
the organic linker and the organic parts of binuclear Schiff-base
complexes on MSNs from 250 to 450 °C. The amount of
binuclear complexes grafted on MSN was estimated as
0.53 mmol g *. The residual mass up to 450 °C is related to
the inorganic parts, including metals and silica components.

Mater. Adv., 2023, 4, 2770-2779 | 2773
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Fig. 5 EDX patterns of (@) MSN, (b) MSN-APS-Cu,L and (c) MSN-APS-Ni,L.

BET

The isotherms of N, absorption-desorption for MSN, MSN-APS-
Cu,L and MSN-APS-Ni,L are displayed in Fig. 8. The patterns of
these nanoparticles exhibit type IV isotherms, as expected for
mesoporous silica with cylindrical and very uniform pores. The
sharp rise at a relative pressure of 0.2-0.4 showed that the pores
of the nanoparticles are very narrow. The specific surface area
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Fig. 6 Low-angle XRD patterns: (a) MSN-APS-Cu,L and (b) MSN-APS-Ni,L.
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Fig. 8 N, adsorption—desorption isotherms of (a) MSN-APS-Cu,L and (b)
MSN-APS-Ni,L.

(s), pore volume (v,) and pore radius (r,) of the nanoparticles
were calculated by the BET and BJH methods. The data
obtained from these methods for MSN-APS-Cu,L were s =
179.34 m* g~ ', v, = 0.174 cm® g, and r, = 1.21 nm and for
MSN-APS-Ni,L were s = 305.6 m* g~ ', v, = 0.278 cm® g~ ', and r,,
=1.21 nm. The values of v, and r;, decreased compared to those
of MSN (s = 789 m”* g ', v, = 0.782 em® g ', r, = 1.21 nm)
because of the anchoring of binuclear Schiff-base complexes on
the surface of the pores of MSNs.

Biological activity

In this work, the new organic-inorganic hybrids were studied
for their antibacterial activity, gentamicin loading potential and
enzyme immobilization. Investigation of the growth of treated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Antibacterial effect of synthesized nanohybrids

Inhibition zone (mm)

Compounds S. aureus  B. subtilis  E. coli  P. aeruginosa
MSN 10° 0 0 10°
MSN-APS 10° 0 0 10
MSN-APS-Cu,L 10” 13° 0 13¢
MSN-APS-Ni,L 10° 10° 0 10°
MSN@Gen 10° 9’ 10° 8P
MSN-APS@Gen 13%,15¢ 15 167 10°
MSN-APS-Cu,L@Gen  20” 19° 20° 157
MSN-APS-Ni,L@Gen 157 17° 20° 18°

“ Inhibitory effect. ? Bactericidal effect.

bacteria showed that MSN-APS-Cu,L had bactericidal effects
against S. aureus and B. subtilis. The effect of gentamicin-
loaded mesoporous nanoparticles was discovered by a disc
diffusion method. The results of this assay for nanoparticles
alone and nanoparticles@Gen are presented in Table 1. MSN,
MSN-APS-Cu,L. and MSN-APS-Ni,L loaded gentamicin had
more antibacterial activity than MSN or MSN-APS because,
due to their bis-hydrazone groups and active metal ion centers,
they have good interaction with the -NH, and -OH groups of
gentamicin.’® The results of the inhibition zone of composites
and nanoparticles@Gen against S. aureus, B. subtilis, E. coli and
P.aeruginosa are presented in Table 1 and Fig. 9 shows the effect
of antibacterial activity of nanohybrids@Gen against B. subtilis
and its comparison with MSN@Gen and MSN-APS@Gen. The
results of enzyme immobilization for these compounds are
presented in Tables 2 and 3. MSN-APS-Cu,L. and MSN-APS-
Ni,L showed glorious potential for immobilization of coagu-
lase, DNase and a-amylase. Fig. 10, for example, shows a large
clear zone around MSN-APS-Ni,L@Am on starch agar, which
means efficient immobilization of amylase and its diffusion in
the culture medium. Also, coagulase-loaded MSN-APS-Cu,L and
MSN-APS-Ni,L. nanoparticles caused plasma clot formation
over 1-2 h following addition to plasma. The good loading
and stabilization of these enzymes on MSN-APS-Cu,L and MSN-
APS-Ni,L were due to the interaction of the -NH, and -COO™

Fig. 9 Comparison of the antibacterial effects of MSN-APS-Ni,L@Gen
(top right), MSN-APS-Cu,L (top left), gentamicin (top middle), MSN@Gen
(bottom right) and MSN-APS@Gen (bottom left).

Mater. Adv., 2023, 4, 2770-2779 | 2775
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Table 2 The effect of loading of coagulase enzyme

MSN- MSN-APS- MSN-APS-
hour MSN@Coag APS@Coag Cu,L@Coag Ni,L@Coag
1-2 - - + +
18-24 + + + +
Table 3 The effect of loading DNase enzyme

MSN- MSN-APS- MSN-APS-
MSN@Am  APS@Am  Cu,L@Am Ni,L@Am
Effect zone 0 0 47 43

Fig. 10 Effect zone of MSN-APS-Ni,L@Am.

groups of the enzymes with the empty coordination sites of
metal complexes on MSN.”*"®> These hybrid nanoparticles also
had greater effects as the bishydrazone Schiff-base ligands and
binuclear complexes efficiently increased enzyme immobiliza-
tion on MSN. Fig. 11-14 show that new MSNs functionalized by
metal dinuclear compounds had a killing effect against E. coli
and S. aureus bacteria in Mueller-Hinton broth. All these
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Fig. 11 Antibacterial activity of MSN-APS-Cu,L against E. coli in Mueller—

Hinton broth medium.
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microbial tests determined the importance and good potential

applications of these new hybrids of MSNs.

Conclusions

New mesoporous silica nanoparticles with universal formulae
MSN-APS-Cu,L. and MSN-APS-Ni,L. were synthesized by a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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grafting method with success. These mesoporous silica nano-
particles are made from three important parts: MCM-41 nano-
particles, APTMS (linker) and Cu,L and Ni,L (binuclear
Schiff-base complexes). These novel functionalized MSNs with
dihydrazone complexes of Cu** and Ni** had interesting prop-
erties, such as keeping the particle sizes of the initial support,
having a high surface area, suitable pore size, and metallic
active sites for interaction with gentamicin antibiotic and
DNase, coagulase and o-amylase enzymes. The antibacterial
activity of MSN-APS-Cu,L and MSN-APS-Ni,L showed a bacter-
icidal effect against E. coli and S. aureus. These compounds
carried gentamicin antibiotic well and compared to MSN and
MSN-APS showed better operation of loaded gentamicin. The
results of enzyme immobilization showed that these two novel
nanoparticles also stabilized DNase, coagulase and o-amylase.
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