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onic magnetic core–shell silica
nanoparticles for nucleic acid extraction†

Tammar Hussein Ali, *ab Amar Mousa Mandal,c Thorsten Heidelberg *d

and Rusnah Syahila Duali Hussend

Nucleic acid (NA) extraction is an essential step in molecular testing for a wide range of applications.

Conventional extraction protocols usually suffer from time consuming removal of non-nucleic acid

impurities. In this study, a new magnetic nanoparticle (MNP) is presented to simplify the NA extraction. A

core–shell design, comprising of a ferromagnetic core coated with mesoporous silica, forms the basis of

the functional nanoparticle. Chemical functionalization of the silica coating includes a multistep

synthesis, in which an activated nanoparticle is coupled with a triethylene glycol spaced glycosyl

imidazole. The molecular design aims for charge interactions between the imidazolium-based positive

nanoparticle surface and nucleic acids, with specific hydrogen bonding between the surface bonded

carbohydrate and nucleic acid targets to ensure nucleic acid selectivity and avoid protein contamination.

Two different carbohydrates, differing in molecular size, were selected to compare the efficiency in

terms of NA extraction. A triethylene glycol spacer provides sufficient flexibility to remove particle

surface constraints for the interaction. The Brunauer–Emmett–Teller (BET) analysis shows a significantly

larger surface area for the disaccharide-based particles NpFeSiImMalt (�181 m2 g�1) compared to the

monosaccharide analogue NpFeSiImGlc (�116 m2 g�1) at small particles sizes (range � 15 nm) and

sufficient magnetization (29 emu g�1) for easy isolation by an external magnetic field. The particles

enabled a high DNA particle loading ratio of 30–45 wt% (MNP/DNA ratio), reflecting an efficient

extraction process. A high desorption rate (7 min) with more than 86% of unchanged DNA loading was

recorded, indicating low damage to the target extract.
Introduction

In the last decade, the synthesis of nanoparticles was mainly
focused on the application of traditional materials science
catalysts,1,2 optical coating,3,4 and ceramics.5 But in the past few
years, due to advancements in the synthesis and characteriza-
tion of nanomaterials, their application has experienced rapid
developments. Among various materials with cheaper and the
simple synthesis process is magnetic materials, which can be
prepared using numerous synthetic methods such as6–8 classical
co-precipitation,9 hydrothermal reaction,10 sol–gel synthesis,11

thermal decomposition,12 microemulsion synthesis,13
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sonochemical reaction,14 electrospray synthesis,15 and laser
pyrolysis.16 A large scale synthesis was achieved using the co-
precipitation method to prepare iron oxide NPs by aging a stoi-
chiometric mixture of inorganic salts in basic aqueous media
and controlling the aging condition. However, these magnetic
materials with particle size smaller than 100 nm have been
intensively used in many technology applications, among
others,1,17–30 although the fabrication of their surface with
appropriate coating and functional groups or molecules are
desired for good performance coupled with target agents.
Especially, the core–shell fabrication will prevent the multistep
conjugations to a single component NP as well as avoid conju-
gated different molecules and low loading on the NP surface,
which may interfere with targeting capabilities.8 The meso-
porous silica core–shell is considered as a very promising route
due to some good properties like biocompatibility, excellent
stability, nontoxicity, and ease of conjugation with various
functional groups, which enable the coupling and labeling of
biotargets with selectivity and specicity.31–33 The synthesis of
core–shell magnetic nanoparticles conjugated with biocom-
patible and degradable materials like carbohydrates is useful
for separation and drug delivery, which can be driven and
controlled under an external magnetic eld.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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To date, the greatest advances have been achieved in the
fabrication of magnetic nanoparticles in order to reduce the
possibility of getting agglomeration and sustain their desired
properties.34 However, different coating materials have been
investigated with different inorganic and organic andmaterials
and are still ongoing. For example, the functionality of dextran-
coated monocrystalline35 and cross-linked iron nanoparticles36

have been reported by Weissleder. Bae et al. (2010) developed
chitosan coated oligosaccharide stabilized ferrimagnetic iron
oxide nanocubes.37 Häfeli et al. (2009) used polyethylene oxide
coated MNPs.38 Also, polyvinyl alcohol-coated MNPs39 and
poly(lactide-co-lycolide) (PLGA) have been reported as approved
polymer coating materials for a variety of drug delivery
systems.40 The latter fabrication was focused on surface sila-
nization (core–shell or/and coated) of MNPs due to several
advantages and impart functionalized groups over the surface
of bare MNPs to maintain several properties. During the last
twenty years, several research works have been gaining atten-
tion, such as those of Wu et al. (2008), who synthesized silane-
coated MNPs with hydroxyl groups present on the surface of
MNPs, which later reacted with methoxy groups of the silane
molecules to form Si–O bonds while leaving the exposed
terminal group for the attachment of other molecules.41 Qiang
Ma et al. (2012) reported the synthesis of core–shell MNPs by
a controlled reverse microemulsion method.42 Chandekar et al.
(2021) described the synthesis of core–shell magnetic nano-
particles (NPs) consisting of poly acrylic acid (PAA) coated
cobalt ferrite (CF) also via the co-precipitation route,43 although
the principal choices for coated magnetic nanoparticles with
silica are Stöber method and sol–gel method.44 Naeimi et al.
(2013), Halilu et al. (2016), and Lu et al. (2021) prepared core–
shell MNPs by a simple and low cost co-precipitation method
using ammonia-catalyzed hydrolysis of TEOS.21,45,46 In this
work, the synthesis of tetraethyl orthosilicate Fe2O3 magnetic
core–shell silica immobilized with sugar as a strong hydro-
philic group leads to the development of an efficient, stable,
and low toxicity material. Moreover, there are advantages of
incorporating sugar that has several properties like biocom-
patibility, high charge density, ability to improve dissolution,
and low toxicity.

One of the main challenges in the biotechnology eld is the
isolation and purication of highly puried forms of various
biomolecules like antibodies, antigens, nucleic acids, and
DNAs, which are usually desired for numerous genetic and
molecular studies.47–49 Several bio-separation techniques have
been introduced to achieve the separation in resource limited
regions, and among them, the magnetic separation appears as
a potential candidate to be employed, which can be considered
as a simple process, robust and versatile in operation by
applying magnetic force44,50.

In comparison with our previous report,51 the replacement of
the hydrophobic alkyl chain by a large hydrophilic structure
with capabilities of acting as acceptors or donors in the
formation of hydrogen bonds will signicantly enhance and
strengthen the interaction with biomolecules due to the
multiple number of hydrogen bonds, which totally will have
a sizable effect. Although the bond strength of the hydrophobic
© 2022 The Author(s). Published by the Royal Society of Chemistry
bond equal to �1 kcal mol�1 which is lower than the hydrogen
bond (�7 kcal mol�1).52 In addition, the surface area of inter-
action will increase especially when di-saccharide is used in
comparison with the alkyl chain.

Since the surface of the magnetic nanoparticles is a key
factor for the extraction, a new design of fabricated MNP is
achieved, containing highly interactive hydrophilic biocom-
patible (sugar) and cation (imidazole) molecules with tri-
ethylene glycol as a dispersant to increase the distance between
these two interacting sources. The particle has been shelled
with silicate using tetraethyl orthosilicate (TEOS) and phase
transfer reagents (3-chloropropyl-triethoxysilane (CPTES)) to
further provide nucleation sites for the subsequent silica
coating. This paper rst outlines the synthesis of composite
MNPs and then discusses the characterization applied for
surface modication. Finally, the potential applications of these
immobilized particles in the extraction of DNA are highlighted
and demonstrate the greater DNA adsorption capability of the
MNPs.
Materials and characterization

The chemical reagents and solvents were purchased from
various commercial sources and used without purication. TLC
(thin-layer chromatography) was checked on pre-coated plates
of silica gel 60 (GF254) with sulfuric acid–ethanol solution
(congured with 10 mL of sulfuric acid and 90 mL of ethanol)
for visualization. Purication of synthesis compounds was done
by applied column chromatography on silica gel 35–60 mesh
using the ash technique. IR spectra were recorded on a Perki-
nElmer Frontier ATR FT-IR spectrometer. Dried nanoparticles
were subjected to thermal gravimetric and differential thermal
analysis (TG-DTA) with 20 �C min�1 ramping. Transmission
electron microscopy (TEM) was performed with an FEI Tecnai
G2-F20 operating at 200 kV with 0.2 nm resolution. Samples
were prepared by dispersing the nanoparticles in ethanol and
sonicated for 5 min prior to deposition on an amorphous
carbon-coated 300 mesh copper grid before allowing the solvent
to evaporate. The surface morphology of the samples was
analyzed by a eld emission scanning electron microscope
(SEM) on a Hitachi SU8200 equipped with an energy dispersive
X-ray spectrometer EDX (QUANTAX FlatQUAD, Bruker AXS)
operated at an accelerating voltage of 20 kV and a working
distance of 13 mm. A few milligrams of the dried sample were
added into a FESEM cell and subsequently scanned by the
electronic microscope. The XRD pattern of the particles was
recorded on a Bruker D8 Advance X-ray diffraction AXS using Cu
Ka radiation (d ¼ 1.54�A) at a voltage of 40 kV and current of 40
mA at ambient temperature. The magnetic properties were
investigated by using a Lakeshore 7400 series, 7407 model with
7 inch electromagnet vibrating sample magnetometer (VSM).
The nitrogen adsorption porosimetry was carried out on
a surface area analyzer (micromeritics ASAP 2020). The analysis
was conducted at room temperature in a eld of �10 kOe.
Structural identities using 1H NMR and 13C NMR spectra were
obtained on a Bruker AVN-400 MHz spectrometer.
RSC Adv., 2022, 12, 13566–13579 | 13567
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Synthesis of silyl propyl-H-imidazole functionalized magnetic
nanoparticles NpFeSiIm

The particles were synthesized by dispersing the precursor
NpFeSiCl (2.0 g) (the preparation of this particle was carried out
according to our previous report51) in 20 mL of toluene, and
subsequently, a well dissipated triethyl amine (4.6 g,
45.46 mmol, 1.5 eq.) was added. The reaction mixture was
stirred at 600 rpm for 30 min at room temperature before excess
imidazole (2.0 g, 29.38 mmol) was added. Then, the reaction
was vigorously stirred at 100 �C for 24 h. The resulting NpFe-
SiIm was separated by centrifugation at 4000 rpm speed and
washed with deionized water repeatedly and nally with
acetone and dried at 40 �C for 6 h to give 2.8 g of dark brown
colored product.
Preparation of 2-(2-(2-hydroxyethoxy)ethoxy)ethyl
toluenesulfonate (3)

Compound 3 was prepared according to the literature with
some modications.53,54 To a solution of 30 mL of triethylene
glycol in dichloromethane (DCM) (50 mL) was added tosyl-Cl
(5.0 g, 26 mmol), and the reaction mixture was stirred at 0 �C
before triethyl amine (Et3N) (5.3 g, 52 mmol) was added drop-
wise. Aer stirring overnight at room temperature, the mixture
was extracted with aqueous sodium bicarbonate (NaHCO3 aq.)
and DCM three times. The combined organic phase was dried
over magnesium sulphate (MgSO4) and concentrated to provide
monotosyl triethylene glycol as colorless oil (7.6 g, 95% yield).
The product was almost pure and subjected to the next reaction
without further purication.

1H NMR (400 MHz, CDCl3) d ¼ 7.74, 7.30 dd (4H, Ar); 4.09 m
(2H, CH2 OH); 3.64–3.50 m (10H, OCH2); 2.38 s (3H, CH3–tosyl).
General procedure of glycosylation

The reaction was carried out according to similar reported
methods.55–58 To a solution of b-sugar peracetate (4.0 mmol)
(glycose pentaacetate or maltose octaacetate) in DCM (40 mL) 2-
(2-(2-hydroxyethoxy)ethoxy)ethyl toluenesulfonate (3) (0.73 g,
2.4 mmol) was added, and the solution was treated with BF3 �
OEt2 and stirred at room temperature for 3 h. The reaction
mixture was extracted with NaHCO3 aq. and subsequently dried
over MgSO4. The purication of the crude product included
column chromatography using hexane and ethylacetate.

2-[2-(2-Toluene-4-sulfonyloxy)ethoxy]ethoxyl-2,3,4,6-tetra-O-
acetyl-b-D-glucopyranoside (5). Glucose pentaacetate (1.56 g, 4.0
mmol) was reacted with 2-(2-(2-hydroxyethoxy)ethoxy)ethyl
toluene sulfonate (3) (1.46 g, 4.8 mmol) according to the general
glycosylation procedure and puried by column chromatog-
raphy with eluent hexane : ethyl acetate 3 : 2 to yield compound
5 as a brown oil (1.8 g, 71%). 1H NMR (400 MHz, CDCl3) d ¼
7.72, 7.29 dd (2H, Ar); 5.13 t (H-3); 5.00 t (H-4); 4.90 t (H-2); 4.55
d (H-1); 4.20 dd (H-6a); 4.08–400 m (5H, H-6b, a-OCH2, OCH2 of
AcOEt solvent remain); 3.87–3.82 m (H-5); 3.67–3.48 m (10H,
OCH2); 2.37 s (3H, CH3tosyl); 2.03–1.92 m (12 + 3H, AcGlc, Ac
remain solvent); 1.17 t (3H, CH3 solvent).

3J1,2 ¼ 8.1; 3J2,3 ¼ 8.1;
3J3,4 ¼ 9.4; 3J4,5 ¼ 9.5; 3J5,6a ¼ 4.06; 2J6 ¼ 12.2 Hz. 13C NMR
13568 | RSC Adv., 2022, 12, 13566–13579
(CDCl3) d ¼ 170.53, 170.10, 169.38, 169.29 (CO); 144.80, 132.88
(2� C–Ar); 129.81, 127.89 (2� CH–Ar); 100.71 (C-1); 72.73 (C-4);
71.64 (C-2); 71.18 (C-3); 70.62, 70.52, 70.20, 69.26, 69.26, 68.60
(6� OCH2); 68.32 (C-5); 61.85 (C-6); 21.53, 20.93, 20.64, 20.57,
20.52 (Ac).

2-[2-(2-Toluene-4-sulfonyloxy)ethoxy]ethoxyl-2,3,6,20,30,40,60-
hepta-O-acetyl-b-D-maltopyranoside (7). Maltose octaacetate
(2.71 g, 4.0 mmol) was reacted with 2-(2-(2-hydroxyethoxy)
ethoxy)ethyl toluene sulfonate (3) (1.46 g, 4.8 mmol) according
to the general glycosylation procedure and puried by column
chromatography with eluent hexane : ethyl acetate 2 : 1 to yield
compound 7 as a colorless oil (2.0 g, 54%). 1H NMR (400 MHz,
CDCl3) d¼ 7.77, 7.33 dd (4H, Ar); 5.38 d (H-10); 5.33 t (H-30); 5.22
t (H-3); 5.02 t (H-40); 4.84–4.77 m (2H, H-2, H-20); 4.59 d (H-1);
4.48, 4.44 dd (H-6a); 4.21 td (2H, H-6b, H-60b); 4.13 m (2H, H-
4, H-6a); 3.98 (H-50); 3.69–3.53 m (10H, OCH2), 2.42 s (3H,
CH3–tosyl); 2.03–1.92 m (12 + 3H, AcMaltose).

1,3J1,2 ¼ 8; 1,3J10,20 ¼
3.9; 1,3J20,30 ¼ 12; 1,3J3,4¼ 9; 1,3J40,50 ¼ 9.8; 1,3J5,6a¼ 2.4; 2J6b¼ 11.8;
2J60b ¼ 11.8. 3C NMR (CDCl3) d ¼ 170.56, 170.54, 170.21,
169.95,169.70, 169.45 (CO); 144.83, 132.90 (2� C–Ar); 129.86,
127.95 (2� CH–Ar); 100.29 (C-1); 95.50 (C-10); 75.31 (C-3); 72.74
(C-4); 72.48 (OCH2–tosyl); 72.07 (C-40); 70.70, 70.68, 70.56, 70.21
(OCH2); 69.98 (C-2); 69.29 (C-5); 69.27, 69.19, 69.11, 68.67, 68.63
(5� OCH2); 68.42 (C-20); 67.97 (C-50); 62.77 (C-6); 61.64 (C-60);
21.62 (CH3–tosyl); 20.89, 20.83, 20.67, 20.63, 20.59 (Ac).

General procedure of synthesis of sugar imidazolium based
magnetic nanoparticle (NpFeSiImSugaracetate)

Imidazole functionalized magnetic nanoparticles (1.0 g) were
dispersed in MeCN (50 mL) and ultrasonicated for 20 min.
Sugar tosyl 5 or 7 (1.0 g) was added, and the reaction mixture
was stirred at 55 �C for 2 days. Aer cooling to room tempera-
ture, the product was isolated by magnetic decantation. It was
washed with acetone (3 � 20 mL), and dried for 6 h at 45 �C to
provide NpFeSiImSuageacetate (1.3–1.5 g) as a dark brown
solid.

General procedure of deacetylation of NpFeSiImSuage

Amixture of the protected sugar magnetic particles in methanol
was treated with a catalytic amount of sodium methoxide
(NaOMe), and the reaction was kept at room temperature for
6 h. The catalyst was removed by treatment with acidied
methanol (0.1 M HCl in 3 mL) and the particles were isolated by
magnetic decantation, washed with acetone (3 � 20 mL), and
dried for 6 h at 45 �C to provide NpFeSiImSugar as dark brown
solid.

Extraction of DNA from blood and attachment with particles

The preparation of the DNA–nano complex was carried out
similar to our previous report51 by dissolving a genomic DNA
with different weight ratios of magnetic NP ranging from 300–
1200 mg in nuclease-free water. The extraction was done by
transferring 300 mL of whole blood to 1.5 mL tube containing
900 mL RBC lysis solution. It was mixed by vortexing and
subsequently incubated for 5 min at room temperature and
centrifuged at 13 000 rpm for 1 min. The supernatant was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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removed by retaining the white cell pellet and 20 mL of
proteinase K and 300 mL of BB3 (cell lysis solution) were mixed
inside a micro-centrifuge tube by vortexing for 15 s and subse-
quently incubated at 56 �C for 15 min. 1.5 mL RNase solution
was added to the cell lysate and incubated at 37 �C for 15–
30 min, the mixture was chilled to room temperature, and then
100 mL PPT (protein precipitation buffer) was added to the cell
lysate and vortexed vigorously at high speed for 20 s.

The weight ratios of magnetic NP to DNA range from 15, 30,
45 to 60, DNA (20 mg mL�1). The mixture was vortexed and
incubated for 15 min at 4 �C to allow the formation of the
carrier/DNA complex. The nanomaterial with DAN attached was
collected by magnetic separation, and the rest of the lysate
content was discarded. 1 mL of 70% ethanol was added to the
DNA nanoparticle, and pipetting was done up and down several
times to wash the DNA nanoparticle. The nano-material with
DNA attached was collected aer washing by applying an
external magnetic eld, and the rest of the solution was dis-
carded. This step was repeated one more time to ensure that the
DNA molecules were washed perfectly. Electrophoresis (1%
agarose gel) was applied at 110 V for 15 min in TBE buffer in
order to conrm the binding. The band was stained with
ethidium bromide (EthBr) included in the agarose gel. The
resulting migration patterns were visualized under UV irradia-
tion (G-BOX, SYNGENE). The optimum ratio of NpFeSiImSugar/
DNA was found to be 30 and 45 for glycose andmaltose particles
immobilized, respectively.
DNA release

The dissociation of NpFeSiImSugar/DNA complex was carried
out by adding 50 mL of elution buffer AW1, which contains
a high concentration of chaotropic salt and is incubated at 65 �C
for 5 min. The mixture was vortexed until the pellet was (visu-
ally) completely re-suspended and then centrifuged for 30 s at
approximately 14 000 rpm. The spin column (containing silica
membrane) was applied for the supernatant. The resulting DNA
was puried by washing twice with buffer (containing absolute
ethanol) and then centrifuged for 1 min at 14 000 rpm. Aer
that, the nanoparticles were removed from the silica to the
collection tube, the DNA lament was attached to the silica
membrane, and then the membrane containing the DNA was
dried from ethanol by re-centrifugation for 3 min at 14 000 rpm.
Finally, 60 mL of elution buffer was added to the center of the
spin column tube, and it was centrifuged for 1 min at
14 000 rpm to produce a puried DNA, which was stored at 4 �C
until use. The DNA concentration was veried by agarose gel
electrophoresis.
DNA stability

NpFeSiImSugar/DNA complex was suspended in buffer and
exposed to ultrasound. The sample was aligned at the focus of
a 60 kHz single-element ultrasound transducer (model Wise
Clean) in a tank containing deionized water at 30 �C for periods
ranging from 0 to 160 s. Electrophoresis (1% agarose gel) was
then carried out at 110 V for 15 min in TBE buffer to determine
© 2022 The Author(s). Published by the Royal Society of Chemistry
whether the DNA had been structurally damaged or not. The
band was stained with EthBr included in the agarose gel.
Results and discussion
Particle synthesis

Scheme 1 represents the synthesis of ionic magnetic nano-
particles based on sugar using a multistep strategy. The parti-
cles were synthesized by a chemical co-precipitation of ferrous
and ferric ions in aqueous ammonia (pH 9) at a stoichiometric
ratio of 3 : 2, as described by our previous work.51 To avoid
possible oxidation or aggregation of the particles and provide
active surface functionalization, a SiO2 coating was carried out
according to a modied Stöber method, which was obtained by
the hydrolysis of TEOS.59–61 The further functionalization of
silica coating with chloride by treatment with CPTES, which is
used as the phase transfer reagents to further provide nucle-
ation sites for the subsequent silica coating by incorporation
with imidazoles in order to be a source of positive charges on
the nanoparticle surface. Next, it was subjected to the nal
coupling with ethylene glycol sugar derivatives to provide ionic
magnetic core–shell based sugar nanoparticles. The triethylene
glycol acts as a dispersant to increase the distance between
nanoparticles and the hydrophilic head (sugar), further inhib-
iting the solid-state quenching of the particles.
Nanoparticle characterization

The crystalline structure of sugar based magnetic core–shell
nanoparticles was identied by X-ray diffraction (XRD) pattern,
as shown in Fig. 1. The precursor magnetic core–shell (NpFeSi
and NpFeSiCl) is identied as a combination of hematite
(Fe2O3) and quartz (SiO2) according to our previous report.51

However, the phase particles of NpFeSiIm and NpFeSiImSugar
(sugar ¼ glycose and maltose) are similar to each other, which
show diffraction peaks at 30.4, 35.7, 43.2, 53.5, 57.3, and 62.9�.
These correspond to Fe2O3 on the (211), (122), and (214) crys-
tallographic planes, respectively (PDF ref. code: 033-0664), while
the SiO2 diffractions reect the (111), (102), (110), and (202)
crystallographic planes (PDF ref. code: 033-1161). The sharp
diffraction peaks indicate high crystallinity and particle sizes in
the upper nano-range.

High resolution transmission electron microscopic
(HRTEM) images of NpFeSiImSugar are shown in Fig. 2. The
atomic structure and morphology of the nanoparticles with the
lattice fringes of the magnetic core are clearly observed. The
estimated lattice d-spacings were found to be �0.22, 0.27, and
0.3 nm, which correspond to (102), (110), (202), and (111),
respectively. The estimated average diameters are in the range
of 5–12 nm, which appear to differ in size. These variations in
the size are attributed to the agglomeration of the particles as
well as due to magnetostatic interactions, which increase in the
dry sample, leading to ordering and self-assembly.62

SEM was employed to capture the detailed morphologies of
the NpFeSiImSugar, as seen in Fig. 3. The modied magnetic
nanoparticles show a rough surface with spherical agglomer-
ates in a regular pattern. By virtue of the magnetic material
RSC Adv., 2022, 12, 13566–13579 | 13569
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Scheme 1 Synthetic pathways for the ionic magnetic core–shell nanoparticles-based sugar. (A) Synthesis of sugar tosyl. (B) Synthesis of
NpFeSiImSugar.
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present, the relatively uniform size distribution cannot be
conrmed due to magnetic electrostatics, which assembles
isolated particles.

The energy dispersive X-ray microscopy (EDX) was applied on
the nanoparticles to estimate elemental composition. The
analysis of particles NpFeSi and NpFeSiCl have been reported
previously.51 However, the analysis of particles NpFeSiIm and
NpFeSiImSugar is displayed in supplementary Fig. S6.† The
absence of chloride ions in parallel with the presence of the new
element nitrogen is an indication of the successful
13570 | RSC Adv., 2022, 12, 13566–13579
incorporation of imidazole on NpFeSiCl, and this is reected in
the decreasing ratio of Si and Fe to be approximately half in
comparison with the precursor (Si ¼ 6.13%, Fe ¼ 36.72 in
NpFeSiCl compared to Si¼ 2.85%, Fe¼ 19.85% in NpFeSiIm). It
is clear from the elemental radiation maps that there is almost
a homogeneous activation of the particle surface.

Aer anchoring sugar molecules on the particles, a signi-
cant change in the ratio of Fe, N, and C elements was observed,
which is considered as a good indication of successful incor-
poration. There is almost no change in silicon ratio, indicating
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of sugar based magnetic core–shell
nanoparticles.
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the hard core–shell structure. The well covered of magnetic
nanoparticles (Fe2O3) core by the silica shell followed by
carbohydrate moieties could be the reason for mismatching the
actual ratio of ferric element due to brevet dispersive X-ray
being in the deeper of particle and thus the reection ratio
are incorrect. However, the comparison of the elemental radi-
ation maps suggested a homogeneous activation of the particle
surface.
Fig. 2 HRTEM images of NpFeSiImSugar nanoparticles with lattice fring

© 2022 The Author(s). Published by the Royal Society of Chemistry
The thermogravimetric analysis (TGA) was used for a quan-
titative analysis of the anchoring of organic contents on the
magnetic particle surface, in addition to determining and
measuring the thermal stability of the particles. Basically, an
easier analysis was provided by mathematical data-processing
with differential thermogravimetry (DTG) spectra.

The TGA-DTG curves of NpFeSiIm (gure attached in ESI
S7†) showed a major characteristic decomposition stage at
200 �C with a mass loss of 0.88 mg, 15.86%, which could be
assigned to the physisorbed water inside the nanoparticle
matrix or/and further condensation of the hydroxyl group of
silica shell Q3 (Si(OSi)3(OH)) to result in Q4 (Si(OSi)4). The latter
has disappeared aer the fabrication of magnetic nanoparticles
with the sugar group since its exposure to reux (heating)
condition for two days, which allows the condensation to
happen. One additional region of mass loss appeared at 270–
450 �C (0.71 mg, 12.86%), which was attributed to the decom-
position of the chloropropyl group attached to imidazole and
silica. The triethylene glycol sugar functionalized nanoparticles
exhibited one major peak at 450 �C, probably reecting the
es and the particle size.

RSC Adv., 2022, 12, 13566–13579 | 13571
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Fig. 3 FESEM images of NpFeSiImSugar.
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degradation of the imidazolium glucose with a mass loss of
1.12 mg, 23.94% (Fig. 4). Two peaks were found for maltose
functionalized particles around 330 �C (1.38 mg, 31.76%),
which could be attributed to the dissociation of imidazolium
from sugar (Fig. 4). The second mass loss at around 600 �C
(0.38 mg, 21.63%) reects the decomposition of maltose. As
a result, the conclusion was that the glucose functionalized
particle has more thermal stability than the maltose function-
alized particle, but this does not reect the interaction activity
properties.

Magnetic anisotropy properties reect one of the attractive
features of the material, which is signicantly different from
conventional nanoparticles. The magnetic properties of NpFe-
SiImSugar nanoparticles were investigated at room temperature
as a function of the magnetic eld (H). The analysis of the
magnetic property for the precursors NpFe, NpFeSi, and
NpFeSiCl was reported in previous studies.51,63,64 The saturation
magnetization (Ms) of the nanoparticles was found to be 29 emu
g�1, as shown in Fig. 5. This value is similar to what was
recorded for NpFeSiCl, which is an indicator for the successful
immobilization of magnetic nanoparticles. The magnetization
relates to a coercivity of 33 G, which is higher than the 27.2 G for
NpFeSiCl, meaning the sugar particles offer high resistance to
Fig. 4 TG-DTA analysis of magnetic NpFeSiImGlc and NpFeSiImMalt.

13572 | RSC Adv., 2022, 12, 13566–13579
changes in the magnetization eld than the precursor. Very
small hysteresis loops were observed for NpFeSiImSugar
nanoparticles at a low magnetic eld with weak remnant
magnetization (Mr) of 1.73 emu g�1. These values are conspic-
uously characteristic of the super-paramagnetic behavior of the
nanoparticles.

The monitoring of the immobilization of surface magnetic
particles was also done by IR-spectroscopy. The spectra in Fig. 6
reveal the organic chemical structure of NpFeSiIm and NpFe-
SiImSugar and a spectrum for precursor NpFeSiCl for
a comparison. Typically, the intense and broad absorption
above 3300 cm�1 reects the remaining hydroxyl groups on the
particle surface, and the stretching vibration band for the
aliphatic CHn group was observed slightly below 3000 cm�1.
These absorptions increased upon the introduction of sugar
molecules. The band at 1643 cm�1 could be assigned to the
bending vibration of trapped water molecules within the silica
matrix.18 The latter disappeared aer graing of sugar mole-
cules and reux for two days. The absorption peak at 1253 cm�1

was assigned to the Si–C stretching vibration, while the bands at
1073 and 1053 cm�1 were attributed to Si–O–Si stretching
vibrations. These values conrm the formation of the amor-
phous silica matrix.19 All the NpFeSiImSugar with different
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Super-paramagnetic hysteresis loop for NpFeSiImSugar
nanoparticle.
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sugar types shows almost similar IR spectra. As a result, this FT-
IR analysis gives a good indication of the presence of a silica
matrix that serves as a shell to the core magnetite (Fe2O3) and is
able to reveal the successful functionalization of the particles.
Nitrogen adsorption–desorption analysis

The nitrogen adsorption isotherms obtained for the precursor
(NpFeSi and NpFeSiIm) and sugar based magnetic core–shell
nanoparticles (NpFeSiImGlc and NpFeSiImMalt) with pore size
distribution and pore diameter are shown in Fig. 7. The
isotherm results exhibited type IV with hysteresis loop H3-type.
The loop was observed in the range of 0.6 < P/P0 < 1 for all
particles except for the one fabricated with glycose (NpFe-
SiImGlc), which shows swelling desorption characteristics. This
extended hysteresis loop between the adsorption and desorp-
tion curves is not one of the traditional nitrogen isotherm
classications by the international union of pure and applied
chemistry (IUPAC).65 However, the reason could be one of two
Fig. 6 ATR FT-IR spectra of NpFeSiPrCl, NpFeSiIm, and NpFeSiImSugar.

© 2022 The Author(s). Published by the Royal Society of Chemistry
either that the pore structure may be changing as a function of
the amount adsorbed as reported previously with nanoporous
materials66 or by the inuence of plasticizer glycose molecules
and their chemical interaction with nitrogen molecules. This
effect is clearly seen in the decreased surface area of NpFe-
SiImGlc (�116 m2 g�1) in comparison to the specic surface
area of NpFeSi, NpFeSiIm, and NpFeSiImMalt, which were
found to be �158, 147 and 181, respectively. Also, the average
pore volume was inuenced by the reduction of the surface site
due to immobilization with glucose molecules and their inter-
action causing overcrowding and thus reduce the porosity size
(0.16 cm3 g�1), while the pore volume for the precursor and
particle immobilized with maltose was found to be 0.22, 0.27
and 0.28 cm3 g�1, respectively. The pore size distribution
(gures attached in ESI†) reveals a mesoporous heterogenous
pore distribution range of 6.5–8.2 nm.

Nanoparticle interaction with DNA

Due to the pronounced potential of magnetic orientation
several research has been decanted to study magnetic nano-
particle interaction with biomolecules for a wide range of
applications such as diagnosis,67 tumor therapy,68 gene
therapy,69 DNA vaccine transfection,69 biomedicine,69 data
storage,69 etc. The solid phase DNA extraction is considered as
one of the sufficient strategies to isolate and purify DNA. In view
of the most recent related study, for example, Mohamad Zan-
dieh and Juewen Liu (2021) designed core–shell MNP coated by
polydopamine functionalized with spherical nucleic acids. The
main objective of this designed particle was to overcome the
DNA extraction without much sequence specicity. In the end,
the synthesized particle provides a highly selective DNA
extraction.70 Yalong Bai et al. (2019) reported a modication of
MNP with amino, hydroxyl, and carboxyl functional groups for
DNA extraction and found that the amino groups have
a powerful adsorption capability for DNA with 98% separation
rate during DNA extraction withoutmuch sequence specicity.71

Jiuhai Wang et al. (2017) used silica coated MNP for DNA and
RNA simultaneous extraction from hepatocellular carcinoma
(Hep G2). The average yield obtained for DNA and RNA was high
RSC Adv., 2022, 12, 13566–13579 | 13573
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Fig. 7 Nitrogen adsorption–desorption curve of NpFeSiImGlc and NpFeSiImMalt. The inset shows pore volume profile.
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(1 mL Hep G2 (�106 cells) that ranged from 9.7 to 14.7 mg with
A260/A280 values between 1.68 and 2.01) and also reported
different optimized factors including lysis buffer, ethanol,
MNPs, and washing buffers, which may affect the yield of
nucleic acid.47 Jeong Yu Lee et al. (2017) demonstrated the
enhancement delivery of siRNA using ultrasound technique and
MNP coated with deoxycholic acid and peruoropentane as
a carrier for successful delivery to lung cancer cells and breast
cancer cells. The results show efficient transfection delivery of
siRNA without degradation of the molecule, which was able to
successfully promote siRNA uptake.28 Kaijia Xu, et al. (2017)
proposed an improved solid-phase extraction of salmon sperm
DNA sodium salt by synthesized chitosan-modied Fe3O4-
magnetized multi-walled carbon nanotubes coated with
a poly(ethylene glycol) based deep eutectic solvent. It displays
a favorable selectivity for DNA over bovine hemoglobin with
isolation of 79% of DNA without conformational damage.72 Lin
Xiong, et al. (2016) reported magnetic core–shell silica nano-
particles functionalized with amnio propyl triethoxy silane to
provide amino functional active group with large-pore meso-
porous silica. These particles possess both high loading
capacity of siRNA (2 wt%) and strong magnetic response.
However, the particles signicantly enhance the delivery of
siRNA to the cancer cells and it was found that the particles
coated with tannic acid increase the dispersion stability of the
siRNA-loaded carrier and can serve as a pH-responsive releasing
switch.63 Patil, R. M. et al. (2015) investigated the isolation and
enrichment of bacterial DNA using MNP with the surface
modied with chitosan–glutaraldehyde, and the result was the
extracted DNA higher than the usual organic isolation (phenol/
chloroform) with better purity of the isolated DNA.30 However,
our main idea was to synthesize a new fabricated magnetic
nanoparticle compound with unique properties such as multi-
functionality, biodegradable, biocompatible, high product
safety, and an environmentally favorable manufacturing
process. The new synthesized particles based-sugar perfor-
mance shows a high desorption rate of DNA (7 min.) with more
than 86% of unchanged DNA loading.

The attachment or integration strength of biomolecules such
as DNA onto the nanomaterial solid surface plays a crucial role
13574 | RSC Adv., 2022, 12, 13566–13579
in the application aspect. Selection of an appropriate immobi-
lization strategy that is suitable for robust reproducibility and
operational stability of the transducing is usually preferred in
order to prevent desorption of the biomolecules from the solid
surface easily. The three different protocols of attachment of
DNA to the surface are (i) electrostatic interaction between DNA
and a substrate. (ii) Covalent binding of a chemical group
attached to the DNA end. (iii) Binding of a protein attached to
the DNA end.73,74 Since the NpFeSiImSugar carries a positive
charge, it can electrostatically adsorb DNA, especially with the
enhanced properties of the high surface area of the particles,
which reduce the distance between the redox sites.73,74 In
addition, the peculiar features of the largest negative charge
distribution localized on phosphate groups present on the
surface of DNA molecule and in the minor groove75,51 with
electromagnetic properties of particles increasing the interac-
tion and run high as a promising approach to biomolecule
extraction. Moreover, the weakly acidic amino groups of DNA
act as proton donors in the formation of hydrogen bonds,
whereas oxygen atoms of keto groups and nitrogen atoms of
heterocyclic bases are proton acceptors,75 and all of these will
provide a strong interaction with particles by oxygen atoms and
hydroxyl groups on the sugar molecule.

The adsorption binding of nucleic acids on the surface
modied sugar based magnetic particles was investigated in
this study with the possibility of separating the complex and
recovering the DNA. Fig. 8 clearly shows the magnet attraction
capacities of the complex to the external magnetic eld.

In order to optimize the interaction condition, the DNA
loading capacity was evaluated by agarose gel electrophoresis,
as shown in Fig. 9. The investigation was carried out on both
mono and di sugar immobilized on magnetic nanoparticles. As
NpFeSiImSugar to DNA weight ratio increased from 15 to
60 wt%, the migration of DNA on the gel gradually decreased
overall and eventually completely stopped at the weight ratio of
30 and 45 wt% for glycose and maltose fabrication, respectively,
which suggested the best combination ability of loading
capacity. As mentioned in our previous work, no DNA interac-
tion and loading were observed for precursor (NpFeSi and
NpFeSiCl), which proves that the presence of the ionic charge
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Pictures illustrating magnet attraction capacities. (A) When nanoparticles attached to DNA particles during DNA extraction process. (B)
Nanoparticles–DNA complex in a tube and attraction to magnet are clearly observed.

Fig. 9 Gel electrophoresis characterization of DNA conjugates with
nanoparticles (NpFeSiImMalt and NpFeSiImGlc) at different weight
ratios (wt%) of nanoparticles ranging from 15 to 60. And exposure to
the magnetic field. (Lane M) represent DNA–NpFeSiImMalt complex
M1 ¼ 15, M2 ¼ 30, M3 ¼ 45, M4 ¼ 60. (Lane G) represent DNA–
NpFeSiImGlc complex G1¼ 15, G2¼ 30, G3¼ 45, G4¼ 60 with naked
DNA.
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with multiple hydroxyl molecules plays an important role in the
strength of the interaction of the complex.

Fig. 10 shows the gel electrophoresis characterization of
DNA–nano complex stability for both sugars at different time
Fig. 10 Gel electrophoresis characterization of DNA stability with nan
ranging from 3 h to 4 days.

© 2022 The Author(s). Published by the Royal Society of Chemistry
periods ranging from 3 h to 4 days. Electrophoretic mobility of
DNA in agarose gel was observed with the appearance of a clear
band, which indicated that DNA did not undergo any signicant
degradation with increased time. However, the complex was
found to be stable enough even for more than ve months
without dissociation from the particles when stored at 4 �C.

Since the use of ultrasound has had promising results in
improving the delivery and efficacy of therapeutic molecules,
the complex of MNP/DNA exposure to ultrasound was mediated
for different time ranges of 0–160 s to determine the potential
for damaging therapeutic molecules. The agarose gel retarda-
tion assay was used to detect any DNA degradation, structural
change, and release by breaking the interaction with the parti-
cles (Fig. 11). The result was a clear band observed at the same
row for the exposed time 5–40 s without any signicant change
in the DNA, and no effect was observed on MNP/DNA complex
interaction. A light drag mark was detected at the exposure time
80–160 s, which comes from the released DNA, but still without
affecting their structure. However, these detachment results
indicated that the magnetic based sugar nanoparticle did not
release the DNA quickly and preserved DNA from degradation,
oparticles (NpFeSiImMalt and NpFeSiImGlc) at different time periods

RSC Adv., 2022, 12, 13566–13579 | 13575
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Fig. 11 Gel retardation assay of ultrasound-exposed DNA–MNPs complexes.

Fig. 12 Electrophoretic DNA profiles for recovering process.
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and this is likely to be benecial for the systemic delivery of
medical materials.

The release of DNA from the DNA–nanoparticle complex was
carried out to show the possibility of DNA separation and
recovery. Fig. 12 shows gel electrophoresis characterization of
releasing prole test aer disengagement of DNA from DNA–
nano complex by using spin column, which contains silica
membrane and micro-centrifuge at 14 000 rpm. During the rst
DNA separation process, without adding elution buffer, a high
quantity of DNA was recovered, as shown by a clear band. The
second time process was done by adding (50 mL) of elution
buffer to the silica membrane, which already contained the
DNA–nano complex, and as a result, a tiny amount was
observed. This proves that most of the DNA was possibly
released the rst time easily with a high desorption rate of
�7 min.
Conclusion

In this work, we have designed and synthesized a magnetic
core–shell nanoparticle fabricated with imidazolium as
a cationic source and carbohydrate molecules as an excellent
biocompatible and biodegradable multi-hydroxyl group to
provide multi hydrogen bonding. These are targeted for solid
phase DNA extraction by reinforcement MNP/DNA complex
interaction. In order to prevent the conict of interaction
between the two possible binding sources, a triethylene glycol is
used as a spacer between them, as well as to extend the possi-
bility of interaction along the particle surface, and this could
also inhibit the solid-state quenching of the particle's interac-
tion. The imidazole and sugar molecules attached to the surface
13576 | RSC Adv., 2022, 12, 13566–13579
of MNPs possess the affinity to interact with nucleic acid (NA),
which facilitates their rapid, cost-effective, and easy separation
by utilizing the proper positioning of an external magnetic eld.
More importantly, it could even be used for the extraction of
small amounts of NA. Overall, this proof of concept might open
the door to future therapeutic delivery applications by control-
ling the delivery and a new generation of carrier materials.
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