
Citation: Alimohammadi, V.; Seyyed

Ebrahimi, S.A.; Kashanian, F.;

Lalegani, Z.; Habibi-Rezaei, M.;

Hamawandi, B. Hydrophobic

Magnetite Nanoparticles for

Bioseparation: Green Synthesis,

Functionalization, and

Characterization. Magnetochemistry

2022, 8, 143. https://doi.org/

10.3390/magnetochemistry8110143

Academic Editor: Zheng Gai

Received: 5 September 2022

Accepted: 26 October 2022

Published: 28 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

magnetochemistry

Article

Hydrophobic Magnetite Nanoparticles for Bioseparation: Green
Synthesis, Functionalization, and Characterization
Vahid Alimohammadi 1, Seyyed Ali Seyyed Ebrahimi 1,*, Faezeh Kashanian 2, Zahra Lalegani 1 ,
Mehran Habibi-Rezaei 2 and Bejan Hamawandi 3,*

1 Advanced Magnetic Materials Research Center, School of Metallurgy and Materials, College of Engineering,
University of Tehran, Tehran 111554563, Iran

2 School of Biology, College of Science, University of Tehran, Tehran 111554563, Iran
3 Department of Applied Physics, KTH Royal Institute of Technology, SE-106 91 Stockholm, Sweden
* Correspondence: saseyyed@ut.ac.ir (S.A.S.E.); bejan@kth.se (B.H.)

Abstract: In this study, three types of hydrophobized alkyl-modified magnetic nanoparticles (MNPs)
comprising direct alkylated-MNPs (A-MNPs), silica-mediated alkyl MNPs (A-SiMNPs), and arginine
(Arg)-mediated alkyl MNPs (A-RMNPs) were synthesized successfully. For this purpose, the co-
precipitation method was used to synthesize, and octadecyl trimethoxy silane (OTMS) was used as a
functionalizing agent. Accordingly, the hydrophobic octadecyl moieties were connected to MNPs.
The nanoparticles (NPs) were characterized by XRD, SEM, FTIR, CHN, DLS, and zeta potential
analyses. The synthesized coated MNPs represented a decrease in surface charge and magnetization
alongside increased surface hydrophobicity and size. It was revealed that the alkylation process
was successfully performed to all three MNPs, but A-SiMNPs showed the highest hydrophobicity.
Additionally, the novel A-RMNPs, as the most biocompatible type, and A-MNPs showed the highest
magnetization among the synthesized MNPs. The results indicate that synthesized NPs can play an
important role in bio applications. However, it was revealed that alkyl chains are easily connected to
all three MNPs, and that A-MNPs contained the highest alkyl chains and could affect the re-folding
and denaturation process of recombinant proteins.

Keywords: magnetite; hydrophobicity; alkyl chains

1. Introduction

Magnetic nanoparticles (MNPs) have attracted increasing interest in recent years due
to their higher specific surface area, lower mass transfer resistance for reacting substrates,
nontoxicity and biocompatibility in most cases, and ease of separation from a solution mix-
ture or targeting toward the application of a magnetic field. Accordingly, the applications
of MNPs have shown further advancement in several specific areas, such as drug targeting,
diagnostics, imaging, and genetic manipulation, that offer emerging strategies in the di-
agnosis and therapy of cancer, diabetes, cardiovascular diseases, and Alzheimer’s disease
(AD) as theranostic agents [1–3]. The importance of MNPs in these fields can be evaluated
from the number of papers published so far [4]. However, the surface modification of
newly developed nanomaterials such as MNPs is still important for their applications [5–7].

The surface properties of a given nanoparticle impact its interaction with biomolecules
or structures, and these properties determine its behavior and functionality [8,9]. Function-
alization methods can influence the surface properties of different kinds of NPs. Core-shell
NPs can combine characteristics of different materials by a variant range of properties,
for example, magnetic properties of the core and optical properties of the shell, which
were observed in the case of gold (Au) NPs in studies [10]. It is fascinating to study these
features because of the availability of these materials in the production of new and particu-
lar applications. The dependence between the core and shell composition and properties
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such as super para-magnetism allow the planned synthesis of nanomaterials with well-
controlled physicochemical properties for different subjects and aims [11]. The synthesis of
layer-by-layer grown particles allows quality checking and estimation of the composition
and features of MNPs by each consequent layer addition [12]. The surface layer is an
important key feature of the modification of the magnetic properties of NPs [13]. However,
modification is dependent on the elements used in their composition [14,15]. Amino acid-
coated MNPs have recently received much interest and have been widely used in many
areas because of their biodegradability, biocompatibility, and nontoxicity [16,17]. Among
these NPs, L-Arginine modified magnetic NPs (RMNP) provide new surface properties for
interactions with bio-structures such as proteins [18–20] and offer a novel opportunity for
magnetic nanoparticle surface modification, which is reported in this paper.

Accurate knowledge of the average particle size and size distribution of each assembly
of nanoparticles is crucially important for proper achievement of specific applications [21].
Moreover, shells prepared from materials such as polymers [22], lipids [23], proteins [24],
and other biocompatible shells [25] do not allow agglomeration of the cores or improve
the biocompatibility. Several approaches have been deployed to modify MNPs directly
through Fe-OH groups on the surface of the hematite or magnetite core [26,27].

The functionalization of NPs is very important in bio applications. It is observed that
the most uncoated NPs can induce oxidative stress, protein aggregation, liberation of toxic
cations, membrane disruption and DNA damage in the human body [28–30].

Hydrophobic NPs can be used in various bio fields such as drug targeting and release,
especially of hydrophobic drugs, enzyme immobilization [31], amyloidosis study [32],
bio catalysis [33–35], DNA separation [36], and hyperthermia therapy [37]. Additionally,
due to their hydrophobicity, magnetic characteristics and broad possibilities for surface
modification, they are also applicable in chemical processes such as hydrometallurgy,
metal recovery, recycling, petroleum oil spill collection, the control of chemical reactivity
at solid−solution interfaces, etc. [36,38–41]. As hydrophobic NPs, Au NPs can be used
as an interface to indirectly design specific oligomer antibodies [42] by mimicking Aβ

oligomerization of the spherical amyloid oligomers on their surface. Hsieh et al. [43]
observed that Au NPs affect insulin fibril formation, and Skaat et al. [44] concluded that
fluorinated γ-Fe2O3 MNPs can inhibit insulin aggregation due to their strong hydrophobic
character. In cosmetic product formulations, TiO2, ZnO and Fe2O3 NPs that are often
coated with a hydrophobic polymer such as poly (methylvinylether)/maleic acid reduce
direct contact with the human skin [45]. Alkyl groups (CnH2n+1) are prevalent in bio
nanomaterials used for many bio and engineering applications. Hence, in this study, we
alkylated the three synthesized MNPs by OTMS (C21H46O3Si).

Nanoparticle surface hydrophobization can be achieved by using amphiphiles, such
as oleic acid [46], detergents (e.g., sodium dodecyl sulfate [47]), or silane derivatives [48].
Among them, silane derivatives have several advantages, including better structural sta-
bility through surface chemical grafting by silanization; effective and efficient tuning of
interfacial hydrophilicity and hydrophobicity for different applications by the selection
of silane precursors; feasible functionalization after presenting various reactive groups
such as -NH2, -SH, and COOH on the nanoparticle surface [49], and protection of magnetic
particles from oxidation by coating chemically inert silica without affecting their magnetic
properties [50,51]. According to many results with silica-coated MNP applications in the
fields both of bio and engineering, it was observed that silica-coated MNPs are a good
sorbent for the extraction of Au (III), Pd (II) and Ag (I) from water samples, thus showing
the potential of synthesized A-SiMNPs in this work [52]. In addition, amino acid-coated
MNPs have recently received much interest due to their biodegradability, biocompatibility,
and nontoxicity and have been widely used in many fields of study. Green synthesis, as
an environmentally friendly method, aims to eliminate toxic waste and reduce energy
consumption [53–56]. Various factors, such as pH, temperature and reaction time, control
the properties of NPs synthesized by biological entities [57–59].
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In this paper, due to the importance of synthesizing various hydrophobic surfaces and
their broad bio and industrial benefits, we green-synthesized new Fe3O4-based MNPs with
capping agents of materials such as L-Arginine, SiO2, and OTMS. Layer-by-layer growth
was realized during the synthesis procedure for these NPs. The aim was to synthesize
three hydrophobic MNPs for detailed characterization and comparison. Their properties,
strengths and weaknesses were discussed. Further, two new alkylated NPs, A-SiMNP
and A-RMNP, are novel, with a two-coating layer that could be applied in the bio and
separation engineering fields.

2. Experimental
2.1. Materials and Instrumentation

Iron (II) chloride tetrahydrate (FeCl2·4H2O, Sigma-Aldrich, Washington, DC, USA)
and iron (III) chloride hexahydrate (FeCl3·6H2O, Sigma-Aldrich) were used as the precur-
sors for the synthesis of magnetite (Fe3O4) as the core. L-Arginine (Merck, Kenilworth, NJ,
USA) and ammonia solution (NH4OH, 25%, Merck, Kenilworth, NJ, USA) were used as
coating and precipitating agents, respectively. Octadecyl trimethoxy silane (OTMS, 95%)
was used to functionalize the surface of MNPs. Tetraethyl orthosilicate (TEOS, 95%, Merck,
Kenilworth, NJ, USA) was also applied to process a silica coating around the Fe3O4 core.

X-ray diffraction analysis (XRD, Rigaku-Dmax 2500) was performed to identify the
crystalline structure of the particles using Cu Kα radiation (λ = 1.5406 nm) and 2 theta
range from 5◦ to 90◦, in which the rate of warming-up was adjusted at 0.02◦ min−1.
Scanning electron microscopy (SEM, CamScan MV2300) was used to monitor the size and
morphology of all NPs. Fourier transform infrared (FTIR, Rayleigh WQF-510A) spectra
were recorded using a KBr pellet spectrophotometer. A vibrating sample magnetometer
(VSM, MagKav Co.) was used at room temperature to measure sample magnetization. CHN
analysis (Thermo Finnigan Co., Waltham MA, USA, FlashEA1112series) was performed
for precise demonstration of carbon chains as proof of alkylation. CHN, as a destructive
method of elemental analysis, measures carbon, hydrogen, sulfur, oxygen and nitrogen
elemental content with accuracy and precision. The sample needs to be very pure to pass
this test, as the accuracy of this method is ±0.3%. Dynamic light scattering (DLS) and zeta
potential of MNPs were measured by Malvern ZS-Nano series 1001767.

2.2. Synthesis of Magnetic NPs
2.2.1. Synthesis of Fe3O4 NPs

Synthesis of Fe3O4 NPs was performed by the co-precipitation method. In brief,
2 mmol FeCl3·6H2O and 1 mmol FeCl2·4H2O salts were dissolved at a molar ratio of 2:1
in 20 mL deionized water under 250 rpm stirring and 50 ◦C for 30 min. To achieve the
complete reaction of compounds in solution, 7 mL ammonia solution was added to the
solution by syringe. Eventually, as a sign of completion of the reaction, it was observed
that the color of the mixture became black. After 30 min, MNPs were prepared. Finally, to
eliminate the other impurities in the solution, we washed it with acetone and deionized
water three times and separated the MNPs from the liquid phase with a permanent magnet.
Finally, the MNP powder was dried at room temperature.

2.2.2. Synthesis of Fe3O4@Arg NPs (RMNP)

For the synthesis of RMNP based on the co-precipitation method, at the primary step,
2 mmol FeCl3·6H2O and 1 mmol FeCl2·4H2O salts were mixed in a ratio of 2:1 (M). Then,
the mixture was dissolved in 20 mL of deionized water. The solution was stirred under
250 rpm stirring rate and temperature of 80 ◦C for 30 min. A 0.147 g (10 µM) amount of
powdered L-Arginin amino acid (Arg) was dissolved in 10 mL deionized water and placed
on a magneto stirrer at 50 ◦C. After preparation of Arg and NPs, Arg solution was added
droplet-wise to the suspension by syringe. To achieve the complete reaction of compounds
in solution, 7 mL ammonia solution was added by syringe to the solution. Eventually, as a
sign of completion of the reaction, it was observed that the color of the mixture became
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black. After 30 min, RMNPs were prepared. Finally, to eliminate the other impurities in the
solution, it was washed using acetone and deionized water three times. The RMNP was
separated from the liquid phase with a permanent magnet. Finally, the RMNP powder was
dried at room temperature.

2.2.3. Synthesis of Fe3O4@SiO2 NPs (SiMNP)

For the synthesis of Fe3O4@SiO2 NPs (SiMNP), in the first setup, 0.3 g MNP, 30 mL
deionized water, 120 mL ethanol, and 1 mL ammonia solution were mixed, respectively. In
the second setup, 1 mL TEOS was dissolved and mixed using a magneto stirrer in 20 mL
ethanol until it became a single-phase suspension. In the next step, the solvent of setup 2
was added to the solvent of setup 1 by syringe in droplets. The final solution was purged by
nitrogen injection for 5 min and stirred at a temperature of 60 ◦C for 10 h vigorously. Finally,
to eliminate other impurities in the solution, it was washed with ethanol and deionized
water three times, and the SiMNPs were separated from the liquid phase with a permanent
magnet. Finally, the SiMNP powder was dried at room temperature overnight.

2.3. Surface Modification of NPs by OTMS
2.3.1. Alkylated Fe3O4 NPs (A-MNP)

In the primary step, 0.15 g MNP was dissolved and dispersed in 15 mL ethanol by a
sonication device. As a secondary step, 75 mL OTMS with 100 µL deionized water were
added to the first solution by micro pump at a 2 mL h−1 rate. The solution was deoxidized
by nitrogen injection for 10 min. The solution was vigorously mixed at 30 ◦C for 6–10 h.
Finally, it was washed with ethanol, then with deionized water three times, and A-MNP
was separated from the liquid phase with a permanent magnet. The A-MNP powder was
then dried at room temperature for 12–24 h.

2.3.2. Alkylated Fe3O4@Arg NPs (A-RMNP) and Fe3O4@SiO2 NPs (A-SiMNP)

All steps were carried out using the same procedure as described for the synthesis of
A-MNP, but instead of functionalizing the MNP, the RMNPs and SiMNP were inserted as
the cores and alkylated by OTMS. Figure 1 shows the explained processes.
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3. Results and Discussion

Figure 2 shows the XRD patterns of the samples. The peak positions at the correspond-
ing values were indexed as 022, 113, 004, 224, 115, 044, 026, and 335, showing the successful
synthesis of Fe3O4 NPs according to JCPDS card no. 19-629 and other studies [60,61].
Besides the major peaks that verified the existence of the magnetite core, peaks of some
complexes that had the key elements of modifying caps were observed. This proved
the addition of new phases to the core substrate that did not exist in the bare uncapped
magnetite. Additionally, most diffraction patterns showed the same peaks as those of the
unmodified MNPs, indicating that the functionalization did not degrade the Fe3O4 core.
The Williamson–Hall calculations were performed to measure the average crystallite size
of MNPs (more details in supplementary materials). According to the calculations, all of
the MNPs apparently had an average size of 8.0–8.5 nm, which make sense because they
all were synthesized in the same way. According to size measurements with SEM, the size
of the coated MNPs was larger due to the particle coating. Then, the size of the coated
MNPs > uncoated MNPs > average crystallite size. Average crystallite sizes of 8.6, 8.8, 5.9,
8, 10.9 and 8.4 nm were obtained for MNP, A-MNP, RMNP, A-RMNP, SiMNP and A-SiMNP,
respectively. It was obvious that the sizes of the MNPs obtained from XRD were smaller
than those obtained with SEM analysis.
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Figure 2. XRD patterns of MNP, SiMNP, A-MNP, RMNP, A-SiMNP, and A-RMNP obtained at room
temperature.

The SEM and TEM images of amyloid fibrils were examined to monitor the size and
morphology of all NPs. According to the TEM images (Figure S1), the Fe3O4 NPs were
successfully coated. The SEM images of NPs are shown in Figure 3.

As shown in Figure 3, by increasingly decorating and modifying the NPs, the average
size of the NPs became larger. The results of image analysis indicate that in the first step,
the mean size of bare Fe3O4 NPs was about 50.42 nm, and when they were capped by SiO2
and OTMS, their mean size increased to 67.69 and 70.31 nm, respectively. The size order of
NPs based on the SEM images was: A-SiMNP > A-RMNP > A-MNP > SiMNP > MNP >
RMNP. According to the size order of the NPs, the two-layer capped NPs (A-SiMNP and
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A-RMNP) were larger than the other four NPs because of their binary capping nature. The
third position was assigned to the third alkylated NP (A-MNP). This size order sequence
indicated that the alkylation process’s carbon chains had the highest impact on the size
increment of NPs among all six NPs. After the three hydrophobic NPs, the next one was
SiMNP, and it was according to our expectation because the silica coating of the magnetite
core by TEOS formed a highly branched and mesoporous siloxane polymer on its surface,
and this mesoporous nanosphere shape was also seen for other cores such as gold [62].
However, the size of RMNP became lower than that of MNP, and it was incomplete, in
accordance with our previous results [18].
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Figure 4 displays the results of the VSM analysis that was carried out to study the
magnetic hysteresis loops of the dried samples. Accordingly, all six MNPs exhibited no
hysteresis loop with remanence and coercivity of relatively zero, indicating that all samples
were superparamagnetic due to their small size (smaller than the critical size) [63]. The
saturation magnetization values obtained at room temperature were recorded at about 80,
38, 33, 28, 15, and 8 emu g−1 for MNP, SiMNP, A-MNP, RMNP, A-SiMNP, and A-RMNP,
respectively. As observed, the saturation magnetization of MNPs was decreased by the
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modifying layers and increased diameters, maybe due to the compounds of diamagnetic
materials (SiO2, Arg, OTMS) surrounding the bare MNPs.
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Figure 4b shows the magnification of Figure 4a for better investigation of coercivity. As
can be seen in Figure 4b, with the increased coating around the core, the magnetic moments
decreased. On the other hand, as the magnetization was reduced, the conductivity also
decreased. In the particles with two coatings, the magnetization decreased due to the
presence of carbon chains on the surface, and in the case of SiMNP, it should be noted
that due to the porous nature of the silica coating [62,64], the magnetic moments had the
possibility of leaving the first layer, and, therefore, the magnetization was higher than that
of the other coated particles.

To verify the binding of silanes on the surface of NPs, FTIR spectra of the MNPs before
and after alkyl silane coating were collected, and the results are shown in Figure 5. Peaks at
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2974, 2922, and 2850 cm−1 originated from the stretching vibrations of C-H bonds in alkyl
chains, and peaks at 1455 and 1395 cm−1 were due to the in-plane bending vibrations of
-CH3 and -CH2-. The intensity and position of these bands were slightly different because
of the length differences of the alkyl chains. The strong absorption peak at 583 cm−1 was
the characteristic band of the Fe-O stretching vibrations of Fe3O4 NPs. The bulk magnetite’s
Fe-O stretching vibration band is usually at 570 cm−1. Compared with the uncoated Fe3O4
NPs, the Fe-O absorption bands of Fe3O4 NPs coated with alkyl silanes were shifted to a
higher wavenumber of 585 cm−1 due to the formation of Fe-O-Si bonds on the surfaces
of the coated NPs. Since -Si(O-)3- is more electronegative than H, it increases the force
constant of Fe-O bonds and the consequent shift of the peak position [65]. The weak bands
at 1050 cm−1 corresponded to Fe-O-Si stretching vibrations, showing that alkyl silanes were
successfully crossed on Fe3O4 NPs. Two peaks at 3400 and 1630 cm−1 were attributed to
the stretching and bending vibrations of the O-H band from residual water in the samples.
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Figure 5. FTIR spectra of all the MNPs.

On the other hand, the absorption band of the Fe-O-Si group, which was reported to
appear at around 584 cm−1, was probably overlapped with the absorption bands of the
Fe-O groups [9]. Characteristic absorption bands of the -OH stretching vibration mode
were located at 3414 and 3742 cm−1. In addition, the absorption band at 1624 cm−1 was
assigned to the H-O-H bending mode. The bands at 800 and 1080 cm−1 were related to
the asymmetrical and symmetrical vibrations of the Si-O-Si, respectively. In addition, a
band at 937 cm−1 was allocated to the Si-OH vibrations [10]. These results suggest that
silica was chemisorbed onto the MNPs. FTIR spectroscopy was carried out on the sample
after washing with deionized water to remove free -OH groups. Hence, the remaining-OH
groups (with a band at 3414 cm−1) were probably due to silanol groups in the system.

OTMS showed strong peaks at 2920 cm−1 and 2860 cm−1, the absorption peaks of
C-H stretching vibrations. These peaks were not observed in the FTIR spectra of MNPs,
while after immobilization of OTMS on the surface, these peaks could again be identified.
The results suggest that OTMS was successfully immobilized on the surface of the NPs.
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Elemental analysis (CHN analysis) was performed to verify the amount of element
content in alkylated NPs. The results showed 7.42% carbon content for A-SiMNP and 2.48
and 1.76% for A-MNP and A-RMNP, respectively. Since OTMS has 21 carbon atoms, this
amount showed the amount of adsorbed alkyl chains on the NPs (Table 1).

Table 1. CHN analysis of magnetite and alkylated NPs.

Sample C% H% N%

MNP 0.81 1.373 0.02
A-SiMNP 7.42 1.62 1.52
A-MNP 2.58 2.03 3.80

A-RMNP 1.76 0.83 2.83

As shown in Table 1, the carbon content in A-MNP increased from 0.81% (just MNP)
to 2.58%, which indicates that OTMS was successfully immobilized on the surface of MNP.
However, for A-RMNP and A-SiMNP, the carbon content increased from 0.81 to 1.76 and
7.42%, respectively. We found that the increment in carbon content was about 2, 3 and 9%
for A-RMNP, A-MNP, and A-SiMNP, respectively. It is obvious that among all the alkylated
NPs, the alkylated SiMNP was the best in the sense of decoration by OTMS. This is due to
the porous structure of SiMNP [66], the presence of Si in the SiMNP, the linkage of Si-O-Si
and Si-Fe, and consequently the ease of covalent bonds between C and Si [67].

SEM images and histograms showed that these surface modifications did not lead to
any significant aggregation of the NPs. The hydrodynamic particle sizes of these six NPs
were also determined by DLS, the results of which are shown in Figure 6. DLS provides
statistical representative data about the hydrodynamic size of nanomaterials (hydrody-
namic radius on an ensemble average). However, the interpretation of DLS data involves
the interplay of a few parameters, such as the size, concentration, shape, polydispersity,
and surface properties of the nanoparticles [68]. The hydrodynamic diameters were overall
larger than the values determined by SEM. Such large size differences indicate the forma-
tion of aggregates of these NPs in an aqueous solution. It is interesting to note that all
particles had their peak sizes around 130 nm. However, Figure 3 shows a small but clear
increase in aggregate size with the chain length of surface modification, an effect arising
from increasing surface hydrophobicity. The hydrodynamic size order was: A-RMNP >
A-SiMNP > SiMNP > RMNP > A-MNP > MNP.

Zeta potential (ζ) is significant for biomedical applications to achieve expected and
consistent outcomes. A low value of zeta potential implies that the particle may show
poor stability in aqueous solutions. Low zeta potential values (0 to ±5 mV) will improve
van der Waals interparticle attractions and causes rapid coagulation and flocculation
of particles. On the other hand, higher values of zeta potential imply that the particle
may show good stability in aqueous solutions. There is a specific zeta potential value
(≈±30 mV) that determines the stability of particles. At this value, high electrostatic
repulsive forces between the particles occur [69]. The zeta potentials of the magnetite
particles (indicated in Figure 6) significantly decreased after coating with alkyl silane
compounds, showing the different extent of shielding of the bare oxide surface. The
magnetite surface is amphoteric [70], and the surface charges originate from the protonation
or deprotonation [71] of surface Fe-OH according to the pH environment. Changes in zeta
potential indicated that the Fe3O4 NPs were coated with silane groups, consistent with
the FTIR and CHN results. Because of the steric hindrance of alkyl silanes [72], not all
hydroxyl groups on the particle surface reacted with alkyl trimethoxy silanes. However,
suppose the alkyl chains are very long. In that case, they can provide the NPs with a
strong hydrophobic layer to prevent proton diffusion to the MNP surface, resulting in
the almost lower zeta potential of A-MNP, A-SiMNP, and A-RMNP. Hence, the non-zero
zeta potentials in A-RMNP and A-MNP arose from a partial silane neutralization and
weak alkyl chain coverage, leaving surface defects for surface proton diffusion. According
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to Figure 6, the zeta potentials of the alkylated NPs were lower than those of the other
three NPs.
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4. Conclusions

Synthesis of six NPs was performed by adding OTMS, Arg, and TEOS as the precipita-
tors in the solution. Coating the surface of the NPs with various types of functionalization
agents can induce different hydrophobic degrees of MNPs. XRD analysis confirmed the core
of the MNP in the six synthesized NPs. The results of the VSM analysis showed decreasing
magnetization with an increase in the density of capped agents. The alkylation of NPs
was demonstrated by C and Si, determined by CHN analysis and the FTIR method. Zeta
potential measurements of the samples exhibited a large negative charge that could attract
positively charged targets in the aqueous environments that are so important and useful
in bio-applications. Because of the remarkable linkage of carbon chains to alkylated NPs
and their significant hydrophobicity, in addition to industrial applications, bioseparation
will be an interesting subject for further studies. Our study demonstrated the successful
synthesis of MNP and functionalized magnetic NPs composed of MNP capped by silane
derivatives (SiMNP) and MNPs capped by L-Arginine (RMNP) as core, which then was
modified with 18 carbon chains of alkyl groups that were prepared by the co-precipitation
method. It was revealed that alkyl chains easily connected to all three MNPs, while their
different properties were characterized and compared. It was observed that the SiMNP had
a high amount of alkyl chains between the three alkylated NPs. The impact of alkylated
NPs on the refolding, denaturation, and aggregation process of recombinant proteins using
lysozyme as a model protein could be a subject for future study.
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