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Covalent surface modification of Fe;0, magnetic
nanoparticles with alkoxy silanes and amino acids
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(3-Aminopropyl)silane-modified magnetic nanoparticles containing e-aminocaproic acid and L-lysine fragments with free functional
groups were obtained by the surface modification of Fe;0, with alkoxysilane derivatives.

New materials based on y-Fe,O; and Fe;O, magnetic nano-
particles (MNPs) with ferromagnetic properties are of interest
for targeted drug delivery, magnetic resonance imaging, hyper-
thermic treatment of tumors and other medical applications.!?
The successful implementation of MNPs is associated with the
chemical modifications of their surface by coating nanoparticles
with functionalized polymers and biopolymers.>* An efficient
approach is the covalent linkage of organic molecules to MNPs
using alkoxysilane reagents.”~!! Organic molecules can be attached
to MNPs via interaction with the surface alkoxysilane functional
groups or by using bifunctional linkers, such as g-aminocaproic
acid (e-ACA)'? or L-lysine.!?

The aim of this study was to develop new methods for modi-
fication of Fe;0, MNPs (20-40 nm)" with silane derivatives,
such as (3-aminopropyl)trimethoxysilane (APTMS) (1), (3-amino-
propyltriethoxysilane (APTES) (2), (3-glycidyloxypropyl)tri-
ethoxysilane (GPTES) (3), and (3-mercaptopropyl)trimethoxy-
silane (MPTMS) (4), followed by the modification of the surface
layer with e-ACA or L-lysine as linkers. The surface properties
of MNPs obtained by chemical methods from aqueous solutions
and those obtained by gas condensation are strongly different.
The MNPs obtained from solutions have a hydrophilic surface,
which makes it possible to functionalize them with alkoxysilane
derivatives. In the latter case, MNPs have a hydrophobic surface,
which complicates the surface modification using standard tech-
niques. First, we studied the effects of solvents and the ratio
of reactants on the degree of silanization with compounds 1-4
(Scheme 1). The immobilization of propylsilanes 1-4 on the
MNP surface was confirmed by IR spectroscopy (Figure 1) and
elemental analysis.®

Anhydrous and 95 % aqueous ethanol, benzene containing 1%
water, benzene dried over Na and water were used as solvents in
the condensation reaction. The best results were obtained using
95% ethanol. An amount of alkoxysilane needed to achieve the
maximum degree of MNP modification was 2.5-3.0 mmol of
APTMS or APTES per gram of MNPs, while in case of GPTES
and MPTMS these values were 1.0—1.5 mmol. These ratios were
found as a result of the condensation of MNPs suspensions in

¥ Fe;0, nanoparticles (2040 nm) were obtained by gas condensation at
the Institute of Metal Physics, Ural Branch of the Russian Academy of
Sciences.

¥ After pre-activation (treatment of the original MNPs with 0.05 N NaOH)
alkoxysilane reagent 1 (2, 3 or 4) was added to a suspension of MNPs,
and the reaction mixture was stirred for 16-20 h.

§ The IR spectra were recorded using a Nicolet 6700 FT-IR spectrometer
(Thermo Electron Corporation). Elemental analysis was carried out on a
Perkin Elmer PE 2400 (series II CHNS-O EA 1108) instrument.

© 2013 Mendeleev Communications. All rights reserved.
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Scheme 1 Functionalization of the MNP surface with alkoxysilanes 1-4.
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Figure 1 FT-IR spectra of (/) the original MNPs, (2) APTMS 1, (3) APS-
modified MNPs 5, (4) GPTES 3, (5) GPS-modified MNPs 6, (6) MPTMS 4,
and (7) MPS-modified MNPs 7.

1 Morphological studies of particles were performed using a Philips CM30
transmission electron microscope (TEM).

" The mass fraction of silicon was determined on an iCAP6300 Duo
optical emission spectrometer with inductively coupled plasma (ICP-OES)
(Thermo Scientific).
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Scheme 2 Coupling of N-protected derivatives of e-ACA and L-lysine to
APS-modified MNPs.

ethanol (95%) with 0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0 and
10 mmol of alkoxysilane per gram of MNPs.

According to the TEM data' obtained for APS- (5) and (3-gly-
cidyloxypropyl)silane-modified (GPS-modified) (6) MNPs, no
difference in the morphology of the original and modified nano-
particles was observed. As for (3-mercaptopropyl)silane-modified
(MPS-modified) MNPs (7), a substantial thickening of the surface
layer was observed due to a profound tendency of mercapto
groups towards oxidation into disulfides and also because of a
plausible S—Fe bond formation in some cases. Quantitative estima-
tion of the degree of immobilization of silane derivatives on
the MNPs surface was carried out by ICP-OES'T and elemental
analysis. The degree of immobilization of APS in cases of APTMS
and APTES was 0.7-1.0 mmol g~!. Modified Fe;O, nanocom-
posites 6 and 7 contained 0.3 and 2.1 mmol g~! of the silane
fragments attached to MNPs, respectively.

The presence of amino groups in the structure of APS-modified
MNPs allows one to further modify them with amino acids and
peptides bearing free carboxylic groups. We carried out the coupling
reaction of the APS-modified MNPs with N-protected derivatives
of e-ACA (8, 10, 12) and L-lysine (9, 11, 13) (Scheme 2). Three
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Figure 2 FT-IR spectra of (/) APS-modified MNPs 5, (2) MNPs 18
immobilized with N-Fmoc-¢-ACA, (3) MNPs 19 immobilized with di-Fmoc-
L-lysine, (4) MNPs 14 immobilized with N-Boc-e-ACA, (5) MNPs 15
immobilized with di-Boc-L-lysine, (6) MNPs 16 immobilized with N-TFA-
e-ACA, (7) MNPs 17 immobilized with di-TFA-L-lysine, and (8) di-Fmoc-
L-lysine 13 (for example).

types of N-protecting groups were chosen: fert-butyloxycarbonyl
(Boc), which can be removed under acidic conditions, trifluoro-
acetyl (TFA) removable under alkaline conditions, and fluorenyl-
methyloxycarbonyl (Fmoc), which can be removed in the presence
of organic bases. Since a similar reaction with 1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide (EDC) as a coupling agent
proceeds smoothly in acetonitrile solution,'* we used the same
reaction conditions (Scheme 2). The FT-IR spectra of the reaction
products exhibit absorption bands that are characteristic of the
starting materials; however, these bands are shifted (Figure 2),
thus indicating that the covalent binding of amino acids to amino
groups on the modified MNPs takes place. The amounts of the
immobilized amino acid derivatives were calculated by the carbon
mass fraction found from the elemental analysis data for the amino
acid-modified MNPs. The best results were obtained using di-Fmoc-
L-lysine 19 (to 0.14 mmol g!), Boc- 14 and Fmoc-g-ACA 18
(0.15 mmol g! in both cases).

Another task of this work was to prepare MNPs 20 and 21
modified with e-ACA and L-lysine with free amino groups
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Scheme 3 Removal of N-protecting groups from ¢-ACA and L-lysine derivatives immobilized on the APS-modified MNPs.
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Figure 3 FT-IR spectra of (/) the APS-modified MNPs 5, (2) MNPs 19

immobilized with di-Fmoc-L-lysine, (3) MNPs 15 immobilized with di-Boc-
L-lysine, and (4) MNPs 21 immobilized with L-lysine.

(Scheme 3). The nanocomposites are stable under acidic condi-
tions in concentrated trifluoroacetic acid. The treatment of a
suspension of MNPs 14 and 15 with concentrated trifluoroacetic
acid for 30 min resulted in the complete removal of the Boc
protecting group, thus giving compounds 20 and 21. The removal
of Fmoc groups from the amino acid fragments of MNPs 18
and 19 was carried out by reacting with piperidine in ethanol for
24-30 h. We failed to obtain MNPs 20 and 21 on the treatment of
MNPs 16 and 17 with a 1.2 molar excess of NaOH (relative to
the corresponding amino acid). The alkaline conditions lead to a
significant degradation of nanocomposites. It did occur simul-
taneously with the removal of TFA protection and was accom-
panied by a marked cleavage of amino acid derivatives from the
MNPs surface due to the breakage of the Si—O-Fe bond.

The degree of removal of protecting groups was estimated by
FT-IR spectroscopy (Figure 3). In order to evaluate quantitatively
the immobilized amino acids, we subtracted the carbon mass
fraction of the starting APS-modified MNPs from the carbon
mass fraction found from the elemental analysis data for the
amino acid-modified MNPs. Based on the obtained carbon mass
fraction, we calculated the amount of immobilized amino acid.
The removal of Fmoc groups from the L-lysine fragment resulted
in the MNPs containing up to 0.10 mmol of amino acid fragments
per gram of nanoparticles. After the removal of Boc and Fmoc
protections from e-ACA, we obtained MNPs containing up to
0.14 mmol g~'.

In conclusion, note that the chemical modification of Fe;O,
MNPs via covalent bond formation with trialkoxysilane deriva-
tives (APTMS, APTES, GPTES and MPTMS) was performed,

and an opportunity for further functionalization of the surface
of APS-modified MNPs with N-protected derivatives of e-ACA
and L-lysine was shown. The best results were obtained using
di-Fmoc-L-lysine, Boc- and Fmoc-¢-ACA. Appropriate condi-
tions for the removal of protecting groups and the preparation
of MNPs containing amino acid fragments with free functional
groups were found. Both qualitative and quantitative evaluation
procedures for the immobilization of propylsilane and amino acid
derivatives on the MNPs have been advanced using IR spectro-
scopy, elemental analysis data and ICP-OES.
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