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ABSTRACT: A facile bottom-up approach for the synthesis of inorganic/organic
bioconjugated nanoprobes based on iron oxide nanocubes as the core with a nanometric
silica shell is demonstrated. Surface coating and functionalization protocols developed in
this work offered good control over the shell thickness (8—40 nm) and enabled
biovectorization of SiO,@Fe;0, core—shell structures by covalent attachment of folic acid
(FA) as a targeting unit for cellular uptake. The successful immobilization of folic acid was
investigated both quantitatively (TGA, EA, XPS) and qualitatively (AT-IR, UV—vis, {-
potential). Additionally, the magnetic behavior of the nanocomposites was monitored
after each functionalization step. Cell viability studies confirmed low cytotoxicity of FA@
SiO,@Fe;0, conjugates, which makes them promising nanoprobes for targeted

internalization by cells and their imaging.
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B INTRODUCTION

Bioconjugated nanostructures combining two different modal-
ities, such as therapeutic and diagnostic functions, are
witnessing ever-increasing attention as a viable approach for
fabricating new multifunctional materials with potential
applications in various fields." > The combination of iron
oxide nanoparticles with a physiologically inert silica shell offers
controllable magnetic behavior, low cytotoxicity, and a
chemically responsive surface that can be activated by
carbodiimide,®® click,” "> or other coupling chemistry
protocols.”*™"* Given their bioconducive size and benign
surface chemistry, such core—shell particle configurations are
of particular interest for therapeutic and diagnostic applications
such as drug delivery systems'®™'® and magnetic resonance
imaging (MRI).2°722 Although a large body of data is available
on the synthesis and characterization of iron oxide—silica
nanocompositesB_31 strict control over nanoparticle size,
chemical composition, and colloidal stability of nanoparticle
dispersion remains a synthetic challenge. Especially, the
understanding of the surface chemistry, for instance, physical
versus chemical linkage of functional molecules, numerical
coverage density, and analytical estimation of the number and
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type of groups present on the nanoparticle surface, is in its
infancy.

Among cell specific targets, folic acid (FA) has been
investigated as an active targeting ligand for cancer therapy
and diagnosis, but the final translation to clinical use has not
been successfully demonstrated so far.>* >* This can be
explained by the fact that although folic acid has a high affinity
toward specific receptors (FR), which are overexpressed in
3536 the expression of FR(+)
is patient-dependent and specific for each type of cancer.””
Therefore, possible FR(+) expression needs to be verified for
each patient. Fischer et al.*® proposed a folate-targeted imaging
modality to identify FR-positive patients. This approach would
help in personalized medicine to screen FR-positive patients
before the treatment and will help to demonstrate the
application potential of such strategies. In one of our previous
studies, we have also demonstrated that similar nanoconstructs
are actively assimilated by endocytosis from oral cancer cells

almost 40% of human cancer cells,
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(SKOV-3),* leading to the assumption that FA@SiO,@Fe;0,
nanocomposites are a promising tool for cancer therapy.

Herein, we report the synthesis of folic acid-conjugated
SiO,@Fe;0, core—shell structures and their cytotoxicity
studies. For growing a homogeneous silica shell, monodisperse
iron oxide nanoparticles with high colloidal stability are crucial
to avoid agglomeration as well as the formation of multiparticle
cores.*® Cube-shaped a-Fe,O, nanoparticles accessible by a
facile solvothermal process*' show high dispersibility and
minimal magnetic dipole—dipole interactions caused by their
antiferromagnetic nature that consequently alleviates the
coating process due to a lower degree of agglomeration. For
a conformal shell formation, a two-step coating procedure
based on the condensation of silicic acid with basic iron oxide
was first used to anchor —Si(OH); groups (step 1) followed by
the further growth and formation of the silica shell by
condensation of tetraethylorthosilicate (step 2) toward the
silanol groups rooted on the nanoparticle surface. Subsequently,
surface functionalization by covalent attachment of amine
groups generated via (3-aminopropyl)trimethoxysilane
(APTMS) and FA was performed. Preliminary cytotoxicity
studies revealed the low harmful effect of our hybrid
nanoparticles, thereby pointing out the need for further
investigations.

B EXPERIMENTAL SECTION

Materials. All reagents and solvents were of analytical grade and
used without further purification. Iron(Ill)nitrate nonahydrate (Fe-
(NO;);:9H,0), ammonium hydroxide solution (28—30%), tetraethy-
lorthosilicate (TEOS), N-hydroxysuccinimide (NHS), N,N’-dicyclo-
hexylcarbodiimide (DCC), folic acid (FA), and 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich. Dimethyl sulfoxide (DMSO) and dimethylformamide
(DMF) were obtained from Fischer Scientific and poly(N-vinyl-2-
pyrrolidone) MW = 55.000 (PVP) and (3-aminopropyl)-
trimethoxysilane (APTMS) from Acros Organics. Phosphate-buffered
saline (PBS) and Dulbecco’s modified Eagle’s medium (DMEM) were
obtained from Gibco.

General Synthesis of Amine-Activated SiO,@Fe;0, Nano-
vectors. Cube-shaped a-Fe,O; nanoparticles were synthesized
following the reaction reported by Zheng et al*' For this purpose,
289 mg (0.571 mmol) of Fe(NO,);-9H,0 was dissolved in 25.7 mL of
DMTF and subsequently 628 mg (0.011 mmol) of PVP was added. The
solution was then transferred into a 50 mL Teflon-lined stainless
autoclave and heated at 180 °C for 30 h. After cooling the autoclave
down to room temperature, the particles were precipitated by
centrifugation and washed several times with water and ethanol to
remove any excess of the capping agent. Afterward, the particles were
dried in a vacuum oven at 60 °C for 6 h. For the coating process, 120
mg of dried @-Fe,O; nanoparticles was homogeneously redispersed in
180 mL of water by sonication for 20 min. Following this, 1.2 mL of
silicic acid solution [SiO,(OH),_,,], was added, which was prepared
in advance by a controlled hydrolysis of 0.65 mL of TEOS in 5 mL of
distilled water catalyzed by adding 1 M HCI to adjust the pH to 4. The
solution was mixed homogeneously by magnetic agitation for 30 min,
1.2 mL of NH,OH (28%) was added, and after aging the reaction for 3
h, the particles were collected by centrifugation and redispersed in 120
mL of ethanol. In the next step, 0.24 mL of TEOS was added to the
solution, followed by the addition of 1.95 mL of NH,OH (28%). The
reaction was continued for 3 h under continuous stirring.To increase
the shell thickness further, 0.24 mL of TEOS was added and the
reaction mixture was aged overnight. The silica-coated particles were
separated from the solution by centrifugation and washed with ethanol
several times. The hematite core of the dried particles was reduced in
an oven using forming gas (5% H,/95% Ar) at 350 °C for 1 h with a
heating rate of 10 °C/min. The surface of Fe;0,—SiO, nanoparticles
was further modified using APTMS. For this purpose, 200 mg of dried

SiO,@Fe;O, was poured in 200 mL of dry toluene under inert
atmosphere. To the reaction mixture was added 2.0 mL of APTMS,
and the reaction was mechanically stirred overnight. Afterward, the
solution was heated to reflux for 6 h, and the particles were separated
magnetically and washed several times with ethanol.

Formation of Active FA—NHS Ester and Coupling To Form
NH,—SiO,@Fe;0, Conjugates. A 250 mg (0.28 mmol, 1 equiv)
portion of folic acid was dissolved in S mL of DMSO. To this solution
was added 114 mg (0.28 mmol, 1 equiv) of DCC, and the reaction
mixture was stirred for 3 h. Afterward, 64 mg (0.28 mmol, 1 equiv) of
NHS was added and the solution was aged for 24 h. To immobilize
folic acid on the Fe;0,—SiO,—NH, nanoparticles, the generated
dicyclohexylthiourea was filtered off under inert conditions and the
filtrate was added to a three-necked flask equipped with a mechanical
stirrer. The vacuum-dried Fe;0,—SiO,—NH, nanoparticles were
dissolved by sonification in S mL of dry DMSO and added to the
activated folic acid solution. The whole solution was stirred for 24 h
and the Fe;0,—SiO,—NH—FA nanoparticles were removed and
washed several times with PBS by magnetic attraction.

Characterization. The morphology and size of as-prepared
products were observed by transmission electron microscopy (TEM)
using a JEOL 2100 HR-(S) TEM instrument with a LaBy electron
source operating at 200 kV. For scanning electron microscopy (SEM)
measurements, a FEI Quanta 50 FEG Series microscope fitted with an
Oxford INCA EDS detector was used. Ultraviolet—visible (UV—vis)
spectra were obtained using a CARY 50 Scan UV-—visible
spectrometer. Fourier-transform infrared (FTIR) spectroscopy meas-
urements were recorded on a PerkinElmer FTIR spectrophotometer.
The X-ray diffraction (XRD) analysis was carried out on a Philips
X'Pert diffractometer using Cu Ka radiation (4 = 1.504 nm). A scan
rate of 0.05°/s was applied to record the pattern in the 26 range of
10°—80°. The Mossbauer spectra measurements were done in the
transmission mode with ¥’Co diffused into Rh matrix as the source
moving with constant acceleration (Wissel-MA 260S). The
spectrometer was calibrated by means of a standard a—Fe foil and
the isomer shift was expressed with respect to this standard at 293 K.
The samples were measured at the temperature of 293 K. A LND-
45431 proportional counter distributed by Wissel GmbH was used for
recording the spectra. The data were analyzed with Lorentzian sextets
(Software NORMOS). Magnetic measurements were performed with
a superconducting quantum interference device (SQUID) magneto-
meter (Quantum Design, MPMS XL-7). Microanalysis for C, H, N,
and S was carried out using a Hekatech CHNS EuroEA 30000 analyzer
with helium as carrier gas. Thermogravimetric analysis (TGA) were
performed on a TGA/DSC 1 STAR® system by Mettler with a GC 100
gas controller in a flowing nitrogen atmosphere employing a heating
rate of 10 °C/min. The IR measurements were carried out on a FTS
3000 instrument from Bio-Rad. The dynamic light scattering
experiments (DLS) and measurement of {-potential were performed
with a Malvern instruments Zetasizer Nano SZ. Nuclear magnetic
resonance (NMR) spectra were recorded with a Bruker AVANCE II
300 spectrometer at 298 K. The Brunauer—Emmett—Teller (BET)
surface of the samples was determined from nitrogen sorption
measurements using a Belsorp Mini II apparatus from BEL. X-ray
photoelectron spectroscopy (XPS) measurements were carried out on
a Surface Science Instruments SSX-101 ESCA M-Probe system using
monochromatic Al Ka radiation (1486.6 eV).

Cytotoxicity Assay via MTT. Two different cell types were used
for the in vitro study of the nanostructure cytotoxicity: L929 mouse
fibroblast cells and HEK 293.

For the MTT assay, 2 mg of dried nanoparticles were dispersed in 2
mL of sterile water and exposed to UV light overnight. The
nanoparticle solutions were dispersed in cell culture medium
(DMEM) to obtain the following concentrations: S, 10, 20, S0, and
100 pug/mL. For performing the MTT assay, 150 uL of dispersed cells
(7.5 x 10* cells/mL) was placed in each well of a 96-well plate
(Greiner GmbH) and incubated for 24 h at 37 °C and 5% CO,. The
supernatant medium was carefully removed, and 200 uL of
nanoparticle solution with the desired concentration was added, and
the mixture incubated for 24 and 48 h, respectively. For the positive
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Scheme 1. Schematic Outline of the Synthetic Pathway for FA@SiO,@Fe;0, Nanoparticles”
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core reduction to magnetite (iii). The surface of the SiO,@Fe;O, nanoparticles was activated with amine groups (iv) and vectorized by covalent

attachment of FA as the targeting unit (v).
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Figure 1. Panels A and B show the SEM and HR-TEM analysis of a-Fe,0; nanoparticles. The modified SiO,@Fe,O; nanoparticles with a shell
thickness of 8 and 40 nm are shown in panels C and D, respectively. Exemplary SiO,@Fe;O, nanoparticles with a shell thickness of 20 nm are shown
in panel E. The HR-TEM of the Fe;0, core is highlighted in panel F. All insets show the depicted nanoparticles with higher resolutions.

control, the cells were grown without exposure to the nanoparticle
solution. After the desired incubation time the supernatant was
removed and 40 uL of MTT solution (S mg in 1 mL of PBS) was
added. Subsequently, after 2 h of incubation, 150 uL of DMSO was
added and the absorption (490 nm with a reference of 630 nm) was
measured using a Elisa plate reader. Afterward, the absorption values
were assessed relative to the absorption values from the cells in the
control experiment.

Interference Studies. In order to exclude any interference of the
MTT assay with the nanoparticles, 150 yL of medium was incubated
with nanoparticles at different concentrations (S, 10, 20, 50, and 100
pug/mL) and 40 uL of MTT for 2 h. Afterward, 150 uL of DMSO was
added and the absorption (490 nm with a reference of 630 nm) was
evaluated using the Elisa plate reader.

B RESULTS AND DISCUSSION

The typical synthetic steps required for obtaining FA@SiO,@
Fe;0, hybrid nanoparticles involved (i) solvothermal synthesis
of cube-shaped a-Fe,O; particles, (ii) silica-coating by
condensation of silicic acid on a-Fe,O; particles and
modulation of the thickness of silica over layer by subsequent
and sequential condensation of TEOS, (iii) reduction of
hematite core to form magnetite, (v) grafting of terminal
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surface groups by condensation of siloxane coupling reagent (3-
aminopropyl)trimethoxysilane, and (vi) covalent attachment of
folic acid on the amine-terminated surface groups (Scheme 1).

Preparation of SiO,@Fe,0; Nanocomposites. a-Fe,0,
nanoparticles were synthesized similar to the solvothermal
procedure described by Zheng et al*' The X-ray diffraction
pattern of the as-prepared particles (Figure 2D) displayed the
diffraction peaks corresponding to the hematite phase with the
trigonal space group R3¢ (a = b = 0.503 nm and ¢ = 1.373 nm;
a = f =90° and y = 120°; PDF no. 13-0534). This is in
variance to the space group reported by Zheng et al. for
quasicubic a-Fe,0; and probably caused by the varied chain
length of PVP as well as the reaction volume in the Teflon inlet
and therefore changed pressure. The average crystallite size
((d)) was estimated to be ca. 35 nm using the Debye—Scherrer
equation*” D = KA/f3 cos ® (where K is the Scherrer constant,
A is the X-ray wavelength, f3 is the peak width of half-maximum,
and O is the Bragg diffraction angle). The average grain size
was found to be in good agreement with the particle size
determined by SEM and HR-TEM analyses (Figure 1) that
verified the particles to be single-domain and possess a narrow
size-dispersion. The morphology and geometrical shape of the
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Figure 2. (A) Mbssbauer spectra of as-prepared Fe,O; nanocubes, (B) SiO,@Fe,0; nanocomposites coated with a 20 nm SiO, shell, and (C)
reduced SiO,@Fe;0, nanocomposites. Each sample was measured at room temperature and fitted with NORMOS. (D) XRD pattern of SiO,@
Fe,0; before (b) and after reduction (a) under Ar/H, (95:5 vol %) for 4 h at 350 °C displaying a transition from hematite (PDF no. 13-0534, red)

to magnetite (PDF no. 85-1436, black).

particles were influenced by small amounts of PVP that were
found to be present at the surface even after several washing
steps, making them stable in water and ethanol. The presence
of the smooth organic layer of approximately 2 nm thickness on
the particle surface became visible in the HR-TEM analysis
(inset, Figure 1A) due to significant differences in the image
contrast between organic and inorganic phases. Further TGA
and FT-IR analysis confirmed the presence of the PVP linker
(Figures S1 and S2, Supporting Information. The DLS
measurement of a-Fe,O; nanoparticles revealed a hydro-
dynamic radius of 89.2 nm in water with a polydispersity
index (PDI) of 0.205, displaying a good dispersibility (Figure
S3, Supporting Information), which was essential for the
following steps leading to silica shell formation.

For the coating process, a primer layer of silicic acid was
introduced on the nanoparticle surface (Scheme 1) that acted
as a surface-anchored seed layer for further growth of the silica
shell by condensation of TEOS.* The shell thickness could be
tuned between 8 and 40 nm (Figure 1C-E) by varying the
amounts and addition steps of TEOS. Exemplarily, SiO,@
Fe,O; nanocomposites are shown in Figure 1C,D with clear
evidence for distinct composition of core and shell materials.
Interestingly, the thinner (<S5 nm) silica layer followed the core
morphology and formed cube-shaped composited nano-
particles, whereas in the case of higher shell thickness (>20
nm), the morphology of the nanocomposites became almost
spherical (Figure S4, Supporting Information), which was more
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prominent when the shell thickness was extended to 40 nm
(Figure 1D,E). This is evidently due to surface energy
considerations, which achieves a minimum for the spherical
form. Furthermore, the morphology of the particles was found
to be maintained after the chemical modification with the
silanation agent, indicating that further surface activation/
vectorization would not change the particle morphology.

Conversion of SiO,@Fe,0; Structures to SiO,@Fe;0,
Nanoparticles. To enhance the magnetic properties of the
nanovector, the a-Fe,O; cores were reduced to magnetite by
treating them in a forming gas atmosphere to obtain
superparamagnetic SiO,@Fe;0, nanoparticles. The controlled
reductive atmosphere and mild processing conditions enabled
the retention of the cube-shaped morphology, as can be seen in
the TEM analysis (Figure 1E). To underline the necessity of
this multistep coating process, the bare a-Fe,O; nanoparticles
were reduced to Fe;O, and a subsequent coating process
following the same synthetic procedure was performed. The
yielded particles showed formation of clustered nanoparticles,
which were not stable in aqueous solution (Figure SS,
Supporting Information) as the coating process was hindered
due to the high magnetic moment of Fe;O, nanoparticles
(Figure 6A).

The complete conversion of the hematite phase into pure
magnetite by the chosen conditions for SiO,@Fe;O, nano-
particles was proven by XRD (Figure 2D). The diffraction
peaks corresponded to the magnetite phase with the cubic
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space group Fd3m (a=b=c=0.839 nm; a = # =y = 90°; PDF
no. 85-1436). The forming gas (mixture of hydrogen and
nitrogen) treatment had a direct control on the particle surface,
and the reduction time was found to be crucial for controlling
the composition as prolonged reductive treatment led to the
formation of metallic iron (Figure S6, Supporting Informa-
tion).**

The phase transformation from SiO,@Fe,0O; to SiO,@Fe;0,
was also monitored by Mdssbauer spectroscopy to analyze the
phase purity of the iron oxide core and to exclude the possible
coexistence of other phases, such as metallic iron or maghemite
(y-Fe,05), that can form during the forming gas treatment
(Figure 2 and Table S1,Supporting Information). The
Mossbauer spectroscopy data recorded at room temperature
and fitted with the help of the NORMOS program are
summarized in Table S1 (Supporting Information). The
Méssbauer spectra of untreated samples (as-prepared a-Fe,O;
nanocubes) revealed one independent sextet with isomer shift
and quadruple splitting values corresponding to the published
values (Figure 2A).* The hyperfine field value was found to be
smaller than the reported one (51.7 T), which is possibly
caused by the decrease of By with decreasing particle size. The
broad singlet, which could be fitted in subspectrum 2,
corresponded to Fe®" ions present on the nanoparticle surface
in the paramagnetic state. After the completion of the coating
process with silica, the area of the singlet increased from 3% to
32% in relation to the area of the Fe’* in subspectrum 1
corresponding to the hematite phase (Figure 2B). This broad
singlet could be assigned to a collapsed doublet or sextet caused
by Fe* ions in the paramagnetic or superparamagnetic state.
The increased amount of free jons could be caused by the
coating process as in the water glass process, performed under
acidic conditions, where the surface ions can leach out and get
incorporated in the silica matrix.*® After the reduction with the
forming gas no free ions were visible in the spectra anymore,
which reinforced a complete transformation of a distinct iron
oxide phase. The spectrum of SiO,@Fe;O, was fitted by two
independent sextets, which corresponded to a magnetically
ordered phase (Figure 2C). The subspectrum 1 revealed the
Fe®" ions in the tetrahedral positions, whereas subspectrum 2
corresponded to the Fe®* and Fe® ions in the octahedral
positions. The parameters of the subspectrum fitted well with
the parameters of magnetite reported in the literature.*> The
ratio of iron in the tetrahedral position to iron in the octahedral
position calculated from the area of sextets is equal to 1:2,
displaying reasonable stoichiometry of the magnetite core and
evidence for a complete conversion.

The SEM image of cube-shaped Fe;O, nanoparticles (Figure
S7, Supporting Information) reduced without a protective silica
shell showed a perfect alignment along the magnetic field lines
of an external magnetic field, indicating their stronger
magnetization behavior. SEM and HR-TEM of SiO,@Fe;0,
nanoparticles are shown in Figure 1E,F, which confirmed the
single-domain character of the nanoparticles and a uniform
shell formation. The HR-TEM image of the reduced SiO,@
Fe;0, showed (Figure 1F) lattice planes with a distance of
0.4783 nm assignable to the (111) plane of the magnetite
phase. Although no obvious change in the particle morphology
after core reduction was detected by HR-TEM analysis (Figure
1C,E), nitrogen absorption/desorption measurements were
performed to get a better insight whether any change in surface
area and porosity can be observed. Figure 3 shows the
adsorption/desorption isotherms of the samples before (red)

70
—+—Si0,@Fe,0,
604 _,__ SiOz@Fe;O,

50

40

Absorbed Volumen (cm‘Vg)
(9]
(=}

—
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P )

Figure 3. Absorption—desorption plots of the nanoprobes before and
after the core reduction of SiO,@Fe,0; (red) and SiO,@Fe;0,

(green).

and after (green) the reduction. For both samples the
isotherms were classified as type IV isotherms.*” The almost
negligible hysteresis loop between adsorption and desorption
processes in both samples suggested the formation of a
monolayer of N, molecules on the inner wall of the pores.*®
The adsorption loop at P/P, ~ 095 was attributed to
macropores formed by interparticle voids formed among the
nanoparticles upon drying. The surface area of unreduced
SiO,@Fe,0; nanoparticles was estimated by BET to be 17.5
m*/g and it was found to increase to 45 m’/g after the
reduction process, probably due to the possible perforation of
the silica shell, which is necessary for the inward diffusion of
forming gas to reduce Fe* to Fe’* and for the outward
diffusion of gaseous species formed in the reduction process
(O, or H,0). This was clearly visible in the SiO,@Fe;0,
isotherms observed in the relatively low relative pressure (P/P,
= 0—0.1) regime. The results indicated the formation of small
pores with around 2 nm diameter with an area of 21 m?*/g as
this increase was caused by the capillary condensation of
nitrogen within these pores. The increased surface area and
formation of pores after the reduction process is advantageous
for the following surface modification as the enhanced surface
area provided more space for the organic vectors (vide infra).

Surface Activation and Vectorization of SiO,@Fe;0,
with —NH, Group and FA Attachment. For targeted
attachment of folic acid, the SiO,@Fe;O, nanoparticles were
functionalized with an amine linker. For this purpose, APTMS
was used as a primer followed by the covalent-binding of FA on
the nanoparticle surface via an activated ester route (Scheme
1). Since folic acid has two carboxylic groups, the selective
activation of only one carboxylic group is challenging.***
Therefore, FA was first allowed to completely dissolve before
the coupling reagents dicyclohexylcarbodiimide (DCC) and N-
hydroxysuccinimide (NHS) were added to the reaction
solution. The reaction was implemented in DMSO as folic
acid exhibits poor solubility in most of the common organic
solvents. First, DCC was added to the solution to form the
amine-reactive O-acylisourea ester; since it is an unstable
intermediate and susceptible for hydrolysis, NHS was added to
stabilize the amine-reactive ester. In this process, dicyclohex-
ylthiourea is formed as a side product, which was removed via
inert filtration. The filtrate containing the active FA—NHS
intermediate was directly coupled to the nanoparticle surface by
addition to a previously prepared NH,—SiO,@Fe;0, suspen-
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ACS Applied Materials & Interfaces

Research Article

A O1s

41,15%

C1s

38,63%
Si2s Si2p

L

600 500 400 300 200 100
Binding Energy (eV)

Intensity (a.u.)

C C1s
74,83%
]
P O1s
~ 13,81%
=
2
8 N 1s
E ‘ 4,63%
| ] Si2sSi2p
bngrappnsmr il 6,72 %
[

600 500 400 300 200 100 O
Binding Energy (eV)

O1s
42,90%

C1s
28,60%

Intensity (a.u.)

Si2ssi2p
s\ N 1s 24,92%
\ 3,58% “
Mo ) 'L}L

600 500 400 300 200 100
Binding Energy (eV)

Atomic ratio (%)
Sample
(o} (o] N Si

Fe,04-SiO, 41,15 | 38,63 - 28,6
Fe,0,-SiO,-NH, | 42,9 | 2023 | 358 | 24,92

Fe,0,-SiO,-FA | 13,81 | 74,83 | 4,63 6,72

Figure 4. XPS spectra of SiO,@Fe;0, (A), NH,—SiO,@Fe;0, (B), and FA@SiO,@Fe;O, (C). The elemental ratios in atomic weight percent of

the three compounds are summarized in part D.

sion. To prevent particle agglomeration, excess of FA was
removed via several washing steps with PBS by magnetic
agitation until the supernatant did not show any color change.
Following this synthetic procedure, almost quantitative
coupling was obtained as verified by EA, TGA, XPS, and AT-
IR analyses.

FA—NHS was precipitated in an acetone/ether mixture and
dried under vacuum. The AT-IR spectra of FA—NHS did not
show the distinct —OH stretching vibrations present in free
folic acid at 3542, 3419, and 3319 cm™!, which suggested the
covalent bonding of FA (Figure S8A,Supporting Information).
Moreover, a new broad absorption band in the region from
3500 to 3000 cm™" was observed indicative of the successful
FA—NHS synthesis. The successful formation of the reactive
FA—NHS species was further confirmed by NMR and EA
(Figure S8B, Supporting Information).

XPS Analysis. XPS wide-scan spectra were performed after
each step of surface functionalization to map the surface
chemistry of the nanoprobes (Figure 4). The distinctive peaks
of Fe, which were expected at 56 eV Fe 3p and 712 eV Fe
2p,”">* are not visible in the XPS spectra, as XPS is a surface-
sensitive probe (analytical depth of a few nanometers), which
indicated the complete coverage of FeO, particles with a silica
shell. Furthermore, the successful surface functionalization with
amino groups by condensation of the APTMS primer toward
the silanol groups on the particle surface was validated by the
appearance of the 1s N signal at 400 eV in the coated
nanoparticles (Figure 4B). The attachment of FA on the NH,—
SiO,@Fe;0, nanoparticles was also observed in the XPS
spectra (Figure 4C). Due to the fact that there are seven
nitrogen atoms with different electronic surroundings in the
folic acid molecule, a conclusive identification of the newly
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formed amide bond was not possible; however, the change in
the atomic ratio of the different atoms on the particle surface
was distinct (Figure 4D).

Thermogravimetric and Elemental Analysis. Further
evidence of the changed surface chemistry was given by TGA
analyses (Figure SA). Whereas bare SiO,@Fe;O, nanoparticles
did not show any weight loss before 350 °C, the increased
weight loss of about 12.5 wt % after the NH, functionalization
was indicative of the decomposition of the aminopropyl chain
and proved the successful attachment of the primer molecules.
After the covalent attachment of folic acid, an increased weight
loss of 38 wt % was observed, which was apparently caused by
the decomposition of both aminopropyl groups and folic acid.
Following the estimation made by Huang et al,*’ which
assumed a 1:1 ratio of amine linker and folic acid, our particles
should contain approximately 25.5 wt % of folic acid. By taking
into account the molar mass of each compound, the ratio of
primer to folic acid can be estimated to be 1:1, indicating a
successful covalent attachment and complete utilization of the
amine primer.

The chemical composition of the organic part of the
nanoparticle conjugates was estimated by elemental analysis
of the particles (Figure SD). The organic fraction determined
by elemental analysis for all the samples was found to be lower
than that determined by TGA. This might be caused by the
different nature of the experimental setup. Nevertheless, NH,—
SiO,@Fe;0, nanocomposites showed an amine content of
0.51%, in contrast to unmodified SiO,@Fe;O, nanoparticles,
where no amine could be detected. This is in accordance with
the presence of the amine linker. Once folic acid is coupled, the
nitrogen, carbon, and hydrogen amounts increased, which is in
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good agreement with the presence of the targeting unit as an
integral part of the functionalized nanoparticles.

Qualitative Analysis of Surface Modification. The AT-
IR spectra of unmodified SiO,@Fe;O, and modified H,N-
SiO,@Fe;0, nanoparticles (Figure S10, Supporting Informa-
tion) showed a very broad band with low intensity around 3350
cm™!, corresponding to surface silanol groups and water
molecules absorbed by the porous surface. The successful
coating with the silica shell was further approved by the band
around 1054 cm™, corresponding to Si—O—Si cm™" stretching
vibrations as well as the bands at 935 and 796 cm™' that
represented surface silanol groups.”® The Fe—O stretching
vibrations at 550 and 441 cm™ were present in each of the
spectra and clearly corresponded to the presence of the FeO,
core. Also, the CH, stretching vibrations were attributed to the
propyl chain of APTMS, which were visible at 2958, 2920, and
2853 cm™" (Figure S10B, Supporting Information). The
observation of methoxy vibrations at 1211 and 1152 cm™" on
the other hand suggest an incomplete condensation of APTMS.
Upon prolonging the reaction time, the AT-IR spectra did not
show methoxy peaks anymore, leading to the conclusion that
APMTS was successfully condensed on the surface (Figure
S10C, Supporting Information). Weak peaks around 1460 cm ™"
are visible in both spectra, which prolonged the N—H
stretching vibrations, corroborating the presence of —NH,
groups on the surface.

Figure SC shows the AT-IR analysis of SiO,@Fe;O,, FA@
SiO,@Fe;0,, and pure FA that contains the fingerprint
absorption and other characteristic vibrations of the hetero-
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cyclic pterin ring (PT), p-aminobenzoic acid (PABA), and
glutamic acid (GA) from which folic acid is composed. The
stretching vibrations of —OH and —NH exhibited a finely split
band before the attachment that was noted after covalent
bonding as a broad peak around 3541-3323 cm™'.
Furthermore, the stretching vibrations of the carbonyl and
amine groups were visible at 1687 and 1602 cm™", respectively,
and found to be slightly shifted after the attachment to lower
wave numbers resulting from the differing electronic surround-
ing. The stretching vibrations of the pterin and phenyl ring
were also visible after the attachment between 1481 and 1171
cm™" as well as the Si—O—Si and Fe—O stretching vibrations
corresponding to the nanoparticle core.

The UV—vis absorption spectra of SiO,@Fe;O, and FA@
SiO,@Fe;O0, measured in PBS buffer solution (Figure SB)
showed a distinct absorption peak at 280 nm corresponding to
the 7 — 7* transition of the pterin ring®**> and a broad
shoulder around 350 nm, whereas a broad absorption in the
UV—vis region was observed in the unmodified Fe;0,—SiO,.
After folic acid coupling, the bands at 280 and 350 nm were
clearly visible in the spectra, which validated the successful
attachment of folic acid units.

¢-Potential Measurements. For cellular uptake of nano-
particles, surface charge and colloidal stability are the crucial
factors.>® It has been shown that positively charged nano-
particles are prevalently taken up by cancer cells.”” However, it
has been also shown that folic acid-targeted nanoparticles are
actively internalized by cancer cells, despite their high negative
¢-potential."*® To better understand the colloidal behavior of
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our system, {-potential measurements of each sample (SiO,@
Fe;0,, H,N-SiO,@Fe;0,, FA@SiO,@Fe;0,) were performed
at pH 7 (Figure S11, Supporting Information). The {-potential
of SiO,@Fe;O, was found to be —32.9 mV, due to the —OH
groups on the surface. This high value also revealed the good
colloidal stability of the particles, which was of crucial
importance for the following functionalization process. The {-
potential shifted to +32.2 mV, caused by the —NH, groups
present on the surface. The huge shift in the value also
indicated the successful coating and good coverage of the
surface. After the covalent attachment of folic acid, the value
shifted to —20.0 mV, suggesting that the good colloidal stability
of the particles was maintained after functionalization, which is
an essential prerequisite for cell tests.

Magnetic Measurements. The magnetic behavior of the
nanoparticles was investigated using a superconducting
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quantum interference device, SQUID MPMS-XL, from
Quantum Design. For a-Fe,O; nanocubes the magnetic
saturation was not achieved until the maximum applied field
of 4 T (Figure S12, Supporting Information). The maximum
magnetization was 0.87 emu/g. This is in good agreement with
values reported for hematite nanoparticles in the literature.” As
expected, the saturation magnetization increased after the
conversion to 79 emu/g for Fe;O, (Figure 6A). The latter was
slightly lower than the exgected value for the bulk material
[M,(bulk) = 92 emu/g]."” Both compounds showed super-
paramagnetic behavior due to their relatively small crystal sizes
and canted antiferro- or ferrimagnetic nature, respectively. After
coating the Fe;O, nanoparticles with silica, the saturation
magnetization decreased to 38 emu/g, caused by the mass
dilution by the coating material (diamagnetic SiO,). Hence, the
mass ratio of Fe;O, to SiO, was approximately 1:1,
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corresponding to a molar ratio of roughly 1:4. After the
functionalization with FA, the magnetization per mass was
further reduced to 18 emu/g. This was possibly a consequence
of the surface functionality, which further lowers the mass ratio
of magnetic material. Using the same simple considerations, the
mass ratio would then be close to 1:1:2 (Fe;0,:5i0,:FA),
which was slightly higher than the mass ratio obtained by TGA
(1:1:1.4). This direct relation to the mass is possible due to the
fact that the diamagnetic signal from the nanoparticle coating is
negligible in comparison to that of the magnetite particle. With
a significantly thicker coating this direct assumption is no
longer valid.

The coating also affected the difference between ZFC and
FC curves (Figure 6B). For the bare Fe;O, nanoparticles a
broad drop in the ZFC was observed, leading to the assumption
of two blocking temperatures at 30 and 90 K. This could be
explained by the presence of particle aggregates with slightly
varying sizes, causing a range of magnetic interparticle
interaction strengths. The silica-coated particles exhibited a
more well-defined blocking temperature that progress in a
single step. This indicated that the particle aggregation is
reduced as the superparamagnetic domain size is homogeneous.
Therefore, the SiO,@Fe;0, nanoparticles show one relatively
sharp blocking temperature at 115 K. After the FA attachment,
the ZFC and FC curves mostly remained the same. Just a slight
decrease in the blocking temperature to 109 K was observed,
which might correlate with the expected larger average distance
between the magnetic particles. The magnetic nature and
redispersible nature of SiO,@Fe;0, nanocomposites were also
visualized in Figure S13 (Supporting Information).

Cytotoxicity Assessment. Recent reports by various
groups have shown that the immune response of cells toward
foreign matter such as nano- or microparticles highly depends
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on the chemical composition and surface chemistry.’’~%* In

order to test the biocompatibility and possible applicability of
these particles for MRI imaging, cell viability tests were
performed for nontargeted SiO,@Fe;0,, NH,—SiO,@Fe;0,,
and targeted FA@SiO,@Fe;0, nanovectors. Before the
particles were tested in the cells, interference studies were
performed to exclude any interaction between the in situ
formed formazan and the nanoparticles, which could lead to an
enhanced absorbance and therefore false interpretation of our
results.®~®” The measured absorbance was so low that any
viable interaction could be excluded. After incubation of Hek
293 and mouse fibroblast cells L929 for 24 and 48 h at particle
concentrations of 0.5, 1, 5, 10, 50, and 100 pg/mL, MTT assay
was used to evaluate the cell viability (Figure 7). It was found
that that cell viability of mouse fibroblast cells did not show
significant decrease for each kind of particle after 24 and 48 h
(Figure 8). Nevertheless, a slight decrease in cell viability was
observed at higher concentrations (100 yg/mL). In the context
of the Hek 293 cells, the cell viability decreased for cells
exposed to SiO,@Fe;O, and NH,—SiO,@Fe;0, after 48 h.
The result of cell assays confirmed that the vectorized particles
are not significantly cytotoxic, even at very high concentrations
of 100 pg/mL

B CONCLUSION

Development of ultrasmall multimodal probes, unifying
therapeutic and diagnostic functions, using biologically benign
nanoparticles and their conjugation with appropriate vectors
carries unfolding promise for pharmaceutical nanotechnology.
Herein, FA@SiO,@Fe;0, nanocomposites were successfully
prepared starting from highly colloidal stable a-Fe,O; nano-
cubes coated with conformal silica shell of tunable thickness.
The demonstrated precise coating procedures allowed the
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retention of the core size and shape as well as well as imparted
colloidal stability in aqueous medium to core—shell nanostruc-
tures. The strategy of preparing bioconjugated magnetic probes
by ex situ reduction of weakly ferromagnetic a-Fe,O; phase
allowed the formation of monodisperse nanoparticles by
suppressing the magnetic interaction during the shell formation.
Comprehensive analytical investigations by MGossbauer spec-
troscopy, XRD, and magnetization data confirmed the
reduction (hematite — magnetite) of core particle under
conservation of cube-shaped morphology. The successful
vectorization of SiO,@Fe;O, nanoprobes with the cell-
targeting unit folic acid was demonstrated by several
quantitative and qualitative analytical studies. The cytotoxicity
studies revealed the biocompatible nature of the nanoprobes,
making the bioconjugated nanoprobes a promising tool for
MRI
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The DLS, FT-IR, TGA, and SQUID measurements of as-
prepared a-Fe,O; nanoparticles, {-potential measurements,
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