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Abstract The blood-brain barrier (BBB) restricts the
delivery of many potentially important therapeutic agents
for the treatment of brain disorders. An efficient strategy for
brain targeted delivery is the utilization of the targeting
ligand conjugated nanoparticles to trigger the receptor-
mediated transcytosis. In this study, transferrin (Tf) was
employed as a brain targeting ligand to functionalize the
fluorescein-loaded magnetic nanoparticles (FMNs). The Tf
conjugated FMNs (Tf-FMNs) were characterized by trans-
mission electron microscopy, thermal gravimetric analysis,
Fourier transform infrared spectroscopy, and X-ray photo-
electron spectroscopy. Using fluorescein as an optical
probe, the potential of Tf-FMNs as brain targeting drug
carriers was explored in vivo. It was demonstrated that Tf-
FMNs were able to cross the intact BBB, diffuse into brain
neurons, and distribute in the cytoplasm, dendrites, axons,
and synapses of neurons. In contrast, magnetic nanoparti-
cles without Tf conjugation cannot cross the BBB effi-
ciently under the same conditions. Therefore, Tf-FMNs
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hold great potential in serving as an efficient multifunc-
tional platform for the brain-targeted theranostics.

1 Introduction

Nanoparticles based drug carriers for cancer targeting and
therapy have become the most productive area in biomed-
ical research field. As drug carriers, nanoparticles could
protect drug against degradation and premature release and
reduce side effects. Compared with other nanoparticles,
superparamagnetic Fe;O,4 nanoparticles exhibit higher
biocompatibility and chemical stability. Furthermore, non-
toxic materials, such as silica or polymer, can be easily
coated onto magnetic nanoparticles for surface modification
with amino or carboxyl groups, which can be further con-
jugated with another functional biomolecules. Fe3;Oy4
nanoparticles have shown great potentials in acting as car-
riers for the targeted drug delivery [1, 2]. However, Fe;Oy4-
based drug delivery system may suffer from the inability to
cross biological barriers, especially the blood-brain
barrier (BBB).

The BBB is a dynamic interface between the blood and
the brain formed by brain capillary endothelial cells sealed
with continuous tight junctions to protect the brain from
invasion of various circulating toxins and other harmful
molecules. With very few exceptions, only lipophilic and
low molecular weight molecules can passively cross the
BBB. On the other hand, the BBB, however, represents one
of the most exclusive biological barriers encountered in the
treatment of neurological diseases, restricting the access of
most diagnosis and therapeutic agents to the brain via the
systemic route [3, 4]. Therefore, the challenge in treating
most brain disorders is to overcome the difficulty of
delivering therapeutic agents to targeted regions of the
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brain by crossing the BBB. Fortunately, brain capillary
endothelia cells show some specific receptor-mediated
transport mechanisms. It has been documented that a high
level of transferrin receptor (TfR) is expressed by brain
capillary endothelia cells involved in receptor-mediated
transcytosis through the BBB [5, 6]. These receptors can be
targeted with corresponding ligands. As a result, transferrin
(Tf) is allowed free access across the intact BBB and
functions as carrier of essential nutrients into the brain.
Inspired by this, Tf is applied as an attractive targeting
ligand to functionalize the nanoparticles in order to selec-
tively bind BBB endothelium and triggers the receptor-
mediated transcytosis of nanoparticles across the BBB.
This receptor-mediated delivery system is becoming one of
the most promising non-invasive approaches to overcome
the BBB. The receptor-mediated transport of liposomal and
polymeric nanoparticulate formulations across the intact
BBB has been demonstrated. Nevertheless, using biocom-
patible inorganic nanoparticles which are structurally
robust and capable to transporting multiple agents to
actively cross the BBB is highly desirable.

Herein, we first synthesized magnetic Fe;0,4 nanoparti-
cles covered with mesoporous silica shell, which serves as
an insulator and allow the encapsulation of the fluorescein
(FITC) as an optical probe. The BBB targeting ligand Tf
was then conjugated onto those FITC-loaded magnetic
nanoparticles (FMNs) via the polyethylene glycol (PEGsy)
linker. The integration of PEG chains provides a steric
stabilizing layer, which prevents the aggregation of nano-
particles under the physiologic conditions and conse-
quently reduce protein adsorption. Moreover, amphiphilic
PEG with high lipid solubility may increase the endothelial
permeability [7], and thus facilitate the BBB passage in
line with Tf. Such Tf conjugated nanocarrier therefore is
expected to be able to overcome the BBB and delivery to
specific brain regions. To verify the BBB crossing ability
provided by Tf conjugation, the rat brain was sliced and
examined by confocal laser scanning microscope
(CLSM) and transmission electron microscopy (TEM) after
administration of Tf-FMNs. In addition, the brain distri-
bution of Tf-FMNs was explored as well.

2 Materials and methods
2.1 Materials and animals

Fluorescein isothiocyanate isomer I (FITC), 3-aminopro-
pyltriethoxysilane (APTES), holo-transferrin (Tf) human
>97 %, 4 ,6-diamidino-2-phenyindole (DAPI), mouse anti-
NeuN antibody, Alexa 594-conjugated goat anti-mouse
IgG and 35,5'-dithiobis-(2-nitrobenzoic acid) (Ellman’s
reagent) were purchased from Sigma-Aldrich (USA).
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3-mercaptopropyltrimethoxysilane (MPTMS, 95 %) was
purchased from Alfa Aesar. The Micro BCA protein assay
kit was purchased from Pierce. NHS-PEGs,-Mal was pur-
chased from Jenkem Technology CO. Ltd. (Beijing,
China). All other reagents were of analytical grade and
used as received.

Male Wistar rats with body weight of 260-280 g were
purchased from the Department of laboratory animals,
Capital Medical University (China) and maintained under
standard housing conditions. All animal experiments were
treated according to protocols evaluated and approved by
the ethical committee of Capital Medical University.

2.2 Synthesis

Magnetic Fe;0,4 nanoparticles were synthesized according
to procedure reported in the literatures [8, 9]. To obtain
FMNs, 40 mg of Fe;O4 nanoparticles, 308 ml of cyclo-
hexane, 75.5 ml of Triton X-100, 64 ml of hexylalcohol,
and 13.6 ml of H,O were mixed to generate a micro-
emulsion for 30 min, followed by the addition of 1.6 ml of
tetraethoxysilane (TEOS). After stirring for 6 h, 4.64 ml of
aqueous ammonia (25 wt%) was introduced dropwise to
initiate the hydrolysis, and the microemulsion was kept
stirring for 24 h. Finally, to the above microemulsion,
0.8 ml of FITC-APTES (FITC-APTES was prepared by
mixing 4.2 mg of FITC with 58.6 pl of APTES in 0.8 ml
of absolute ethanol for 24 h in room temperature) and
1.2 ml of TEOS were added, followed by stirring for 24 h.
After the reaction was complete, the resulting FMNs were
isolated by magnetic separation, washed five times with
anhydrous ethanol, and dispersed in anhydrous ethanol.

The synthesis of FMN-SH was conducted by dispersing
100 mg of FMNs in 40 ml of absolute ethanol, followed by
the addition of 0.2 ml of MPTMS. The suspension was
heated to 78 °C and refluxed at this temperature for 6 h
[10]. The resulting mixture was then isolated with an Nd—
Fe-B magnet and washed with 95 % ethanol and sterile
saline twice. The obtained FMN-SH was stored in sterile
saline at 4 °C. The surface thiol group was assayed to be
55 pmol thiol groups per gram FMN-SH via Ellman’s
reagent.

Tf-PEGs,-Mal was prepared according to the previously
reported protocol [10]. First, Tf (50 mg) was reacted with
NHS-PEGs-Mal (75 mg) in 300 ml of PBS (100 mM, pH
8) for 2 h at 20 °C. The unconjugated NHS-PEGs,-Mal
was removed centrifugally by a spin column with a
membrane pore size of 10 kDa at 6000 g for 15 min. The
resulting Tf-PEGs5,-Mal was washed with sterile saline (pH
7.4) three times. Next, 100 mg of FMN-SH were mixed
with 100 mg of Tf-PEG-Mal in 300 ml of PBS at pH 7.4.
The above mixture was then cooled down to 4 °C and kept
slowly stirring for 24 h. The obtained Tf-FMNs was
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collected by magnetic separation, washed with sterile sal-
ine four times, and stored in sterile saline at 4 °C. The Tf
conjugation is about 905 ng per mg Tf-FMNs as evaluated
by bicinchoninic acid (BCA) protein assay kit.

2.3 Characterizations

The Tf-FMNs were characterized by TEM, thermal
gravimetric analysis (TGA), Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS). XRD was performed on
a Rigaku SmartLab X-ray diffractometer (Cu K, radiation
A = 1.54056 A). TEM (JEM-2010, JEOL, Japan) was used
to observe the sizes and the morphologies of both FMNs
and Tf-FMNs. For TEM imaging, a drop of nanoparticle
dispersed in ethanol was placed on a carbon-coated copper
grid and dried in a vacuum desiccator. TGA and DTG
curves were collected on a TGA Q50 V20.6 instrument
with a heating rate of 10 °C min~" under nitrogen atmo-
sphere. FTIR spectra were recorded on a NICOLET
AVATAR 300 spectrometer. Typically, sample powder
(1 mg) was mixed with KBr (99 mg) and pressed into
pellet with minimum pressure. XPS were performed to
analyze the surface composition of nanoparticles on a PHI
5300 ESCA System (Perkin Elmer) at 250 W (12.5 kV and
20 mA) under an ultravacuum of 107 Pa (10~® Torr)
using the Mg Ka line.

2.4 Animal experiment

Male Wistar rats (260-280 g) were anesthetized with an
i.p. injection of 10 % chloral hydrate (1.2 ml/kg). A mid-
line incision was made on the neck and two branches of
external carotid artery (ECA) were cut by electro coagu-
lation. After the ECA was ligated in front of the occipital
artery branch, the distal portion of the ligation site was
immediately electro-coagulated. FMNs or Tf-FMNs in
physiological saline (2 ml) were perfused into the internal
carotid artery (ICA) using an infusion pump (2 mg/2 ml/
280 g), and this was followed by 0.5 ml of simil-plasma
fluid. After this, the proximal portion of the ECA was
ligated and the wound was finely sutured [11]. One hour
later, rats were sacrificed by heart perfusion of physiolog-
ical saline, followed by 4 % paraformaldehyde. Then var-
ious organs (brain, heart, liver, spleen, lung and kidney)
were collected and washed with distilled water for further
analysis.

2.5 Confocal laser scanning microscope (CLSM)
The organs were fixed in 4 % paraformaldehyde solution

and dehydrated in 30 % sucrose solution for approximately
48 h, then sectioned on a cryostat with a 30 pm thickness.

Sections were fixed on a glass slide and cell nuclei were
stained with DAPI (1 pg/ml) and subsequently mounted
with 75 % glycerol in PBS (0.01 M, pH 8). Imaging was
performed on a CLSM (SP5 LAS AF, Leica).

2.6 Transmission electron microscopy (TEM)

The brains were post-fixed in 2.5 % glutaraldehyde solu-
tion and 1 % osmium tetroxide, dehydrated in increasing
ethanol concentrations and subsequently embedded in the
epoxy resin. The embedded tissues were cut into ultra-thin
sections with an ultramicrotome and mounted on general
copper grids. After being stained with uranyl acetate and
lead citrate, the specimens were observed with TEM
(HITACHI-7650).

2.7 Immunofluorescence staining

The brains were fixed in 4 % paraformaldehyde solution
and dehydrated in 30 % sucrose solution for approximately
48 h, and then sectioned on a cryostat at 50 um thickness
for immunofluorescence staining. The brain sections were
first incubated with mouse anti-NeuN antibody (1:1,000 in
0.01 M PBST) for 24 h. Next, the sections were incubated
with Alexa594-conjugated goat anti-mouse IgG (1:300, in
0.01 M PBST) in the dark for 2-3 h. Finally, the sections
were mounted with 75 % glycerol and observed using the
CLSM (SP5 LAS AF, Leica) with dual excitation band of
Alexa 594 and FITC using an emission filter set.

3 Results and discussion

To obtain Tf-FMNs, Fe;0,4 nanoparticles were first syn-
thesized, followed by coated with a mesoporous silica
shell, functionalized with thiol groups, and then conjugated
with Tf through the bifunctional PEG (NHS-PEGs,-Mal).
Although this study focused on the effect of Tf conjugation
on the BBB penetration of FMN:ss, it is noteworthy that the
mesoporous silica shell could be used for encapsulation
and controlled release of therapeutic agents [12-15].
Moreover, by encapsulating therapeutic agents in the silica
shell, the surface properties of Tf-FMNs remain unchan-
ged. Therefore, the perturbation of BBB penetration due to
the drug loading could be ignored.

Figure 1 showed the XRD patterns of the FMNs and Tf-
FMNs. The patterns of the FMNs can be readily indexed to
pure Fe;O, with the cubic inverse spinel structure. Spe-
cifically, the main diffractions appeared at 20 = 35.4°,
56.7° and 62.74°, which could be primarily attributed to the
(331), (511) and (440) planes of Fe;0,, respectively. The
diffraction pattern of Tf-FMNs were similar to that of
FMNss, and no extra peaks were observed, implying that the
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Fig. 1 XRD patterns of (¢) FMNs and (b) Tf-FMNs. * is due to
amorphous silica

crystalline structure of the FMNs was well maintained
upon Tf conjugation [16].

The sizes and morphologies of FMNs and Tf-FMNs
were examined by TEM. As shown in Fig. 2, the sphere-
shaped morphology of FMN with a diameter of about
80-90 nm and a slight increase in diameter was observed
after Tf conjugation.

The conjugation of Tf onto FMNs was first confirmed by
the TGA. The obtained TGA curves are presented in Fig. 3.
Obviously, the weight loss of FMNs could be categorized
into two segments. The first weight loss below 460 °C were
probably due to the desorption of ethanol and water,
respectively. The following weight loss in the temperature
range of 460-660 °C corresponded to the decomposition of
FTIC and APTES. No further weight loss occurred with the
increase of temperature and the total weight loss of the
FMNs was about 17 %. The same weight loss was also
found in the TGA plot of Tf-FMNs below 660 °C. How-
ever, increasing of the temperature led to an additional

Fig. 2 TEM images of a FMNs
and b Tf-FMNs
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Fig. 3 TGA and DTG curves of FMNs and Tf-FMNs (Color figure
online)

weigh loss of 18 %, which most likely resulted from the
desorption of conjugated Tf-PEGsy. It should be noted that
the increase in desorption temperature for Tf-PEGS5 k is
indicative of an increased bonding strength to the FMNs’
surface due to the covalent nature of the MPTMS silane
linkage [17].
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Fig. 4 FTIR spectra of a Fe;04 nanoparticles, » FMNs, ¢ Tf, and
d Tf-FMSNs (Color figure online)

FTIR spectroscopic studies further verified the Tf con-
jugation. Compared to the IR spectrum of Fe;0, (Fig. 4a),
two new IR bands at 1,080 and 3,300 cm~! were observed
in the IR spectrum of FMNs (Fig. 4b). These two bands can
be respectively attributed to the stretching mode of Si—-O—
Si and hydrogen-bonded silanol, suggesting that the silica
shell was formed over the Fe;O,4 core. The IR spectrum of
the Tf (Fig. 4c) showed the amide I and amide II bands at
1,658 and 1,527 cm™’, respectively. These characteristic
amide bands were also presented in the IR spectrum of Tf-
FMNs (Fig. 5d), indicating the successful conjugation of
Tf onto FMNss.

Moreover, the XPS was used to explore the change of
the surface elemental compositions of FMNs upon Tf
conjugation. XPS is highly surface specific and is very
useful for the detection of surface elemental information of
particles. The surface atomic ratios calculated from the

Table 1 Surface elemental contents of Si and atomic ratios of Fe/Si,
N/Si, and C/Si calculated from the corresponding XPS

Si/% Fe/Si N/Si C/Si
FMNs 32.6 0.3 0.1 0.9
Tf-FMNs 11.5 1.6 0.7 3.1

XPS are listed in Table 1. The Si content of FMNs was
32.6 %, which decreased sharply to 11.5 % for Tf-FMNs.
Correspondingly, the surface atomic ratios of Fe/Si, N/Si
and C/Si all increased upon the conjugation of PEG-Tf, and
especially the atomic ratio of Fe/Si of Tf-FMNs was about
six times higher than that of FMNs. Therefore, the XPS
results together with TGA and FTIR strongly suggested the
successful conjugation of Tf on the FMNss.

Next, the biodistribution of FMNs with or without Tf
conjugation was investigated. The sections (30 um) of
brain, heart, liver, spleen, lung and kidney were stained
with DAPI (a nucleus-staining blue fluorescent dye) and
then were examined immediately by CLSM. As displayed
in Fig. 5, FMNs (Fig. 5a—e) and Tf-FMNs (Fig. 5f—j) with
a green fluorescence signal originating from the labelled
FITC were observed not only in spleen, lung and liver, but
in heart, kidney, and more important, in brain (Fig. 6). In
comparison with the abundant accumulation of FMNs
(Fig. 5b, d), Tf-FMNs showed a reduced uptake in liver
and lung (Fig. 5g, 1), implying that Tf-FMNs had a longer
half-life than that of bare FMNs [18]. This could be
attributed to the PEG chains that protect nanoparticles from
binding of serum proteins and degradation. The reduced
accumulation in the lung and liver might minimize the
acute adverse effects such as breathing problems or liver
necrosis when Tf-FMNs were administered.

Fig. 5 The distribution of FMNs (a—e) and Tf-FMNs (f—j) in heart (a, f), liver (b, g), spleen (c, h), lung (d, i), kidney (e, j) (Color figure online)
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Fig. 6 The distribution of
FMNs (a—f) and Tf-FMNs
(g-1) in corpus striatum (a, g),
hippocampus (b, h), thalamus
(c, i), substantia nigra (d, j),
mesencephalon (e, k), and
cerebellum (f, 1) (Color figure
online)

] um 250

Fig. 7 The distribution of
FMNs (a) and Tf-FMN:ss (b, ¢)
in brain. Scale bar in a and b is
250 pm and scale bar in c is

25 pum. The arrows indicate the
Tf-FMNs discretely distribute
surrounding the nucleus stained
by DAPI (Color figure online)

0 pum 250
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To determine BBB crossing ability of Tf-FMNs, the
brain tissues were divided into six different regions (corpus
striatum, hippocampus, thalamus, substantia nigra, mes-
encephalon and cerebellum). CLSM images obtained from
these different regions are illustrated in Fig. 6. Both FMNs
(Fig. 6a—f) and Tf-FMNs (Fig. 6g-1) were found in all six
brain regions. However, the green fluorescence dots of
FMNs (Fig. 7a) were weaker and aggregated, suggesting
that most FMNs were still detained in the blood capillaries

Fig. 8 TEM images of brain
sections sacrificed 1 h post-
injection with Tf-FMNs (as
indicated by arrow), a in the
cytoplasm of neuron, scale bar
is 500 nm, b in the
neurodendron of neuron, scale
bar is 500 nm, ¢ in the
cylindraxile of neuron, scale bar
is 500 nm, d in the synapse of
neuron, scale bar is 200 nm,

e in the process of brain cell,
scale bar is 500 nm, f in the
cytoplasm, scale bar is 500 nm

[19]. In contrast, the green fluorescence signals from
Tf-FMNs were stronger (Fig. 7b) and discretely distribute
surrounding the nucleus (Fig. 7c, as indicated by arrows),
suggesting that Tf-FMNs indeed penetrated the BBB.
Roberts et al. [20] characterized the endocytic pathway of
Tf in BBB endothelial cells and concluded that Tf was
taken up by receptor-mediated endocytosis at the luminal
membrane of brain capillaries. The mechanisms of endo-
cytosis were investigated in vitro by Visser et al. [6] and it
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Fig. 9 CLSM images of brain sections sacrificed 1 h post-injection with Tf-FMNs. a neurons (red), b FITC-labelled nanoparticles (green),

¢ merged micrographs of a, b. Scale bar is 25 pm (Color figure online)

was found that Tf was actively endocytosed by the Tf
receptor on primary cultured bovine brain capillary endo-
thelial cells in a concentration and time-dependent manner.
Therefore, the enhanced BBB penetration ability of Tf-
FMNs can be attributed to Tf conjugation, which facilitates
the FMNs crossing the BBB by the receptor-mediated
transcytosis [21].

Next, to identify the distribution of Tf-FMNs in brain
cells, ultrathin sections of brains were examined at the sub-
cellular level using TEM with high magnification. As shown
in Fig. 8, Tf-~FMNs were found not only in the cytoplasm and
dendrite, but also in the axon and synapse of neurons that did
not attach to the wall of the cerebral vessel (Fig. 8a—d). Since
the BBB is located at the cerebral capillary endothelial cells
which are connected by tight junctions, the uptake of Tf-
FMNs by brain neurons indicated that these nanoparticles
did penetrate the BBB and then entered the parenchyma. In
contrast, FMNs were only observed inside the blood vessels
(data not shown). However, it was noted that few number of
Tf-FMNs in neurons was presented. This is because the
nanoparticles would be diluted at least 200-fold after pene-
trating the BBB and this dilution effect may become even
stronger after migrating to other brain cells [22].

To further verify that Tf-FMNs indeed diffused into
neurons, immunofluorescence staining was performed to
specifically label the neurons with anti-NeuN antibodies
that recognize a neuron-specific antigen. CLSM was then
utilized to inspect the colocalization of Tf-FMNs in neu-
rons. The neurons were presented as red fluorescence sig-
nals due to the specific staining of anti-NeuN (Fig. 9a),
while Tf-FMNs were shown as green fluorescence spots due
to the FITC (Fig. 9b). The colocalization of red (neuron)
and green (Tf-FMNs) resulted in yellow dots (Fig. 9c¢),
clearly demonstrated that the presence of the Tf-FMNs in
brain is due to the neuronal uptake.

The Tf-FMNs have been demonstrated to be able to cross
the BBB. However, accumulation of the nanoparticles in the
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brain may result in neurotoxicity. Therefore, the brain sec-
tions from animals treated with Tf-FMNs were collected
24 h after the injection to primarily evaluate the biocom-
patibility. It was found that the green fluorescence almost
disappeared or decreased remarkably (images not shown),
suggesting that the Tf-FMNs were not likely to induce
cumulative intoxication.

4 Conclusions

In sum, Tf as the brain targeting ligand was successfully
conjugated to the FITC loaded magnetic nanoparticle in
order to overcome the BBB. The BBB crossing ability of
as-prepared Tf-FMNs was demonstrated in vivo. The
CLSM study verified that Tf-FMNs could penetrate the
intact BBB and diffuse into neurons and the TEM analyse
further validated that Tf-FMNs indeed distributed in
cytoplasm, dendrites, axons and synapses of neurons. In
addition to the BBB crossing ability, Tf-FMNs maintain
intrinsic functions of bare Fe;O, and fluorescent meso-
porous silica materials such as magnetic targeting, simul-
taneous magnetic resonance (MR) and fluorescence
imaging, and controlled release of drugs. Therefore, the Tf-
FMNs could be further developed as an effective multi-
functional platform for brain-targeted theranostics.
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