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ABSTRACT: A brain drug delivery system has been
demonstrated by attaching lactoferrin (Lf) on the silica
nanoparticles (Si NPs). The nanoparticle surface was modified
with polyethylene glycol to reduce protein adsorption. The
transport efficiency of Lf attached Si NPs was studied using an
in vitro blood−brain barrier (BBB) model consisting of three
distinct types of cells: endocytes, pericytes, and astrocytes.
Transfer of NPs from the apical side to the basolateral side is
observed. The results indicated that Lf attached Si NPs
demonstrated enhanced transport efficiency across the BBB
with size-dependence compared to bare Si NPs. The maximum
transport efficiency of lactoferrin conjugated silica nanoparticle was observed for 25 nm diameter particles. This receptor-
mediated transcytosis of Si NPs across the cerebral endothelial cells can be employed to deliver drugs and imaging probes to the
brain.
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■ INTRODUCTION

The fundamental role of the blood−brain barrier (BBB) is
related with its precisely mediated transport between the body
fluid and the central nervous system (CNS).1−3 The BBB
consists of specialized vascular endothelial cells (VECs), which
exhibit extreme low expression of leukocytes binding molecules
as well as tight junctions, which results in the limitation of
paracellular transport.4 The VECs can regulate transcellular
transport by various vesicular transporters at the apical
membranes. Only lipophilic molecules with low molecular
weights could cross through the VECs via transcytosis and thus
transport through the BBB freely, whereas other molecules are
fully rejected by the BBB.5 This distinct defense mechanism of
the BBB effectively protects the CNS from the invasion of
circulating toxins and harmful microorganisms.6,7 However, the
BBB also is a major obstacle for delivering new cerebral
therapeutic agents to heal neurological disease.1

In past 2 decades, a number of drug delivery techniques have
been tested for BBB with varying degree of success. Among
various techniques, tight junction modulation, drug molecule
modification, and nanoparticle-based transport approaches have
led the drug delivery research. Drug delivery with tight junction
modulations is reported using chemical and physical stimuli.
Chemical stimuli take advantage of the osmotic opening of BBB
by extracting water from VECs, which lead to alteration of their
shape and as a consequence increased paracellular transport.7 In
physical stimuli, different physical mechanisms such as
electromagnetic wave impingement,8 magnetic nanoparticle

invasion under alternating magnetic field, and microbubble-
assisted focused ultrasound are used to locally and temporarily
disrupt the BBB through deformation and restructuring of
junction proteins.9−11 Although various stimuli can potentially
increase the penetration of agents to the CNS, high
concentrations of these stimuli compounds can compromise
brain function.10 Moreover, microscopic and ultramicroscopic
alterations of brain microvessel cells may lead to apoptosis.12

On the other hand, the drug delivery through the modification
of therapeutics is only possible for a very limited number of
small molecules by lipophilization.13 Even though the size of a
drug molecule that can be transported is less than 500 Da, it is
still possible to create temporary pores in the membrane
bilayer.
To address the problem, we present the new drug carrier that

can exploit endogenous transcytosis pathway for effectively
delivering therapeutics without disrupting the normal function
of BBB. In recent years, transcytosis across BBB has been
demonstrated as a selective and noninvasive delivery mecha-
nism.7 Several receptor-mediated transcytosis (RMT) studies
have been reported on the VECs with the aid of low-density
lipoprotein receptor protein (LRP), transferrin receptor (TfR),
and others. Moreover, a number of works took advantage of
ligand-conjugation strategies on nanocarriers, such as lip-
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osomes, polymeric nanoparticles, solid lipid nanoparticles, etc.
to facilitate delivery of therapeutics and macromolecules across
the BBB.14−17 However, the poor delivery efficacy of these
transport methods has not led to clinical translation, and hence
new strategies are still required. Besides, these studies focus on
the effect of specific ligands on their facilitation of cellular
delivery, but the influences of size on transcytosis pathway and
their combination (size effect and specific ligands) have not
been addressed.
Silica nanoparticles (Si NPs) have attracted significant

attention for their potential biomedical application compared
to other nanomaterials, owing to their intrinsic properties, such
as good biocompatibility, low cost, and manufacturing
controllability.18−23 These nanoparticles are generally recog-
nized as safe by FDA and have been widely used in FDA
approved food additive.24,25

Lactoferrin (Lf), a cationic iron-binding glycoprotein, is one
of the promising candidates for targeting due to its relatively
low cost, good biocompatibility, and high receptor-mediated
transport efficiency.26,27 The Lf receptors exist in human VECs
of the BBB and can benefit Lf-mediated transcytosis through
the in vitro BBB.28−31 Moreover, due to the less endogenous
concentration of Lf, it has been demonstrated that Lf ligands
are better than commonly used transferrin ligands.31,32 Here,
we use fluorescence dye doped Si NPs functioned with Lf to
transport across the BBB. Si NPs are coated with polyethylene
glycol (PEG) to reduce protein adsorption, limit inflammation,
and avoid invasion by reticuloendothelial system (RES). The
PEG coating can also increase the blood circulation time of
nanoparticles.21,33−36 We specifically used three-cell coculture
transwell system to study the BBB in vitro. This three-cell
coculture system has been widely used to mimic the BBB
phenotype, and hence it is an excellent in vitro platform to
study the essential functions of BBB including permeability and
transcytosis.

■ EXPERIMENTAL SECTION
Materials and Chemistry. Lactoferrin (Lf), Triton X-100,

tris(2,2-bipyridyl)dichlororuthenium(II) hexahydrate (Rubpy), n-
hexanol, tetraethyl orthosilicate (TEOS), 1-ethyl-3-[3-dimethylamino-

propyl]carbodiimide hydrochloride (EDC), and N-hydroxysuccini-
mide (NHS) were ordered from Sigma-Aldrich (MA, USA). Bis-
carboxy poly(ethylene glycol) (MW ≈ 10 kDa) was purchased from
Nanocs (Tokyo, Japan). Collagen G, medium 199, DMEM medium,
bovine calf serum, L-glutamine, gentamycin, penicillin, fetal bovine
serum (FBS), and streptomycin were ordered from Gibco (MA, USA)
to construct our in vitro BBB model.

Preparation of Silica Nanoparticles. Silica nanoparticles (Si
NPs) were synthesized by using water-in-oil microemulsion method.
Briefly, 3.75 mL of cyclohexane, 0.9 mL of Triton X-100, 0.8 mL of n-
hexanol were mixed together. The mixture was diluted with different
amounts of water (80, 200, and 560 μL) by stirring for 10 min. Then,
40 μL of 0.1 M Rubpy dye was added. Next, 100 μL of TEOS and 50
μL of NH4OH were added to initiate polymerization. After a 24 h
reaction, the nanocomposites were rinsed three times and then finally
were freeze-dried to form a solid. To form Si NPs with primary
amines, 10 μL of APTES was poured into the Si NPs solution (1 mg
mL−1) and then stirred for 20 h. The modified Si NPs were
resuspended in MES solution after rinsing three times. 500 μL of EDC
(0.05 mg mL−1) and 500 μL of NHS (0.05 mg mL−1) were then added
to the as prepared solution and stirred for 1 h. Next, 600 μL of bis-
carboxy-polythelene glycol (PEG) (100 μg μL−1) was added and
stirred overnight at 4 °C. The resulting PEG labeled Si NPs (PSi NPs)
were washed with phosphate buffered saline (PBS) by centrifugation
and dispersion in PBS.

Preparation of Lactoferrin Conjugated Si NPs. To increase the
BBB penetration efficiency, lactoferrin (Lf) was attached to the PEG
labeled Si NPs surface. The Lf conjugation procedure is as follows.
First, EDC (2.5 μg mL−1) and NHS (6.25 μg mL−1) were dissolved in
950 mL of PEG labeled Si NPs solution. After about 30 min of stirring,
an amount of 50 μL of 0.01 M PBS solution containing different
amounts of Lf (150 μg for 25 nm Si NPs, 100 μg for 50 nm Si NPs,
and 70 μg for 100 nm Si NPs) was introduced to trigger the reaction.
The reaction continued overnight on ice. The as prepared PEG labeled
Si NPs conjugated with Lf (PSi-Lf NPs) were collected and rinsed
with water three times for removal of untreated Lf. The amount of Lf
on the PSi-Lf NPs was quantified by the Bradford method. For the
most consistent results, the reaction time of procedure was set to 10
min.

Trans-Endothelial Electrical Resistance Measurement. Light-
phase imaging was used for morphological observation of the BBB
model by phase contrast optical microscopy. The trans-endothelial
electrical resistance (TEER) was measured to determine the integrity
of the BBB model and development of tight junction. EVOM
voltmeter (10 μA current at 12.5 Hz) with two detectors was applied

Figure 1. TEM images of (a) 25 nm, (b), 50 nm, and (c) 100 nm diameter Si NPs. Nanoparticle size distribution for (d) 25 nm, (e) 50 nm, and (f)
100 nm Si NPs. Scale bar: 50 nm.
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in this work, where the probe was placed in both the apical side and
the basolateral side. The relative resistance value was recorded to
calculate the TEER values by eq 1 as follows:

= − *R R ATEER ( )t b (1)

where Rt and Rb represent the total resistance and background
resistance, respectively, and A is the transwell area. The TEER value is
directly correlated with the permeability of BBB for transport of
extracellular molecule.38

Transport Efficiency of Nanoparticles. To evaluate the
transport efficiency of PSi NPs or PSi-Lf NPs across the BBB
model, desired concentrations of PSi NPs and PSi-Lf NPs were added
to the apical side of the BBB models. Like TEER experiments, the
blank culture medium was used as the control. After a 12 h incubation,
the medium in the basolateral side was collected and analyzed by
fluorescence spectrometry for the intensity of PSi-Lf NPs or PSi NPs.
Since the fluorescence intensity of PSi NPs has a linear relationship
with the concentration of NPs in the medium over the effective
concentration range, the concentration of collective PSi NPs can be
calculated accordingly. The transport efficiency of NPs across the BBB
was calculated according to eq 2:

=
−
−

×
M M
M M

transport efficiencty (%) 100b c

t c (2)

where Mb and Mt represent the collective concentration of transported
NPs and the original medium containing 10 nM of NPs, respectively.
Mc is calculated from autofluorescence of control medium.

■ RESULTS AND DISCUSSION
Nanoparticle Size Distributions. The transmission

electron microscopy (TEM) images of different diameter Si
NPs are shown in Figure 1a−c, while the nanoparticle size
distributions are presented in Figure 1d−f as a histogram. As
shown in Figure 1, the average diameters of silica nanoparticle
were 26 ± 2, 53 ± 4, and 105 ± 5 nm. The ζ potential of
different diameter silica nanoparticles was investigated before
and after PEGlyation. The ζ potential values, as shown in Table
S1 in Supporting Information, validated the PEGlyation of Si
NPs. In addition, the PSi NPs exhibited great stability in both
physiological saline and FBS, which is important for widespread
use in biological applications.
As mentioned in the method section, the Bradford method

was used for quantification of proteins in the purified PSi-Lf

NPs. The protein assay results show that approximately 16.2,
69.5, and 284.7 Lf molecules were bound to 25 nm, 50 nm, and
100 nm PSi NPs, respectively. The measured protein contents
on different size PSi NPs show almost similar Lf surface
densities on all three size nanoparticles, which is approximately
0.0083 Lf nm−2.

BBB Structure and Integrity. Many previous BBB studies
have developed and used the monolayer cell culture system.
Although the tight junction formed by the VECs is the
fundamental structure of the BBB, a close cooperation between
VECs and neighboring astrocytes and pericytes is required to
regulate the function of the tight junction. Figure 2a shows the
photographs of the in vitro coculture BBB system used in this
study. Since the cells cultured in this model is derived from the
rat brain capillary, this model can help us to study transcellular
effects of the Lf because of its great similarities between rat and
humans in vascular physiology. 4′,6-Diamidino-2-phenylindole
(DAPI) staining is used to visualize three types of cell lines as
shown in Figure S1. Furthermore, the tight junction and
expression of proteins were examined with immunofluor-
escence methods, showing that the VECs grow closely and
exhibited a spindle shaped physiological morphology (Figure 2c
and Figure S2). Tight junctions can reduce transport across
BBB by lowering the permeability due to expressed proteins
including claudin-5, occludin, and ZO-1, etc. between VECs.
Additionally, N-cadherin, an integral substrate residing in
adhere junctions, facilitate cell−cell adhesion. Tight junction
proteins and N-cadherin could act through their intimate
association with the actin cytoskeletal network. From these
aspects, as shown in Figure S3, N-cadherin protein was highly
associated with actin networks due to the active regulation of
cell polarity. Furthermore, the TEER value, an important
parameter to evaluate the formation of tight junction by brain
VECs, is shown in Figure 2b. This extremely high electric
resistance value indicates the tight junctions between
neighboring VECs, which could be higher than 200 Ω
cm−2.37 The TEER value of the coculture BBB was sufficiently
high to serve as a BBB in vivo.

Biocompatibility of Silica Nanoparticles. While nano-
particles are very suitable for drug delivery in different organs,
the side effects of many NPs have been a major issue in

Figure 2. (a) Schematic representation of the in vitro model of BBB constructed from primary cultures of rat brain VECs, brain pericytes and
astrocytes. (b) Transition of TEER after thawing until the start of the experiment. (c) Immunofluorescence of tight junction proteins (claudin-5,
occludin, and ZO-1) and N-cadherin (red). Scale bar: 20 μm.
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nanomedicine. Thus, the biocompatibility of these synthesized
nanoparticles is of paramount interest. Here biocompatibility
refers to cytotoxicity and the functional integrity of BBB during
transport of silica nanoparticles. The cytotoxicity of PSi NPs
and PSi-Lf NPs has been evaluated using standard 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay with bEnd.3 cell. Over 93% cell viability is observed after
incubation of bEnd.3 cell with either PSi NPs or PSi-Lf NPs of
different sizes at the concentration ranging from 1 to 10 nM for
24 h (Figure S4), indicating the low cytotoxicity of PSi NPs and
PSi-Lf NPs. Thus, PSi NPs and PSi-Lf NPs could be used as
nanocarriers for transport through the in vitro BBB.
Nanoparticle Transcytosis Mechanism in Vitro. To test

the hypothesis of nanoparticle transcytosis through the VECs,
we first examined the intracellular mechanism of PSi-Lf
mediated transcytosis. When PSi-Lf NPs were co-incubated
with 10-fold excess free Lf, nanoparticles were successfully
competed out (Figure 3a and Figure 3g). These results indicate
that the uptake of PSi-Lf NPs requires the Lf receptor and the
internalization occurs via the Lf receptor mediated pathway. To
further assess the specific endocytosis pathway of PSi-Lf NPs,
VECs were exposed to endocytic markers transferrin protein
(Tf) and PSi-Lf NPs (Figure 3b) for 30 min. Here, PSi-Lf NPs
showed efficient intercellular uptake and partial colocalization
with Tf, indicating that postuptake PSi-Lf NPs are predom-
inantly resident in the early endosomes (EEs). This result also
confirms that during postendocytosis, PSi-Lf NPs follow the
receptor mediated pathway. Next, we investigated the
endocytosis specifically for PSi-Lf NPs by Lf receptor pathway.
When cells were incubated for 60 min with Tf and PSi-Lf NPs,
they exhibited significant colocalization (Figure 3c) revealing
that PSi-Lf NPs had trafficked along the EEs or sorting
endosomes (SEs). When the BBB was further incubated for 2 h
and then labeled with Rab 5/Rab 7, it revealed that some PSi-Lf
NPs had trafficked onward from EEs (Figure 4a). At the same
time, PSi-Lf NPs containing compartment was confirmed to
associate less with any of the late endosomes (LEs) (Figure
4b). Moreover, immunofluorescence methods were used to
colocalize the PSi-Lf NPs with Rab11, which correspond to
SEs. The PSi-Lf NPs were associated with the SEs with a high
Pearson’s coefficient, indicating most colocalization (Figure
3d). Z-stacks reconstructed CLSM imaging (Figure 3d)
provided the extensive presence of PSi-Lf NPs in the transwell
membrane pores, indicating that the PSi-Lf NPs were
undergoing transcytosis. When BBB was labeled with Lyso-
Tracker and PSi-Lf NPs for 4 h, most of the PSi-Lf NPs were
trafficked backward from the LEs but not associated with any of
lysosome, which was evidenced by a low Pearson’s coefficient
(Figure 3e and Figure 3h). The Z-stacks reconstructed 3D
CLSM images further illustrate the nonacidifying lysosome
pathway for the transcytosis (Figure 3f). Upon internalization,
most PSi-Lf NPs were bonded and fused with EEs (Figure
S5a). Small vesicles containing PSi-Lf NPs then emerged from
the apical side and moved downward, constituting dynamic
endosomes (Figure S5b). It is clear that a substantial portion of
the PSi-Lf NPs has moved across the BBB approaching the
basal side and end up at the transwell membrane pores so that
the particles travel through the transwell pores (Figure S5c). In
addition, with the counter-staining of the 3D model for VECs
β-actin network, the PSi-Lf NPs were found to penetrate the
VECs monolayer across its whole surface (Figure 4c). The
tightness of our BBB model was enhanced by co-culturing
pericytes. The transcytosis was still observed through the

Figure 3. (a) Confocal images of the in vitro model of BBB treated
with PSi-Lf NPs. Left: PSi-Lf NPs; Right: PSi-Lf NPs uptake in the
presence of a 10-fold excess of Lf. (b) Cellular uptake of Tf (green)
and PSi-Lf NPs (red) in in vitro model of BBB after 30 min of
incubation at 37 °C. (c) Trafficking of PSi-Lf NPs along the Lf
receptor pathway. Representative 3D confocal image showed
colocalization of PSi-Lf NPs (red) and EE/SE marker Tf (green).
(d) Representative 3D confocal image showed colocalization of PSi-Lf
NPs (red) and SEs marker Rab-11 (green). (e) Colocalization study of
PSi-Lf NPs (red) with Lyso-Tracker (green). (f) Z-stacks
reconstructed into 3D images of colocalization profiles of PSi-Lf
NPs (red) with Lyso-Tracker (green). (g) Relative fluorescence
intensity analysis of cellular uptake of PSi-Lf NPs in Figure 3. (a). (h)
Quantification of the colocalization of PSi-Lf NPs with Tf, Rab11, and
LysoTracker. Mean Pearson’s correlation coefficient (PCC) for n = 30
cells with the associated SD. Scale bar is 10 μm.
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different section, hence unlikely to be via paracellular transport
through the tight junctions. These data indicated that the
transcellular movement across the VECs monolayer is via an
active receptor mediated mechanism rather than through
passive diffusion.39

Nanoparticle Permeability across the in Vitro BBB.
After a 12 h incubation of NPs at a concentration of 10 nM, the
culture medium at the basolateral side was collected and
analyzed for calculating the transport efficiency (using eq 2) to
find the permeating ability of NPs across the in vitro BBB
model. Generally, bare nanoparticles cannot effectively pass
through the BBB, and our current results confirm that bare PSi
NPs cannot pass through the BBB model. As shown in Figure
5c, the PSi NPs transport efficiencies are below 5% for diameter
ranging from 25 to 100 nm. This poor transport efficiency in
our in vitro BBB model can be attributed to the amphiphilic
nature of PEG. In previous work, the barrier opening effect of
Lf conjugated PEG-coated Fe3O4 NPs was presented.

29 Their
in vivo results show that Lf can enhance the transport
efficiency, but that study did not show any size effects. We
systematically studied the size effects of ligand conjugated silica
nanoparticles (PSi-NPs). The experimental results show that
the particle size has a negative correlation for transport across
the BBB: the 100 nm PSi-Lf NPs had the lowest transport
efficiency of 5.8%, whereas the transport efficiency of 50 and 25
nm PSi-Lf NPs was 11.6% and 21.3%, respectively (Figure 5c).
In other words, the maximum transport efficiency of PSi-Lf
NPs was observed for 25 nm particles. In addition, confocal
laser scanning microscopy (CLSM) was used to monitor
eventual transcytosis after NPs exposure. The red fluorescence
from the 25 nm PSi-Lf NPs revealed the most effective uptake
by VECs, compared with 50 and 100 nm PSi-Lf NPs. The

uptake of PSi NPs was strongly enhanced by conjugating Lf
with NPs (Figure 5a and Figure 5b). These results indicate that
cellular uptake of NPs by VECs not only is size-dependent but
also heavily relies on the presence of the Lf. In the absence of
Lf, the translocation of PSi NPs is not a strong function of
nanoparticle size for this coculture BBB model. This result is in
direct contradiction with the pervious in vitro work,40 where
they studied the translocation through a BBB formed from a
single layer of ECs. Our studies clearly show that the three-layer
BBB is much more resistant to particle translocation, and it is
not possible to obtain meaningful transport efficiency without
conjugating with the appropriate ligands.
Finally, to determine whether the PSi NPs and PSi-Lf NPs

affected the normal function of BBB, we tested the permeability
of BBB using sodium fluorescein (NaF). NaF cannot easily
permeate through the BBB even if its molecular weight is low.
Therefore, NaF can serve as the standard for assessing the
permeability of BBB. The permeability test showed low
apparent permeability coefficients (Papp) in all groups including
those with PSi NPs and PSi-Lf NPs (Figure S6). This result
indicates that the integrity of the BBB is still well maintained.

■ CONCLUSION
In summary, we successfully developed a brain drug delivery
probe by covalently binding Lf to PSi NPs to achieve receptor-
mediated delivery of NPs across the BBB. The in vitro BBB
model experiments indicated that covalent binding with Lf

Figure 4. (a) Colocalization study of PSi-Lf NPs with Rab5 via
immunocytochemistry in transwell inserts. (b) Colocalization study of
PSi-Lf NPs with Rab7 via immunocytochemistry in transwell inserts.
(c) Confocal images of the in vitro model of BBB treated with PSi-Lf
NPs. (3D z-stack and top/middle/bottom single-plane confocal
images). Scale bar is 10 μm.

Figure 5. (a) Confocal fluorescence images of in vitro BBB model
after incubation with 10 nM of (top three panels) PSi NPs and
(bottom three panels) PSi-Lf NPs for 12 h. Results are presented for
NPs size ranging from 25 to 100 nm. (b) Relative fluorescence
intensity analysis of cellular uptake of various probes in endothelial
cells. (c) Transport efficiencies of various probes across the in vitro
BBB. Scale bar is 20 μm.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b03504
ACS Appl. Mater. Interfaces 2017, 9, 20410−20416

20414

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03504/suppl_file/am7b03504_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b03504


favors the transfer of NPs across the BBB model. The transfer
efficiency can be improved by reducing the particle size of PSi
NPs. The current research further suggests that the PSi-Lf NPs
could potentially be used as delivery vehicles for imaging and
treatment of brain diseases by further coupling the NPs with
diagnostic, therapeutic, and imaging agents with the aid of
surface functionalized groups.
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