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ABSTRACT: Barium titanate nanoparticles (BTNPs) are gaining
popularity in biomedical research because of their piezoelectricity,
nonlinear optical properties, and high biocompatibility. However,
the potential of BTNPs is limited by the ability to create stable
nanoparticle dispersions in water and physiological media. In this
work, we report a method of surface modification of BTNPs based
on surface hydroxylation followed by covalent attachment of
hydrophilic poly(ethylene glycol) (PEG) polymers. This polymer coating allows for additional modifications such as fluorescent
labeling, surface charge tuning, or directional conjugation of IgG antibodies. We demonstrate the conjugation of anti-EGFR
antibodies to the BTNP surface and show efficient molecular targeting of the nanoparticles to A431 cells. Overall, the reported
modifications aim to expand the BTNP applications in molecular imaging, cancer therapy, or noninvasive neurostimulation.

KEYWORDS: barium titanate nanoparticles, surface hydroxylation, poly(ethylene glycol), fluorescence, antibody conjugation,
molecular targeting

■ INTRODUCTION

Barium titanate is a ceramic material with perovskite structure.
It is characterized by a high dielectric constant and excellent
ferroelectric and piezoelectric properties.1 These characteristics
make it attractive for use in capacitors and other electronic
devices. Recently, there has been growing interest in barium
titanate in nanoparticle form. Although barium titanate
nanoparticles (BTNPs) are widely utilized in the micro-
electronics industry, recent research indicates that BTNPs have
a strong potential for biomedical use thanks to their high
biocompatibility.2−6 They also demonstrate a distinct set of
mechanical, electrical, and optical properties which make them
uniquely suited for a variety of applications. In particular,
BTNPs are capable of exhibiting nanoscale piezoelectricity and
producing second-harmonic optical responses. These two
starkly different properties have led to wide-scale investigations
into their application in biotechnology.
The therapeutic potential of BTNPs stems from the high

piezoelectric coefficients of barium titanate in tetragonal
crystalline phase.7 Nanoparticle piezoelectricity is attractive
for applications in tissue engineering as the piezoelectric effect
promotes bone growth or nervous tissue repair.8,9 The addition
of hypergravity to piezoelectric nanoparticles further aids bone
regeneration by enhancing differentiation of mesenchymal
stem cells into osteoblasts.10 The piezoelectric effect can also
be exploited to enable wireless electrical stimulation of cells;
when BTNPs are stimulated noninvasively with ultrasound,
they generate electric charges on their surfaces. Thanks to this
phenomenon, ultrasound-stimulated BTNPs bound to mem-
branes can induce calcium and sodium fluxes in neuron-like

cells and reversibly increase the electrical activity of in vitro
neural networks.11,12 Additionally, the newest research suggests
that electrical stimulation resulting from the ultrasound-
induced piezoelectric effect may be capable of inhibiting the
proliferation of cancer cells. Chronic ultrasound stimulation of
BTNPs possibly interferes with cells’ calcium homeostasis and
may cause reorganization of the mitotic spindle, leading to
antiproliferative effects in HER-2 positive breast cancer cells
and glioblastoma cells.13,14 Furthermore, BTNPs coated with
gold enable photothermal therapy of cancerous lesions, and
polymeric coatings can facilitate gene or drug delivery. Thus,
BTNPs have a strong potential to be applied as a multifunc-
tional anticancer agent.15

Next to applications in cancer therapy and neurostimulation,
BTNPs also act as a contrast agent for medical imaging. The
nanoparticles have the ability to generate second harmonic
optical signal due to their noncentrosymmetric structure.
Although the generation of the second harmonic signal is less
efficient than fluorescence, the effect offers numerous benefits
over conventional fluorescence imaging. While fluorophores
saturate, photobleach, and fluctuate in emission intensity, the
signal from second harmonic generating crystals is stable and
does not saturate with increasing intensity of illumination.16
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Furthermore, the second harmonic generation (SHG) signal
has exquisite photostability and can be sensed with minimal
background signal, eliminating issues linked to tissue
autofluorescence. Other advantages of SHG include a narrow
emission bandwidth, a coherent signal, flexible excitation
wavelengths, and femtosecond-scale response times. BTNPs
have successfully been used in a wide variety of SHG imaging
applications as an alternative to fluorescence imaging. In vivo
examples include imaging of zebrafish embryos or imaging
BTNPs through mouse tail tissue.17,18 When combined with
super-resolution techniques, BTNPs can be used to quantify
mRNA with single copy sensitivity and resolution on the order
of tens of nanometers.19 This mRNA quantification technique
has the potential to outperform established methods such as
fluorescence in situ hybridization or quantitative PCR.
Volumetric SHG imaging has also been reported using a
harmonic holographic microscope.20 Combining the therapeu-
tic effects and SHG potential, BTNPs could be used to deliver
piezoelectric stimuli to cells while simultaneously imaging
where the stimuli are being applied.
While typical BTNP synthesis methods such as solid-state

reactions or sol−gel methods involve extreme environments
and high temperatures, recent publications report soft
chemistry synthesis methods enabling the expansion of
BTNP research.2,21−25 Regardless of the synthesis method,
the applications of BTNPs are challenged by the ability to
create stable dispersions in water as the nanoparticles have
minimal stability and quickly aggregate in aqueous media with
pH values lower than 12.26 The literature contains reports of
numerous techniques of BTNP stabilization by coating the
surface with a polymer layer. Early studies utilized poly(L-
lysine) to wrap the nanoparticle surface to create BTNP
dispersions stable for multiple days. However, the polymer was
found to induce cytotoxic effects.27 Stable BTNP dispersions
without cytotoxic effects have since been achieved using other
polymers such as glycol chitosan or polyethylenimine.5,28

These polymeric wrapping techniques rely on nonspecific
adsorption and noncovalent binding, which could result in
decreased stability in biological environments. As an effort to
combat this shortcoming, cyclodextrin (CD)-stabilized BTNPs
were prepared by first hydroxylating the nanoparticle surface
and then covalently attaching CD molecules, leading to stable
and noncytotoxic dispersions of BTNPs.29 However, BTNP
stabilization through covalent binding of a hydrophilic polymer
such as poly(ethylene glycol) (widely utilized in drug delivery
for its superior ability to increase the solubility of hydrophobic
substances) has not been reported.
Molecular targeting via conjugating antibodies to the surface

of nanoparticles can enable specific delivery of therapeutic
agents or imaging of specific biological processes.30 Some early
steps toward molecular targeting of BTNPs have been
reported. The first method relies on reduction of the disulfide

bonds in the antibody hinge region to create fragments with
exposed free thiol groups.31 The reduced antibody fragments
can then be conjugated to nanoparticles functionalized with
maleimide groups. While this technique succeeds in targeting
BTNPs to HeLa cells, it includes modifications of the
functional binding regions, which could impact specificity.
The second method is based on reacting biotin-functionalized
BTNPs with streptavidin−antibody conjugates. This specific
example uses an antibody against the transferrin receptor to
target the nanoparticles to glioblastoma cells.14 However, the
chemistry is dependent on the availability of antibodies with
conjugated streptavidin. Furthermore, the antibodies are
bound nondirectionally which decreases the probability of
the binding regions having the appropriate orientation.
In this work we report a new method for preparing

dispersions of BTNPs which is based on covalent attachment
of poly(ethylene glycol) (PEG) molecules to the nanoparticle
surface (as illustrated in Scheme 1). The PEG polymers are
hydrophilic leading to improved nanoparticle stability.
Furthermore, PEG has a proven track record of biocompat-
ibility and is readily functionalizable.32,33 Our chemistry is
based on hydroxylating the BTNP surface via thermal
decomposition of hydrogen peroxide.34 The creation of
hydroxyl groups allows binding of readily available silane-
functionalized PEG polymers.35 Furthermore, this technique
gives rise to the use of heterobifunctionalized PEG molecules
enabling tuning of the surface charge, manufacturing of
fluorescent BTNPs, and generation of free functional groups
for further surface modifications. We harness these free
functional groups to covalently bind targeting antibodies
without antibody reduction or streptavidin labeling, leading to
directional conjugation of intact antibodies. The chemistry is
flexible and can be applied to any IgG antibody with a
glycosylated Fc region. It is based on the derivation of free
aldehyde groups on the Fc region and the use of a
heterobifunctional cross-linker to create covalent bonds
between the antibody and the functionalized PEG molecules
on the nanoparticle surface. This versatile surface modification
approach aims to expand the biomedical BTNP applications by
preparing stable nanoparticle dispersions in physiological
media and allowing the BTNPs to be targeted to specific
cells of interest for the purposes of imaging, cancer therapy, or
neurostimulation.

■ EXPERIMENTAL SECTION
Materials. Barium titanate nanoparticles (BaTiO3, 300 nm) in

tetragonal phase were purchased from Nanostructured & Amorphous
Materials, Inc. Silane-functionalized poly(ethylene glycol) (10 kDa
mPEG-silane) was obtained from Creative PEGWorks while
heterobifunctionalized polymers (5 kDa silane-PEG-SH, 2 kDa
silane-PEG-COOH, 2 kDa silane-PEG-NH2, and 5 kDa silane-PEG-
FITC) were purchased from Nanocs Inc. The polydispersity index of

Scheme 1. Surface Modifications of Barium Titanate Nanoparticles
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all used polymers was <1.1 as reported by the manufacturer.
Fluorescent dyes (sulfocyanine3 maleimide, sulfocyanine5 NHS
ester) were acquired from Lumiprobe Corporation. EGFR mono-
clonal antibody (clone 225), fluorescent labeling kit (Alexa Fluor
555), and cross-linker (EMCH) were purchased from ThermoFisher
Scientific. Reagents for the conjugation reaction included sodium
phosphate dibasic, sodium periodate, HEPES, and 1x phosphate
buffered saline (PBS) which were all obtained from Millipore Sigma.
All of the used products with their corresponding catalog numbers are
listed in Table S1 of the Supporting Information.
Surface Hydroxylation. The powdered BTNPs (200 mg) were

mixed with 30% hydrogen peroxide (200 mL) in a 500 mL
Erlenmeyer flask covered with parafilm. The mixture was placed on
a hot plate and brought to 85 °C while stirring. The reaction time was
varied from 30 min to 8 h. Afterward, the nanoparticles were
centrifuge washed three times with 95% ethanol (4500 RCF for 10
min) and then suspended in 20 mL of 95% ethanol to yield a 10 mg/
mL stock solution. To investigate the effects of hydroxylation and
varying reaction times, Fourier-transform infrared spectroscopy
(FTIR) was utilized. Hydroxylated nanoparticles were dried into a
powder and analyzed with a Jasco 6200 spectrometer. FTIR spectra
were obtained using an attenuated total reflectance (ATR) accessory.
BTNP Stabilization through Poly(ethylene glycol) (PEG)

Coating. Silane-functionalized PEG polymers were attached to the
BTNPs covalently through binding between silanes and hydroxyl
groups on the nanoparticle surface.35 First, 20 mg of mPEG-silane
(MW 10 kDa) powder was dissolved in 9 mL of 95% ethanol (with
catalytic 5% of DI water). This reaction mixture was combined with 1
mL of the hydroxylated nanoparticle solution (10 mg/mL), and the
product was sonicated with a tip sonicator (Qsonica) for 2 h
(amplitude 25, 3 s ON, 25 s OFF). The solution was covered and left
to react overnight, and then unbound PEG molecules were eliminated
by three centrifuge washes with DI water (4500 RCF for 8 min). The
pellet was resuspended in 10 mL of DI water, yielding 1 mg/mL
solution of PEG-coated nanoparticles. To verify the successful binding
of PEG molecules, mPEG-silane was replaced with 5 kDa silane-PEG-
FITC, and green fluorescent signals were analyzed with fluorescence
microscopy (Leica Dmi8 with DFC7000T camera). We segmented
wide-field-of-view fluorescent images in Matlab using the Image
Processing Toolbox to isolate regions of nanoparticles. Pixel values
were summed over these regions, and values of fluorescence per
nanoparticle were calculated for a large number of BTNPs (n > 1000).
For further quantification, PEG-FITC binding was analyzed by using a
spectrofluorometer (Horiba FluoroMax-4). The calibration curve for
the FITC concentration was established to quantify the amount of
silane-PEG-FITC bound to the BTNPs. From the calculated number
of polymers bound and the surface area of a single BTNP (provided
by the manufacturer), the spacing between individual PEG molecules
was calculated.
Functional Groups, Fluorescent Labeling, and Tuning the

Surface Charge. Coating of BTNPs with bifunctional PEG
molecules enabled additional modifications by creating free functional
groups on the surface. To facilitate reactions with gold or to conjugate
antibodies, BTNPs were functionalized with thiol groups by adding a
5−20% portion of 10 kDa silane-PEG-SH to the PEG reaction
mixture. Green fluorescent BTNPs were created by adding a 10−20%
portion of 5 kDa silane-PEG-FITC. Some biomedical applications
may require other fluorescent colors, but silane-PEG polymers
functionalized with different fluorophores are not readily available.
To address this gap in the market, orange fluorescent PEG was
created by mixing silane-PEG-SH with sulfocyanine3 maleimide (2.5×
molar excess of the fluorophore). Similarly, red fluorescent PEG was
prepared by reacting sulfocyanine5 NHS ester with silane-PEG-NH2.
Successful fluorescent labeling was verified by fluorescent microscopy.
Another variable relevant to preparing nanoparticle dispersions for
biomedical applications is the surface charge since it can affect the
binding of nanoparticles to cell membranes and mediate cellular
uptake.28 To shift the nanoparticle charge to more negative values, a
10−50% portion of silane-PEG-COOH was added to the PEG
reaction mixture. For more positively charged particles, 10−50% of

silane-PEG-NH2 was used. The effects on the surface charge were
investigated by taking ζ-potential measurements using the Malvern
ZetaSizer Nano instrument. The exact PEG amounts and the
proportions of mPEG-silane to bifunctionalized PEG molecules are
listed in Table S2.

Characterization. The size and morphology of the BTNPs were
investigated by transmission electron microscopy (TEM). The
nanoparticles were deposited on hexagonal copper grids (300
mesh) with carbon film and imaged with FEI Tecnai F20ST (field
emission gun operated at 200 kV accelerating voltage). We obtained
the size distribution of the BTNPs from TEM micrographs by
measuring the diameter of a large number of nanoparticles (n = 130)
using ImageJ. To identify the nanoparticle crystalline phase, X-ray
powder diffraction was utilized. BTNPs in powdered form were
deposited on a glass plate and analyzed by using a Siemens D5000
XRD system. To illustrate the piezoelectric properties of individual
nanoparticles, piezoresponse force microscopy (PFM) was employed.
BTNPs conjugated to thiol-functionalized PEG were deposited on a
gold-plated microscope coverslip. Contact mode scanning was
performed by using the AIST-NT SmartSPM 1000 instrument
while applying 425 kHz AC voltage between the cantilever tip and the
substrate to induce the converse piezoelectric effect. The lock-in
amplifier built into the instrument was then used to obtain the
magnitude and phase of the converse piezoelectric effect.

Directional Antibody Conjugation. The epidermal growth
factor receptor (EGFR) antibody was first filtered through a 30 kDa
MWCO centrifuge filter (3600 rpm for 15 min) to achieve 1 mg/mL
concentration and then fluorescently stained with an Alexa Fluor 555
antibody labeling kit following the standard protocol (provided by
ThermoFisher Scientific). To eliminate excess dye, the antibody
solution was filtered with the 30 kDa centrifuge filter two times (3600
rpm for 15 min), replacing the original buffer with 1.3 mL of 100 mM
Na2HPO4. The protocol for derivation of aldehyde groups on the Fc
region was adapted from previous work with noble metal nano-
particles.36,37 The antibody solution was mixed with 80 μL of freshly
prepared 100 mM NaIO4, leading to oxidation of the glycosyl groups.
After 30 min of shaking in the dark, 500 μL of PBS was added to the
mixture, and the presence of aldehydes was confirmed by a Purpald
test. The solution was then filtered with a 30 kDa centrifuge filter
again (2000 RCF for 10 min); the antibodies were suspended in 400
μL of 40 mM HEPES and stored at 4 °C as a stock solution.

To conjugate the antibodies to the surface of thiol-functionalized
BTNPs, a heterobifunctional cross-linker N-ε-maleimidocaproic acid
hydrazide (EMCH) was used. First, 30 μL of 10 mM solution of
EMCH in DMSO was mixed with 1 mL of a coupling buffer (0.1 M
sodium phosphate, 0.15 M NaCl, pH 7.2) to create a reaction
mixture. Then 30 μL of the antibody stock solution was added and
incubated for 2 h in the dark at room temperature. To eliminate
excess cross-linker, the mixture was filtered with a 30 kDa centrifuge
filter three times (2000 RCF for 10 min) and resuspended in 100 μL
of the coupling buffer. Then, 50 μL of this antibody−EMCH solution
was mixed with 1 mL of the coupling buffer and 600 μL of 1 mg/mL
thiol-functionalized BTNPs. The mixture was incubated for an hour
and then washed five times via centrifugation (4000 rpm for 4 min) to
remove the unbound antibody. The final BTNP−antibody conjugate
solution was resuspended in 600 μL of PBS.

Molecular Targeting to A431 Cell Line. A431 cells (ATCC)
were adopted as an in vitro model of human epidermoid carcinoma.
This cell line greatly overexpresses EGFR on the surface which
enables molecular targeting via the anti-EGFR antibody. The cells
were cultured in T-75 flasks by using Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum and
1% penicillin. Before the targeting experiments, the cells were
suspended in 2 mL of DMEM. Then, 200 μL of the cell solution was
treated with 70 μL of 200 μg/mL solution of green-fluorescent
BTNPs with conjugated anti-EGFR antibodies and incubated for 2 h
at 36 °C. Three control experiments were carried out. First, to
investigate the levels of nonspecific binding, the cells were incubated
with BTNPs without conjugated antibodies. Second, to block the
specific receptors and, thus, inhibit any EGFR-mediated BTNP
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binding, the BTNP−EGFR conjugates were incubated with the cells
in the presence of free-floating anti-EGFR IgG. Third, an additional
control experiment was carried at 4 °C to inhibit cell endocytosis. To
clear the unbound BTNPs after a 2 h incubation, the solution was
filtered through a 5 μm centrifuge filter (Millipore Sigma
UFC30SV00). The cells were then resuspended in 100 μL of PBS
and imaged under a microscope (Leica Dmi8) at a 20× magnification
to collect bright field and green fluorescence images. To quantify the
BTNP fluorescence, we segmented bright field images in Matlab using
the Image Processing Toolbox (MathWorks) to isolate individual
cells. Regions with corresponding coordinates were then isolated from
the green fluorescent images, and pixel values were summed to obtain
BTNP fluorescence per cell. To analyze the differences between the
targeted BTNPs and the control conditions, images of n = 60 cells for
each group were quantified, and the distributions were plotted in a
box plot. The statistical significance of the results was determined by
using the Mann−Whitney U-test.

■ RESULTS AND DISCUSSION
Nanoparticle Characterization. We imaged commer-

cially available BTNPs with a transmission electron microscope
to investigate their size and morphology. Figure 1A depicts a
cluster of BTNPs, illustrating their approximately spherical
shape. From the micrographs, we obtained the size distribution
with a mean of 302.3 nm and standard deviation of 88.2 nm
(Figure 1B). Next we investigated the nanoparticle crystal
structure using X-ray powder diffraction (XRD). The exact
relationship between the BTNP size and their crystal structure
is not understood. However, it is reported that below 100 nm
the BTNPs transition into cubic phase, leading to a decrease in
the d33 constant and loss of piezoelectric properties.38 Our
results show separation in (002) and (200) XRD peaks
appearing as a double peak near the diffraction angle of 45°,

which confirms that the crystal structure is tetragonal (Figure
1C). To demonstrate the nanoparticle piezoelectricity (which
is critical for therapeutic benefits), we investigated the
piezoelectric effect on a single nanoparticle level. Contact
mode piezoresponse force microscopy (PFM) was employed
to scan a sample of BTNPs bound to a conductive gold
substrate. Upon application of 10 V AC voltage (driven at 425
kHz) between the tip and the substrate, we observed the
converse piezoelectric effect. The lateral magnitude and phase
of the piezoelectric effect were retrieved using a lock-in
amplifier, and they are displayed in Figure 1D. The variations
present in the PFM signal can be explained by the fact that the
nanoparticles consist of multiple stochastically oriented
ferroelectric domains.

Surface Hydroxylation. Studies have shown that thermal
treatment of H2O2 in aqueous solutions of ceramic oxides leads
to decomposition of H2O2 and hydroxylation of the ceramic
oxide surface.39,40 This phenomenon has been demonstrated
specifically with BTNPs where free hydroxyl groups were
derived by refluxing the nanoparticles in aqueous solution of
H2O2 at 106 °C for 4 h.34 However, this high temperature
approaches the Curie temperature of barium titanate where the
material undergoes a transition between its ferroelectric and
nonferroelectric structures.41 Thus, hydroxylating at high
temperatures could limit the piezoelectric properties and
hinder the therapeutic potential. We investigated BTNP
hydroxylation at 85 °C while varying the reaction time from
30 min to 8 h. The levels of hydroxyl group coverage were
monitored by FTIR where O−H bond stretching is manifested
as a peak in the 3900−2800 cm−1 spectral region.42 As
apparent from a close-up view of this region (Figure 2A), the

Figure 1. (A) TEM micrograph showing BTNP size and morphology. (B) BTNP size distribution as quantified from TEM. (C) XRD measurement
confirming tetragonal phase. (D) Atomic force microscopy (AFM) showing topology of the sample (left) compared with corresponding
piezoresponse magnitude and phase (center and right).
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magnitude of the peak corresponding to the O−H bond
stretching grows with increasing hydroxylation time, suggesting
denser hydroxyl coverage of the nanoparticle surface. Statistical
significance was determined based on n = 3 trials by using an
unpaired two-tailed Student’s t test comparing the different
time points to unmodified nanoparticles. For the 6 h
hydroxylation time point, the difference compared to
unmodified BTNPs is statistically significant with a p-value
<0.05. In the case of the 8 h hydroxylation, the result is
statistically significant with p < 0.01 (Figure 2B).
Poly(ethylene glycol) (PEG) Surface Coating. We

exploited the derived free hydroxyl groups to coat the
nanoparticle surface with PEG molecules via the covalent
binding between silane and hydroxyl. Three conditions were
investigated: PEGylation of unmodified BTNPs, PEGylation of
BTNPs hydroxylated for 1.5 h, and PEGylation of BTNPs
hydroxylated for 8 h. Silane- and FITC-bifunctionalized PEG
chains were reacted with the BTNPs in ethanol with a catalytic
amount of water under thorough sonication with a tip

sonicator. Fluorescence microscopy confirmed the presence
of a fluorescent PEG layer. Furthermore, there was an increase
in fluorescent signal for nanoparticles that had been
hydroxylated, and longer hydroxylation led to brighter signals
(Figure 3A). While the mean fluorescence per nanoparticle was
5.6 ± 1.5 au in the unmodified BTNP case, the value rose to
6.9 ± 0.55 au in the 1.5 h hydroxylation condition and 15 ±
4.8 au in the 8 h hydroxylation condition (n = 1597). The
presence of bound PEG molecules on the unmodified
nanoparticles and only a small increase for the 1.5 h
hydroxylation condition can be explained by the fact that
even unmodified nanoparticles have a small portion of their
surface covered with hydroxyl groups.43 However, our results
support the claim that a longer hydroxylation time leads to
denser hydroxyl group coverage as more free hydroxyls provide
more available binding sites for the PEG polymers. The
statistical significance of these results was assessed by a two-
tailed Student’s t test. Both hydroxylation conditions were

Figure 2. (A) ATR-FTIR spectra of unmodified BTNPs vs hydroxylation times ranging from 30 min to 8 h. This close-up view depicts the peak
which corresponds to O−H bond stretching. (B) FTIR peak values averaged over three trials showing increasing absorption with longer
hydroxylation times (*p = 0.049, **p = 0.004).

Figure 3. (A) Fluorescence of PEG-FITC bound to BTNPs under different hydroxylation conditions. Hydroxylated nanoparticles had a statistically
significant increase in FITC fluorescence with p-values lower than 0.001 (n = 1597). (B) Close-up TEM images comparing the BTNPs before and
after PEGylation of the surface. The polymer layer can be seen covering the surface of the modified nanoparticle. (C) The unmodified BTNPs are
not stable in aqueous media and form large aggregates. However, upon stabilization with PEG, the BTNPs are well dispersed in water as apparent
from the TEM images.
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found to be significantly different from the non-hydroxylated
nanoparticles with p-values smaller than 0.001.
To quantify the amount of PEG bound to the BTNP surface,

we analyzed the samples using a spectrofluorometer upon
establishing a calibration curve for the concentration of silane-
PEG-FITC. The non-hydroxylated BTNP sample contained
approximately 17.7 × 103 PEG chains per nanoparticle, which
corresponds to 4.50 nm spacing between individual PEG
grafts. On the other hand, the 8 h hydroxylation BTNP sample
contained 49.3 × 103 PEG chains per nanoparticle, averaging
2.70 nm spacing between polymersa coverage more than
twice as dense. These calculations are described in detail in
Figure S1, which also displays spectrofluorometer data.
To offer visual evidence of the presence of the PEG layer, we

imaged the nanoparticles under TEM. Figure 3B shows a
comparison between the unmodified, as-purchased BTNPs and
a BTNP after the surface coating, where the PEG layer can
clearly be seen. The image of this PEG layer and the calculated
spacing between individual PEG grafts suggest that the
polymers are in a “brush” conformation, minimizing unwanted
interactions with biologicals (such as protein adsorption on the
surface) and providing superior stability.32,44 The unmodified
BTNPs are not soluble in water and form large aggregates as
shown in the top panel of Figure 3C. However, the coating of
the nanoparticles with PEG yields stable dispersions of BTNPs
in water and physiological media. This claim is supported by
the bottom TEM micrograph in Figure 3C, depicting well-
dispersed BTNPs in the absence of large aggregates. To
quantify the differences in solubility, we performed dynamic
light scattering (DLS) measurements on unmodified nano-
particles compared to PEGylated BTNPs (the measurements
are summarized in Table S3). The measured size of the
unmodified BTNPs averaged 1837 nm with a standard
deviation of 191 nm, confirming the presence of large
aggregates and extremely poor stability of the solution. On
the other hand, upon PEG stabilization, the size of the BTNPs
averaged 309 nm with a standard deviation of 15.7 nm. Thus,
we conclude that coating the BTNP surface with covalently
bound hydrophilic PEG polymers succeeds in the preparation
of stable nanoparticle dispersions for biomedical applications.
Exploiting Functionalized PEG to Create Fluorescent

BTNPs and to Tune Surface Charge. Green fluorescent
PEG is readily available, but many applications require the use
of a different fluorophore due to the overlap of fluorescent
spectra or the poor transmission of green light through tissue.

We were able to create orange and red fluorescent nano-
particles using functionalized fluorescent molecules and
BTNPs coated with bifunctionalized PEG, providing NH2 or
SH groups available for binding. The orange fluorescent
nanoparticles were synthesized by attaching a maleimide-
labeled cyanine3 to a thiolated BTNP surface. Synthesis of the
red fluorescent nanoparticles took advantage of a cyanine5-
NHS dye that was conjugated to amine groups on the PEG
molecules on the nanoparticle surface. Through these
methods, the BTNP fluorescence can be tuned to a specific
application and will work with standard 488 nm/532 nm/633
nm fluorescent light sources (Figure 4A).
Surface charge is another variable that is relevant to

optimizing the surface properties of nanoparticles for
biomedical applications. For example, a study of polyethyle-
nimine wrapping of BTNPs found that the positively charged
polymers enhanced the interactions with cell membranes and
increased cell uptake of the nanoparticles.28 Conversely, it may
be of interest to add more negatively charged molecules to
minimize unwanted nonspecific attachment of the nano-
particles to cells not intended as a target. We utilized
heterobifunctionalized silane-PEG-COOH to achieve more
negative surface charge and silane-PEG-NH2 to achieve more
positive surface charge (Figure 4B). The effects were
investigated by taking ζ-potential measurements of the
nanoparticles dispersed in PBS with a pH of 7.4. The ζ-
potential of unmodified BTNPs was measured to be −11 ± 1.1
mV. After PEG coating of the surface, the ζ-potential
decreased to −16 ± 0.32 mV. Adding free COOH groups
on the surface led to more negative charge; the ζ-potential was
measured to be −19 ± 0.70 mV. Finally, adding NH2 groups
shifted the ζ-potential in the positive direction to values of
−6.8 ± 0.46 mV. The ζ-potential difference between the
unmodified and the PEGylated nanoparticles was found to be
statistically significant with a p-value of 0.002 (based on a two-
tailed Student’s t test, n = 3). The null hypothesis was also
rejected when comparing the means of the PEGylated
nanoparticles vs the COOH-functionalized BTNPs, and the
PEGylated nanoparticles vs the NH2-functionalized BTNPs,
with p-values of 0.001 and 0.00001, respectively.
These results demonstrate that we can alter the surface

charge of the BTNPs; however, we can also tune how much
the ζ-potential will shift. In the samples presented in Figure 4B,
the charged bifunctional PEG was covering a 40% portion of
the BTNP surface with the rest being monofunctionalized PEG

Figure 4. (A) Different colors of fluorescent BTNPs were prepared to be used with standard fluorescent light sources (488, 532, and 633 nm). (B)
The surface charge of the BTNPs can be adjusted by incorporating positively or negatively charged functional PEG molecules. While PEG-COOH
makes the BTNP surface more negative, PEG-NH2 shifts the ζ-potential to more positive values. (C) The change in the surface charge induced by
the incorporation of charged PEG in the surface coating can be adjusted by varying the proportion of the bifunctionalized charged PEG to the
monofunctionalized PEG with no charged groups. Here, increasing the proportion of PEG-NH2 to PEG in the surface coat leads to an adjustable
increase in the ζ-potential.
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with no charged groups. The ratio of charged biofunctionalized
PEG to monofunctionalized PEG in the surface coating
determines how much the ζ-potential is affected, as
demonstrated in Figure 4C. In this experiment, we tested
BTNPs with surface coatings containing 10%, 20%, or 50% of
PEG-NH2 compared to PEGylated BTNPs with no charged
groups in the PEG layer. As apparent, increasing the
proportion of PEG-NH2 in the surface PEG layer correlates

with increasing ζ-potential. Thus, through thoughtful compo-
sition of the PEG surface coating, we can tune the ζ-potential
to fit our desired application.

Directional Conjugation of IgG Antibodies to the
BTNP Surface. Our conjugation chemistry was developed and
optimized on a monoclonal anti-EGFR antibody (clone 225),
but it translates to any IgG antibody that is glycosylated
(Figure 5). The anti-EGFR antibody was first stained with

Figure 5. Schematic of our directional antibody conjugation chemistry. A glycosylated antibody is first fluorescently labeled, and then aldehyde
groups are created on the Fc region. The hydrazide portion of an EMCH cross-linker binds to the aldehyde groups while the maleimide portion
attaches to the thiolated BTNP surface.

Figure 6. (A) Fluorescent micrographs of control BTNPs compared to BTNPs with conjugated fluorescent EGFR antibodies. The strong
fluorescence confirms the presence of attached antibodies. (B) Quantitative analysis of fluorescence showed that the difference is statistically
significant with p-value lower than 0.001 (n = 638).
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orange fluorescent Alexa Fluor 555 to enable the verification of
successful binding to the BTNP surface. (Other fluorescent
options such as Alexa Fluor 488 or 647 can be selected instead,
depending on the application.) Reacting the antibody with
sodium periodate then induced oxidation of the Fc region,
yielding reactive aldehyde groups. The presence of aldehydes
was confirmed with a Purpald test (qualitative results are
shown in Figure S2). To covalently bind this modified
antibody to the nanoparticle surface, we utilized a midlength
(11.8 Å, MW 225.24) N-ε-maleimidocaproic acid hydrazide
(EMCH) cross-linker. The hydrazide end of EMCH can
efficiently react with aldehydes in amine-free buffers with pH
of 6.5−7.5 to form hydrazone bonds and create a stable
conjugate. The reaction resulted in antibodies with the
maleimide ends of EMCH exposed on the Fc region. These
maleimide groups then reacted with available thiol groups on
the nanoparticle surface to form thioether bonds. Stable
conjugates of the BTNPs and antibodies were created where
the Fc region was bound to the BTNP surface and the
antibody binding region was facing outward to increase the
efficiency of molecular targeting.
The presence of antibodies on the BTNP surface was

verified by fluorescent microscopy. Figure 6A shows control
PEGylated nanoparticles without any antibodies exhibiting
minimal orange autofluorescence. However, upon the con-
jugation of Alexa Fluor 555-labeled EGFR antibody, strong
fluorescent signals are present. The fluorescence of n = 638
nanoparticles for both conditions was quantified. A two-tailed
Student’s t test revealed that the difference of the means was
statistically significant with p < 0.001 (Figure 6B). In addition,
we sought to quantify the amount of antibody that conjugated
to the nanoparticle surface. Using a spectrofluorometer, we
measured the fluorescent antibody concentration in the BTNP
sample to average 4.59 ± 1.67 μg/mL. Using the antibody
molecular weight and the number of nanoparticles in the
sample, we were able to compute that the number of
antibodies bound per nanoparticle averaged 55.5 ± 16.5.
The calculation is shown in detail in Figure S3. On the basis of
the fluorescent microscopy results and the spectrofluorometer
data, we conclude that we can successfully conjugate anti-

EGFR antibodies to BTNPs at quantities enabling molecular
targeting of the BTNPs to cells of interest.

Molecular Targeting of BTNPs to A431 Cells. Next, we
evaluated the molecular targeting capabilities with cultured
cells. Human epidermoid carcinoma cells (A431 cell line),
which highly overexpress EGFR, were incubated with the
BTNP−antibody conjugates at 36 °C for 2 h. The 2 h time
point was chosen based on studying cell uptake rates
comparing the incubation of antibody-conjugated BTNPs
and control BTNPs with the cells over time (the results are
shown in Figure S6). The final concentration of the BTNPs in
our sample was 50 μg/mL, which does not cause any decrease
in cell viability as indicated by our studies (cytocompatibility
data are included in Figure S5). Additionally, three control
experiments were carried as part of this molecular targeting
study. First, to assess the levels of nonspecific binding,
PEGylated BTNPs without conjugated antibodies were
incubated with the cells under the same conditions. Second,
to study the role of EGFR in BTNP binding and uptake, we
incubated the BTNP−antibody conjugates with the cells in the
presence of free-floating anti-EGFR IgG to block the receptors
and inhibit any EGFR-mediated effects. Third, to inhibit all
endocytosis effects, we performed the incubation at 4 °C. The
molecular targeting results were quantified by using fluorescent
microscopy as all the BTNPs used were labeled with FITC for
imaging purposes. After 2 h of incubation, the unbound
nanoparticles were cleared by using a 5 μm centrifuge filter,
and the cells were imaged with a fluorescent microscope.
BTNP−antibody conjugates were found to have high levels

of binding to A431 cells. This is apparent from both bright
field and fluorescent micrographs shown in Figure 7A. On the
other hand, there was an evident decrease in the signal in the
case of nontargeted BTNPs (without the antibody) and in the
case of EGFR blocking (with the free-floating antibody).
Finally, no visible BTNP binding was observed in the 4 °C
condition as the signal was indistinguishable from cell
autofluorescence. To quantify these results, we isolated regions
of n = 60 cells from the bright field images and analyzed FITC
emission in the corresponding regions in the fluorescent
images. The mean fluorescence per cell in the targeted BTNP
sample (with conjugated antibodies) was 2.42 × 104 ± 1.58 ×

Figure 7. (A) Bright field and fluorescent images of A431 cells after a 2 h incubation with the BTNPs. Tested conditions included the targeted
sample (BTNPs with conjugated antibodies), the nontargeted sample (BTNPs without antibodies), EGFR blocking with free-floating IgG, and
targeted BTNP incubation at 4 °C. Both bright-field and fluorescence images show strong binding of the BTNPs in the targeted case while there is
a significant decrease in the signal for the nontargeted sample and the EGFR blocking sample. Incubation at 4 °C yielded images indistinguishable
from cell autofluorescence, suggesting minimal binding to cells. (B) Quantification of the BTNP binding through analysis of FITC fluorescence per
cell. BTNP-EGFR binding was significantly stronger than all the other tested conditions (n.s. = not statistically significant, *p < 0.05, **p < 0.01,
***p < 0.001, n = 60).
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104 au. The control samples averaged 1.70 × 104 ± 1.09 × 104

au for the nontargeted condition (no antibodies), 1.79 × 104 ±
1.22 × 104 au for the EGFR blocking condition (free-floating
IgG), and 1.03 × 104 ± 0.684 × 104 au for the 4 °C incubation.
Furthermore, cell autofluorescence with no BTNPs was
quantified as 0.796 × 104 ± 0.450 × 104 au per cell. The
statistical significance was assessed by using the Mann−
Whitney U-test since the data distributions are not normal (as
confirmed by the Lilliefors test with resulting p-values smaller
than 0.01 for all tested conditions). The targeted BTNP−
antibody sample fluorescence increase was statistically
significant compared to all conditions, with p < 0.01 compared
to the nontargeted sample, p < 0.05 compared to the EGFR
blocking sample, and p < 0.001 compared to 4 °C incubation
and cell autofluorescence. The difference between the
nontargeted sample and the EGFR blocking sample was
found not statistically significant; however, both conditions
had significantly stronger fluorescence than 4 °C and
autofluorescence (p < 0.01 and p < 0.001, respectively).
Finally, the fluorescence of the 4 °C incubation sample was not
significantly different from cell autofluorescence. The statisti-
cally significant differences between the targeted and non-
targeted samples were preserved when we analyzed a large
number of cells using flow cytometry (described in Figure S4).
On the basis of all presented evidence, we conclude that while
there is some nonspecific binding of nontargeted BTNPs to the
cells, the binding levels can be significantly increased by
conjugating targeting antibodies to the BTNP surface. The
BTNP−antibody conjugate binding to the cells is EGFR-
mediated and reliant on the availability of the EGFR receptor.

■ CONCLUSIONS
In summary, we were able to prepare stable dispersions of
BTNPs by covalently binding PEG polymers to the nano-
particle surface. The PEGylation chemistry enabled us to
perform further modifications including fluorescent labeling,
tuning of the surface charge, and directional conjugation of
IgG antibodies for cell-specific targeting. These all are critical
modifications of BTNPs that can expand the nanoparticle
applications in medical imaging, cancer therapy, and neuro-
stimulation. First, having a stable solution of BTNPs minimizes
the negative effects linked to nanoparticle aggregation such as
decreased cellular uptake or potential cytotoxicity. Further-
more, nanoparticle aggregation in vivo can decrease the
nanoparticle circulation time, interfering with efficient delivery
to target sites for imaging or therapy. Additionally, large
nanoparticle clusters can prevent efforts to facilitate blood−
brain barrier crossing for applications in the brain. Stable
BTNP dispersion also improves the shelf life of the
nanoparticles. Second, fluorescent labeling is of importance
to confirming nanoparticle delivery to a target location or
studying clearance mechanisms in vivo. Thanks to our
multicolor fluorescent labeling, the nanoparticle excitation/
emission wavelengths can be selected depending on the
experimental setup, avoiding interference with other fluores-
cent agents that might be used simultaneously with the
BTNPs. Third, tuning the surface charge directly impacts how
the nanoparticles will interact with both biological and
nonbiological samples. A charged surface can be utilized to
facilitate or inhibit nanoparticle binding to a substrate.
Similarly, positively charged nanoparticles can be endocytosed
by cells at higher rates while negatively charged nanoparticles
have less binding to membranes, minimizing unwanted

nonspecific interactions. Last, antibody conjugation is critical
for molecular targeting to specific cells of interest. BTNPs
targeted to tumor cells can be used in a multifunctional fashion
for both cancer imaging (through either SHG or fluorescence)
and therapy (via photothermal therapy, drug or gene delivery,
or noninvasive application of chronic ultrasound). Similarly,
neuron stimulation applications can benefit from having the
BTNPs targeted to different subpopulations of cells, such as
excitatory neurons, inhibitory neurons, genetically transfected
neurons, and so on. Overall, this versatile set of surface
modifications enables seamless preparation of BTNPs with
desirable properties for applications in imaging, therapy, or
brain stimulation.
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■ ABBREVIATIONS

BTNPs, barium titanate nanoparticles; PEG, poly(ethylene
glycol); CD, cyclodextrin; PBS, phosphate buffered saline;
TEM, transmission electron microscopy; PFM, piezoresponse
force microscopy; FTIR, Fourier-transform infrared spectros-
copy; ATR, attenuated total reflectance; DLS, dynamic light
scattering; EGFR, epidermal growth factor receptor; EMCH,
N-ε-maleimidocaproic acid hydrazide; XRD, X-ray powder
diffraction.
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