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ABSTRACT: Ultrasmall iron oxide nanoparticles
(USIONPs) (<4 nm) have recently attracted significant
attention because of their potential as positive T1 magnetic
resonance imaging (MRI) contrast agent contrary to larger
superparamagnetic iron oxide nanoparticles (>6 nm) which
act as negative T2 MRI contrast agents. However, studies on
the cellular uptake behavior of these nanoparticles are very
limited compared to their counterpart, larger-sized super-
paramagnetic iron oxide nanoparticles. In particular, the
effects of specific nanoparticle parameters on the cellular
uptake behavior of USIONPs by various cancer cells are not available. Here, we specifically investigated the role of USIONPs’
surface functionalities [tannic acid (TA) and quinic acid (QA)] in mediating cellular uptake behavior of cancer cells pertaining
to primary (U87 cells) and metastatic (MDA-MB-231Br cells) brain malignancies. Here, we chose TA and QA as representative
capping molecules, wherein TA coating provides a general negatively charged nontargeting surface while QA provides a tumor-
targeting surface as QA and its derivatives are known to interact with selectin receptors expressed on tumor cells and tumor
endothelium. We observed differential cellular uptake in the case of TA- and QA-coated USIONPs by cancer cells. Both the cell
types showed significantly higher cellular uptake of QA-coated USIONPs compared to TA-coated USIONPs at 4, 24, and 72 h.
Blocking studies indicated that P-selectin cell surface receptors, in part, mediated the cellular uptake of QA-coated USIONPs.
Given that P-selectin is overexpressed in cancer cells, tumor microenvironment, and at the metastatic niche, QA-coated
USIONPs hold potential to be utilized as a platform for tumor-targeted drug delivery and in imaging and detection of primary
and metastatic tumors.
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1. INTRODUCTION

Ultrasmall iron oxide nanoparticles (USIONPs) (<4 nm) have
recently attracted considerable attention because of their
ability to act as a biocompatible positive T1 magnetic
resonance imaging (MRI) contrast agents.1 The ability to
perform as a positive T1 MRI contrast agent renders USIONPs
highly valuable in disease monitoring;1 particularly in cancer
diagnosis and imaging. Conventionally, in a clinical setting,
gadolinium complexes are used as T1 MRI contrast agents
which produce a brighter MRI image with high resolution
resulting in easy detection.1,2 However, gadolinium complexes
are known to cause brain lesions1 because of undesirable
accumulation in addition to acute liver and kidney toxicity.1,3

To overcome the toxicity associated with gadolinium
complexes, larger superparamagnetic iron oxide nanoparticles
(diameter typically greater than 6 nm) (e.g., Feridex) were
approved by U.S. food and drug administration (FDA) as
negative T2 MRI contrast agents owing to their biocompati-
bility.1,4 However, they were later taken off of the market

because of the low resolution and high background
interference.1,2,5 In addition, they tend to passively accumulate
in the liver, spleen, and lymph nodes which further limit their
efficacy in imaging diseased tissue.1,6,7 USIONPs have the
potential to overcome these challenges associated with both
gadolinium complexes and larger superparamagnetic iron oxide
nanoparticles by acting as the biocompatible T1 MRI contrast
agent.8,9 In addition to serving as the T1 MRI contrast agent,
USIONPs can also be engineered to specifically target tumor
cells. Tumor-targeting ligands and chemotherapeutic drugs can
be simultaneously conjugated to the USIONPs surface in order
to deliver chemotherapeutic drugs in a targeted manner, hence
demonstrating their potential as a therapeutic platform.10

Therefore, in addition to imaging, USIONPs can be
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simultaneously utilized as a targeted drug carrier, making them
excellent candidates for cancer theranostics.10

In general, for the nanoparticles to be effective for cancer
targeting applications, the uptake of nanoparticles by cancer
cells is critical. Several factors influence cellular uptake of
nanoparticles in vitro and in vivo.11,12 These include
physicochemical factors such as the size, shape, surface charge,
and surface chemistry.11−17 For instance, the shape and size of
nanoparticles influence the cellular uptake by governing the
way the nanoparticles bind and activate the cell membrane for
uptake.11,18−21 In addition, surface charge of the nanoparticles
also influences the cellular uptake by mediating the surface
protein adsorption which impacts the nanoparticle−cell
membrane interactions.11,22 Apart from the physical aspects,
surface chemistry also plays a key role in mediating cellular
uptake, which can be altered by coating or functionalizing the
nanoparticle surface with biocompatible polymers. For
example, larger superparamagnetic iron oxide nanoparticles
coated with biocompatible polymers like poly-L-lysine,23

polyethylene glycol,24 poly vinyl alcohol,25 chitosan,25 and
carbohydrates like dextran,26 amino-dextran,26 and starch24

have been designed to passively target cancer cells through
tumor accumulation, selective tumor embolization, or by
enhanced permeability and retention effect.27 To specifically
target cancer cells, larger superparamagnetic iron oxide
nanoparticles have also been engineered to actively interact
with cancer cell-specific membrane receptors through mono-
clonal antibodies,28−44 small peptides, or molecules.45

However, compared to the well-understood larger super-
paramagnetic iron oxide nanoparticles (utilized as T2 MRI
contrast agent),46−49 the impact of physicochemical properties
of USIONPs on the cellular uptake behavior of cancer cells
needs further investigation.
Previously, we demonstrated the shape-dependent cellular

uptake in case of positive T1 spherical tannic acid (TA)-coated
USIONPs (TA-USIONPs) and TA-coated ultrasmall nano-
wires, wherein we found that the uptake of spherical TA-
USIONPs by HepG2 liver cells was much higher (26%)
compared to TA-coated US nanowires (5%).50 In the present
study, we investigated how the surface chemistry of USIONPs
impacts the cellular uptake by characterizing and comparing
the uptake of quinic acid (QA)-coated USIONPs (QA-
USIONPs) by cancer cells pertaining to highly aggressive
primary and metastatic brain malignancies to that of TA-
USIONPs in vitro. QA was chosen as QA and its derivatives
have been known to interact with the P-selectin cell surface
receptors51−53 which is overexpressed in tumor cells,54−56

tumor microenvironment,56,57 and at the metastatic
niche.56,58−60 We investigated the differences between the
cellular uptake of QA-USIONPs and TA-USIONPs and
examined the role of P-selectin in mediating the selective
uptake of QA-USIONPs.

2. MATERIALS AND METHODS
2.1. Materials. All of the chemical reagents were purchased and

used without further purification, including chloroform (Sigma-
Aldrich, 99%), acetone (BDH, 99.5%), ethanol (BDH, 100%),
methanol (Alfa Aesar, 100%), TA (Acros, 95%), D-QA (Sigma-
Aldrich, 98%), and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES, OmniPur).
2.2. Synthesis of QA-USIONPs and TA-USIONPs. Thermal

decomposition of the iron oleate precursor to form USIONPs was
used according to previously published papers.9,50,61 Because the
particles were synthesized under organic conditions, a modified ligand

exchange procedure9 was used to exchange the organic ligands on the
as-synthesized USIONPs with either TA or QA. More specifically,
either TA (15 mg, 0.008 mmol) or QA (70 mg, 0.36 mmol) was first
dissolved in 0.5 mL of DI water followed by the addition of 5 mL of
methanol and 5 mL of acetone. The solution was sonicated to mix
well. Next, the cleaned and weighed USIONPs in chloroform (5 mL,
1 mg/mL) were added to the ligand solution and sonicated to mix
well. The solutions were mixed overnight at 45 °C in a shaker at 250
rpm. Next, the particles were collected via centrifugation (15 min, 15
000 rpm) and redispersed in ethanol (5 mL) at a concentration of 1
mg/mL. An equal volume of water was added, and the solutions were
heated up to evaporate the ethanol. The particles were finally
collected via centrifugation and redispersed in water (5 mL) for a final
concentration of 1 mg/mL. The particles were washed thrice with a
2:1 mixture of ethanol and water to remove excess TA or QA. For cell
treatment, the QA/TA-USIONPs were sterilized in 70% ethanol for
15 min, collected via centrifugation, and redispersed in autoclaved 10
mM HEPES buffer at a final concentration of 1 mg/mL.

2.3. Characterization of QA-USIONPs and TA-USIONPs. QA-
USIONPs and TA-USIONPs were characterized for their physical
and surface properties. Specifically, the size and shape of the particles
were determined using transmission electron microscopy (TEM), the
hydrodynamic size and zeta potential were determined using dynamic
light scattering (DLS, Malvern Zetasizer), and the surface chemistry
was determined using Fourier transform infrared spectroscopy
(FTIR). T1 and T2 relaxation times for both the TA-USIONPs and
QA-USIONPs were measured using Bruker minispec (Mq60).

2.4. Cell Culture. MDA-MB-231Br, a brain metastasizing variant
of the triple negative breast cancer line MDA-MB-231 was generously
provided by Dr. Lonnie Shea (University of Michigan). MDA-MB-
231Br cells were routinely maintained in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum
(FBS) (VWR Life Science) and 1% penicillin−streptomycin and
cultured in a 37 °C and 5% CO2 environment. U87, a glioblastoma
multiforme (GBM) cell line was generously provided by Dr.
Yonghyun Kim (The University of Alabama). U87 cells were
routinely maintained in Eagle’s modified Essential medium(ATCC)
supplemented with 10% FBS and 1% penicillin−streptomycin and
cultured in a 37 °C and 5% CO2 environment.

2.5. Cell Proliferation. MDA-MB-231Br or U87 cells were
seeded onto a 96-well plate at a cell seeding density of 5000 cells/well
and were allowed to adhere overnight. The spent media was then
removed and 100 μL of fresh media containing 50 μg/mL of either
QA-USIONPs or TA-USIONPs was added to each well (for dose-
dependent studies, concentration of QA-USIONPs or TA-USIONPs
ranging from 0 to 150 μg/mL was used). The cells were allowed to
uptake nanoparticles for 72 h. MTS assay (CellTiter 96, Promega)
was performed at the end of 72 h as per the manufacturer’s protocol.
Briefly, the spent media containing nanoparticles was replaced by
fresh media followed by incubation with CellTiter 96 solution for 2 h.
After the incubation, absorbance reading was taken at 490 nm using a
Filtermax F5 multimode microplate reader (Molecular Devices). The
absorbance readings in case of cells treated with QA-USIONPs and
TA-USIONPs were then compared to those of the nontreated control
group.

2.6. Prussian Blue Staining. MDA-MB-231Br or U87 cells were
seeded onto glass bottom chamber slides at a cell seeding density of
5000 cells/well and were allowed to adhere overnight. The spent
media was then removed and 100 μL of fresh media containing 50
μg/mL of either QA-USIONPs or TA-USIONPs was added to each
well. The cells were then allowed to uptake nanoparticles for 4, 24,
and 72 h respectively. The control group was included for every time
point, wherein the cells were not treated with nanoparticles. At each
time point, the spent media containing nanoparticles was removed
and the cells were washed at least twice and then fixed using 4%
paraformaldehyde (PFA) solution in phosphate-buffered saline
(PBS). The fixed cells were stained using Prussian blue staining kit
(Polysciences Inc.) as per the standard protocol. Briefly, the cells were
treated with 1:1 solution of 4% hydrochloric acid (HCl) and
potassium ferrocyanide for 30 min at 37 °C followed by a 1:1 solution
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of PBS and nuclear fast red dye for 5 min. The cells were washed (2×)
and bright-field images were taken using an Olympus IX83
microscope.
2.7. Ferrozine Assay for Iron Quantification. To quantify the

uptake of QA-USIONPs and TA-USIONPs by cancer cells and
determine the intracellular iron concentration, ferrozine assay was
performed as described previously.62 Briefly, MDA-MB-231Br or U87
cells were seeded onto a 96-well plate at a cell seeding density of 5000
cells/well and were allowed to adhere overnight. The spent media was
then removed and 100 μL of fresh media containing 50 μg/mL of
either QA-USIONPs or TA-USIONPs was added to each well. The
cells were allowed to uptake nanoparticles for 4, 24, and 72 h,
respectively. The control group was included for every time point,
wherein the cells were not treated with nanoparticles. The spent
media containing nanoparticles was removed and the cells were
washed with PBS (2×) at every time point. Further, the cells were
lysed using 100 μL per well of 50 mM NaOH solution in deionized
nanopure water for 2 h at room temperature followed by overnight
lysis at 4 °C. The lysate was then stored at 4 °C in Eppendorf tubes
for iron quantification.
Cell lysates (100 μL aliquots) were then placed in the Eppendorf

tubes and 100 μL of 10 mM HCl solution in deionized nanopure
water was mixed followed by further addition of 100 μL iron releasing
solution (a freshly mixed 1:1 solution of 1.4 M HCl and 4.5% w/v
KMnO4 in deionized nanopure water). The mixture was then
incubated at 60 °C for 2 h. The mixture was then allowed to cool to
room temperature before adding 30 μL of the iron-detection reagent
(6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium acetate,
and 1 M ascorbic acid dissolved in deionized nanopure water). After
30 min, 280 μL of the solution was pipetted into a well of 96-well
plate. The absorbance of the well was then measured at 562 nm on a
microplate reader (Molecular Devices). The iron content was then

determined using the calibration curve generated through standard
solutions of equal volumes. The standard solution for the calibration
curve was made in the similar way by mixing 100 μL of FeCl3 solution
(0−20 μg/mL) in 10 mM HCl, 100 μL of 50 mM NaOH, 100 μL of
releasing solution, and 30 μL of the iron detection reagent. In a
separate experimental setup, we determined the number of cells per
well in control, QA-USIONP-treated and TA-USIONP-treated
groups at 4, 24, and 72 h, respectively, using the trypan blue
exclusion test, which was then used to obtain iron content per cell at
given time points.

2.8. Immunofluorescence Staining. MDA-MB-231Br or U87
cells were seeded onto a 96-well plate at a cell seeding density of 5000
cells/well and were cultured for 72 h. The spent media was then
removed, and the cells were washed with PBS at least twice. The cells
were then fixed using 4% PFA, permeabilized using 0.1% Triton-X
(VWR) in PBS, and blocked with 5% bovine serum albumin in PBS.
The cells were then incubated with 2.5 μg/mL of the primary
antibody (anti-P-selectin antibody) (sc-271267; Santa Cruz Bio-
technology) overnight at 4 °C followed by incubation with 1 μg/mL
of the Alexa Fluor 488-conjugated goat anti-mouse secondary
antibody for 2 h (Invitrogen). Cell nuclei were visualized using 4,6-
diamidino-2-phenylindole (DAPI) (Invitrogen). Fluorescence images
were taken using an Olympus IX83 microscope with a spinning disc
confocal attachment.

2.9. Blocking Studies. MDA-MB-231Br cells were seeded onto a
96-well plate at a cell seeding density of 5000 cells/well and were
allowed to adhere overnight. The spent media was then removed and
100 μL of fresh media containing free QA (1.6, 16 and 160 μg/mL)
or anti-P-selectin antibody (2.5 and 16 μg/mL) (sc-271267; Santa
Cruz Biotechnology) was added to the wells. The cells were then
incubated with free QA and anti-P-selectin antibody for 4 h before
feeding them with 50 μg/mL of QA-USIONPs. The cells were

Figure 1. Characterization of TA-USIONPs and QA-USIONPs. TEM images of (A) TA-USIONPs and (B) QA-USIONPs (scale bar = 20 nm),
(C) hydrodynamic size of TA-USIONPs and QA-USIONPs, (D) zeta potential of TA-USIONPs and QA-USIONPs, and (E) FTIR of TA-
USIONPs and QA-USIONPs. TA is represented in black and QA in blue for all images.
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allowed to uptake nanoparticles for 24 h, following which ferrozine
assay was performed for iron quantification.
2.10. Statistical Analysis. All experiments were performed with

at least n = 6 replicates per condition and the results are presented as
mean ± standard deviation. For the comparison of two samples, a t-
test was performed (using JMP software). For multiple comparisons,
the acquired data were subjected to ANOVA followed by the post-hoc
Tukey HSD test (using JMP software). In case of non-normal data, a
nonparametric Wilcoxon each pair test was performed (using JMP
software). P-value less than 0.05 was considered statistically
significant.

3. RESULTS AND DISCUSSION
Here, we elucidated how TA and QA surface functionalities on
USIONPs impact their uptake by cancer cells. TA coating
provides a general negatively charged surface to USIONPs
while QA was chosen because of its potential targeting ability
as QA and its derivatives are known to interact with selectin
receptors expressed on tumor cell surfaces.51−53 We demon-
strated the targeting capability of QA-USIONPs by comparing
their in vitro cellular uptake with the previously reported TA-
USIONPs,50,61 using highly aggressive primary (U87) and
metastatic (MDA-MB-231Br) brain tumor cells as brain-
related malignances are extremely aggressive and current
diagnostic as well as therapeutic techniques have proved largely
ineffective in targeting these tumors.63 Further, we investigated
the differences between the cellular uptake of QA-USIONPs
and TA-USIONPs; specifically, the role of P-selectin in
mediating the selective uptake of QA-USIONPs.
3.1. Synthesis and Characterization of QA-USIONPs

and TA-USIONPs. USIONPs (<4 nm) were synthesized using
the well-defined thermal decomposition method.9,50,61 For use
in biological applications, a ligand exchange was performed to
replace the organic ligands with biologically compatible
molecules on the surface of USIONPs. Previously, we reported
the synthesis of TA-USIONPs and also demonstrated their
tumor-site accumulation in vivo.50,61 TA was originally chosen
as a surface ligand because of biocompatibility64,65 and because
the bulky nature of this hydrophilic molecule allowed for a
hydrophilic environment and effective water exchange,
necessary for use as a T1 MRI contrast agent.61 In addition
to biocompatibility, surface functionalization can be used to
enhance cellular uptake by targeting cell surface receptors.
Herein, we rationally functionalized the surfaces of USIONPs
with QA to explore the potential of using QA to target cancer
cells. We further evaluated the targeting potential of QA as a
surface coating by comparing the cellular uptake of QA-
USIONPs to TA-USIONPs.
To evaluate the USIONPs after the ligand exchange, both

the QA-USIONPs and TA-USIONPs were characterized for
their physical and chemical properties after the ligand
exchange. The morphology and uniformity of TA-USIONPs
and QA-USIONPs were evaluated using TEM. TEM imaging
indicated that the TA-USIONPs (Figures 1A, S1A) and QA-
USIONPs (Figures 1B, S1B) maintained their shape and size.
The actual particle size after the ligand exchange was 2.5 ± 0.7
nm for TA-USIONPs and 3.0 ± 0.7 nm for QA-USIONPs
(Figure S1C,D).
To further characterize the bulk solution, DLS was used to

determine the hydrodynamic size of the USIONPs (Figure
1C) after the ligand exchange. USIONPs prior to the ligand
exchange had a hydrodynamic size of 5.5 ± 1.7 nm.50 After the
ligand exchange, the TA-USIONPs had a peak size of 38 ± 22
nm and the QA-USIONPs had a peak size of 22 ± 14 nm. The

hydrodynamic size distribution was determined over an
average of several (>10) measurements with a standard
deviation as indicated above. The large hydrodynamic size
increase and standard deviation for the TA-USIONPs and QA-
USIONPs was likely because of interactions of the surface
functional groups and counter ions present in solution, which
is seen by the tail in the DLS plots (Figure 1C). The intensity
and number distributions of TA-USIONPs and QA-USIONPs
were also measured in culture media at 4, 24, and 72 h
timepoints. A size increase at all time points was observed
which might be due to the presence of serum in culture media
(Figure S2A,B). DLS was also used to measure the USIONPs
surface charge, and the zeta potential for both the QA-
USIONPs and the TA-USIONPs (Figure 1D) was −40 mV.
The highly negative zeta potential was indicative of the −OH
surface functional groups and indicated good electrostatic
repulsion.
FTIR was used to determine the surface chemistry of the

TA-USIONPs and QA-USIONPs (Figure 1E). Both TA-
USIONPs and QA-USIONPs exhibited broad −OH stretching
at 3400 cm−1 as well as additional peaks for −OH bending
vibration (1640 cm−1), −OH bonding in plane (1330−1430
cm−1), and out of plane (600−680 cm−1). TA-USIONPs
exhibited additional peaks characteristic of aromatic CC
stretching (1580 and 1485 cm−1) and aromatic C−H out of
plane bending (760 and 820 cm−1). These peaks were not
observed in the FTIR of QA-USIONPs. TA-USIONPs also
exhibited the characteristic C−O peak at 1200 cm−1 which
may be indicative of partial oxidation. Finally, the characteristic
peaks for carboxylic acid CO stretching (1780−1710 cm−1)
were not observed on the IR for QA-USIONPs, indicating
carboxylic acid interaction with the USIONPs surfaces.
We have previously shown that the surface capping

molecules did not affect the magnetic response of the
nanoparticles with high paramagnetic signal.50,61 Here, the T1
and T2 relaxation times for both the TA-USIONPs and QA-
USIONPs were measured using a Bruker minispec (Mq60).
The characteristic relaxivities (r1 and r2) were calculated
according to the following equation, 1/Ti sample = 1/Ti solvent +
ri[M](i = 1,2), where 1/Ti sample and 1/Ti solvent are the
relaxation times of USIONPs solutions and pure solvent in
s−1, respectively, [M] is the concentration of iron in mM, and
ri(i = 1,2) is the relaxivity of the USIONPs. TA-USIONPs
exhibited an r1 of 2.8 mM−1 s−1, an r2 of 6.4 mM−1 s−1, and an
r2/r1 ratio of 2.3. QA-USIONPs had r1 relaxivity of 1.1 mM−1

s−1, r2 relaxivity of 6.3 mM−1 s−1, and an r2/r1 ratio 5.8.
The r2/r1 ratios are a key indicator to determine whether a

contrast agent is suitable as a T1 or T2 contrast agent.
Typically, a T1 contrast agent has an r2/r1 ratio less than 4 and
a T2 contrast agent has an r2/r1 ratio greater than 10. Here,
QA-USIONPs exhibited an r2/r1 ratio of 5.8 which is an
indication that QA-USIONPs may be able to function as a dual
T1/T2 contrast agent. The differences in the relaxivities and
relaxivity ratios of the TA-USIONPs and QA-USIONPs were
likely because of the surface coatings. We previously
hypothesized that TA would make a good surface coating for
T1 contrast agents because the bulky sized molecule could
allow for fast water exchange from the USIONP surfaces to the
surroundings.50 QA, a much smaller molecule, likely had very
tight, dense ligand packing on the USIONP surfaces. Tightly
packed ligand surfaces may inhibit water exchange and lower
T1 efficiency. The data further support this hypothesis as the r2
values for both the TA-USIONPs and QA-USIONPs are the
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same, however, the r1 relaxivity for the QA-USIONPs was ∼2.5
times lower than the r1 of TA-USIONPs.
3.2. Cellular Uptake Studies. We first investigated if QA-

USIONPs and TA-USIONPs affect cancer cell proliferation
and viability. To test this, we performed a quantitative MTS
cell proliferation assay. We found that both QA-USIONPs and
TA-USIONPs do not significantly impact MDA-MB-231Br
cellular proliferation (Figure 2). In addition, MDA-MB-231Br

cell viability was also unaffected by QA-USIONPs and TA-
USIONPs (Figure S3). In case of U87 cells, we did observe
significant (p < 0.05) decrease in cellular proliferation because
of QA-USIONPs (by ∼0.2-fold) and TA-USIONPs (by ∼0.3-
fold) compared to nontreated control (Figure 2). However,
U87 cell viability was unaffected by QA-USIONPs and TA-
USIONPs (Figure S3). This indicates that the presence of QA-
USIONPs and TA-USIONPs affects the cellular proliferation
but not the viability in case of U87 cells. The cellular
proliferation of MDA-MB-231Br cells was not affected by QA-
USIONPs or TA-USIONPs treatment (Figure S4). However,
the presence of QA-USIONPs and TA-USIONPs affected U87
cell proliferation in a dose-independent manner (Figure S5).
Overall, these results indicate that the QA-USIONPs and TA-
USIONPs tend to impact the cellular proliferation (depending
on the cell line); however, they do not impact cell viability.
Next, we evaluated the targeting capabilities of QA-

USIONPs and TA-USIONPs by characterizing their uptake
by MDA-MB-231Br and U87 cancer cells. Qualitative Prussian
blue staining revealed that the uptake of QA-USIONPs by
both cell lines was higher compared to TA-USIONPs at any
given time point (Figure 3A,B). QA-USIONPs were observed
to localize near the cell membrane at early time points (i.e., 4
h) specifically in the case of MDA-MB-231Br cells (Figures 3A,
S6), indicating interaction between QA-USIONPs and certain
cell surface receptors.
To confirm the qualitative observations from the Prussian

blue iron staining, we performed quantitative ferrozine
colorimetric assay for determining the cellular iron content
as described previously.62 The calibration curve was generated
through standard solutions of equal volumes as that of test
samples (R2 = 0.99) (Figure S7). While analyzing the ferrozine
colorimetric assay data, all the data points were adjusted to
accommodate for the inherent iron content in the control
group (nontreated cells). In addition, for the 4 h time point,
the iron content in some samples treated with TA-USIONPs
turned out to be negative after adjusting for the inherent iron
content. These negative data points were set to zero as they

represent the samples for which iron content was below the
detection limit of the instrument.
Indeed, we observed significantly high cellular iron content

in case of QA-USIONPs as compared to TA-USIONPs at any
given time point for both cell lines consistent with Prussian
blue staining results (Figure 4A,B). The cellular iron content in
case of QA-USIONPs for MDA-MB-231Br was 7.6 ± 3.06, 3.6
± 0.77, and 1.8 ± 0.37 pg/cell at 4, 24, and 72 h, respectively,
and for U87 was 7.1 ± 3.90, 4.8 ± 0.34, and 3.3 ± 1.56 pg/cell
at 4, 24, and 72 h, respectively (Figure 4A,B). In case of TA-
USIONPs, the cellular iron content for MDA-MB-231Br was
0.17 ± 0.33, 0.73 ± 0.69, and 0.45 ± 0.19 pg/cell at 4, 24, and
72 h, respectively, and for U87 was 0.60 ± 0.39, 0.61 ± 0.09,
and 1.63 ± 0.05 pg/cell at 4, 24, and 72 h, respectively (Figure
4A,B). Further, the ratios of the magnitude of iron content in
cells treated with TA-USIONPs to the magnitude of iron
content in cells treated with QA-USIONPs at 4, 24, and 72 h
time points were computed in order to examine the targeting
capability of QA-USIONPs at the early time point. The ratio
was lowest at 4 h time point indicating that the QA-USIONPs
tend to selectively bind to the cancer cells before being up-
taken through processes such as endocytosis, whereas the TA-
USIONPs are nonselectively up-taken through processes such
as endocytosis (Figures 4C, S8). As the time proceeds, the
ratio increases as ultimately TA-USIONPs are also non-
selectively up-taken through endocytosis (evident via TEM
visualization of endocytosis, Figure S8). Further, the ratio at 4
h time point was lower for MDA-MB-231Br cells (0.04 ±
0.08) when compared to U87 cells (0.12 ± 0.12), indicating
enhanced targeting capability of QA-USIONPs in case of
MDA-MB-231Br cells; however, this difference did not reach
statistical significance when analyzed via nonparametric
Wilcoxon each pair test (p = 0.08). This observation is in
line with the observations made through Prussian blue staining,
wherein we observed localization of QA-USIONPs near the
MDA-MB-231Br cell membrane (Figures 3A, S6). In addition,
the cellular uptake of QA-USIONPs was enough to generate a
detectable MRI signal (Figure S9).
In order to establish the targeting capability of QA-

USIONPs through their interaction with cancer cell surface
receptors, the cells were blocked with free QA prior to feeding
QA-USIONPs. Further, the impact of blocking the potential
cancer cell surface receptors with free QA on the cellular
uptake of QA-USIONPs was determined using ferrozine
colorimetric assay. MDA-MB-231Br cells were chosen for
this study because of the enhanced targeting capability of QA-
USIONPs as observed via Prussian blue iron staining and
ferrozine colorimetric assay. We theoretically estimated the
concentration of surface-bound QA in 50 μg/mL of QA-
USIONPs to be ∼32 μg/mL. It was assumed that at any given
time point, only half the surface area of QA-USIONPs was
available to interact with the cell membrane, and hence, the
effective concentration of surface-bound QA interacting with
the cell membrane was ∼16 μg/mL. Based on this estimation,
the following concentrations of free QA were chosen to block
MDA-MB-231Br cells in order to cover a wide range: 1.6, 16,
and 160 μg/mL. The cells were blocked with QA for 4 h prior
to treating with QA-USIONPs. Ferrozine colorimetric assay
was performed 24 h after treatment with QA-USIONPs in
order to measure cellular uptake. The 24 h time point was
chosen to minimize the cellular uptake of QA-USIONPs
because of nonspecific endocytosis which may occur at later
time points (72 h). In addition, the cellular iron content at 24

Figure 2. Proliferation of MDA-MB-231Br and U87 cells treated with
50 μg/mL of QA-USIONPs or TA-USIONPs for 72 h. Error bars
represent standard deviation. N = 9 replicates per condition.
*Indicates statistically significant difference (p < 0.05) compared to
the respective control group.
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h time point is also well above the detection limit so as to
reliably compute the difference in the uptake due to blocking.
Indeed, we observed decreased (∼0.2-fold; p < 0.05) cellular

uptake of QA-USIONPs by MDA-MB-231Br cells after
blocking with free QA when compared to the nonblocked
control group (Figure 5). This indicates that the QA coated
onto the nanoparticles interacts with certain cell surface
receptors conferring the QA-USIONPs with the targeting

capability. However, we observed that the decrease in the
magnitude of cellular uptake of QA-USIONPs did not change
significantly with the concentration of free QA used to block
the cells. In addition, even the highest free QA concentration
(i.e., 160 μg/mL) was unable to completely block the uptake
of QA-USIONPs. These observations may be attributed to the
following reasons: (i) QA is a much smaller molecule and
hence, after binding to the cell surface receptors, it might be

Figure 3. Prussian blue staining qualitatively reveals higher cellular uptake of QA-USIONPs when compared to TA-USIONPs at any given time-
point for (A) MDA-MB-231Br and (B) U87 cells. Both the cell lines were treated with 50 μg/mL of QA-USIONPs or TA-USIONPs for 4, 24 and
72 h following which Prussian blue staining was performed. Black arrows in case of 4 h time-point for MDA-MB-231Br cells treated with QA-
USIONPs indicate the localization of QA-USIONPs near the cell membrane. Images were acquired at 10× magnification (scale bar = 100 μm).

Figure 4. Quantification of cellular iron content by ferrozine colorimetric assay revealed significantly higher cellular uptake and targeting capability
of QA-USIONPs when compared to TA-USIONPs at any given time-point. (A) Quantification of cellular iron content for MDA-MB-231Br cells
treated with 50 μg/mL of QA-USIONPs or TA-USIONPs for 4, 24 and 72 h, respectively. (B) Quantification of cellular iron content for U87 cells
treated with 50 μg/mL of QA-USIONPs or TA-USIONPs for 4, 24 and 72 h, respectively. (C) Ratio of the magnitude of iron content in cells
treated with TA-USIONPs to the magnitude of iron content in cells treated with QA-USIONPs at 4, 24 and 72 h respectively for both MDA-MB-
231Br and U87 cells. Error bars represent standard deviation. N = 6 replicates per condition. *Indicates statistically significant difference (p < 0.05).
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internalized and metabolized by the cell leaving the receptors
free for QA-USIONPs to bind;66 (ii) free QA may not be able
to block the binding site of the receptors completely (acting as
a partial agonist), leaving room for the incoming QA-
USIONPs to bind; (iii) possible differences in the binding
affinity of free QA to P-selectin receptors compared to the
surface bound QA in case of QA-USIONPs.67 Nonetheless, the
significant decrease in the cellular uptake of QA-USIONPs
after blocking with free QA indicates that the interaction of QA
with certain cancer cell surface receptors may be mediating the
selective uptake of QA-USIONPs and conferring them with
the targeting capability.
3.3. Role of P-Selectin in Mediating the Selective

Uptake of QA-USIONPs. To further investigate the role of
cell receptors in mediating the selective uptake of QA-
USIONPs by cancer cells, we treated cells with a P-selectin
antibody and studied its impact on the cellular uptake of QA-
USIONPs. We chose P-selectin because studies have reported
the expression of P-selectin on the surface of tumor cells.54−56

In particular, P-selectin has been shown to be overexpressed on

cancer cells in human cancer tissues including breast cancer56

and GBM,55 whereas normal tissues exhibit minimal
expression. In addition, overexpression of selectins in tumor
and metastatic endothelium has been correlated to tumor
invasiveness and metastasis as a result of increased tumor cell−
endothelium interactions and formation of tumor embo-
li.56,58,59,68 Further, overexpression of selectins in the
endothelium has also been associated with the formation of
metastatic niche.56,58−60 Because of these reasons, P-selectins
have been investigated as a potential target for emerging
targeted cancer therapeutics.55,56,58 Also, selectins recognize
and bind to the carbohydrate epitope sialyl lewisx (sLex), and
hence, efforts have been made to chemically mimic the sLex.52

Particularly, QA and its derivatives have been studied to mimic
the sLex and target P-selectins for therapeutic purposes.51,52,69

Recently, studies have demonstrated the E-/P-selectin
mediated affinity of QA-conjugated polymeric nanoparticles
toward tumor endothelium as a potential platform for targeted
drug delivery.57,70 In light of this information, we hypothesized
that P-selectin could be mediating the selective uptake of QA-
USIONPs by cancer cells.
To test this hypothesis, we first performed immunofluor-

escence staining to examine the expression of P-selectin in
MDA-MB-231Br and U87 cells. Indeed, we observed that both
cell lines express P-selectin; however, the expression was
qualitatively higher in case of MDA-MB-231Br cells compared
to the U87 cells (Figure 6). This observation is in line with
that reported by Ferber et al., wherein they observed that the
P-selectin gene is expressed variably in all cancer types;
however, the P-selectin expression was lowest in GBM tumors
compared to other cancer types.55 MDA-MB-231Br cells were
chosen for further blocking studies because of the enhanced
targeting capability of QA-USIONPs in case of these cells as
established earlier and the higher expression of P-selectin
noted as compared to U87 cells.
MDA-MB-231Br cells were blocked with the anti-P-selectin

antibody at the concentration of 2.5 and 16 μg/mL for 4 h
before treating with QA-USIONPs. Similar to the free QA
blocking study, ferrozine colorimetric assay was performed 24
h after treating with QA-USIONPs in order to measure cellular
uptake. Indeed, we observed decreased (∼0.1-fold; p < 0.05)

Figure 5. Blocking MDA-MB-231Br cells with free QA significantly
decreases the cellular uptake of QA-USIONPs. MDA-MB-231Br cells
were blocked with 1.6, 16 and 160 μg/mL of free QA for 4 h prior to
treating them with 50 μg/mL of QA-USIONPs for next 24 h.
Ferrozine colorimetric assay was performed to quantify the cellular
iron content. Error bars represent standard deviation. N = 6 replicates
per condition. *Indicates statistically significant difference (p < 0.05)
compared to the non-blocked control group.

Figure 6. Immunofluorescence staining revealed relatively high expression of P-selectin in MDA-MB-231Br cells (upper panel) when compared to
the U87 cells (lower panel). The images were taken at the same exposure time = 400 ms. Blue: DAPI nuclear stain and Green: P-selectin. Images
were acquired at 20× magnification (scale bar = 200 μm).
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cellular uptake of QA-USIONPs by MDA-MB-231Br cells after
blocking with the anti-P-selectin antibody when compared to
the nonblocked control group (Figure 7). Similar to the free

QA blocking study, it was observed that the decrease in the
magnitude of cellular uptake of QA-USIONPs did not change
significantly with the concentration of the anti-P-selectin
antibody. In addition, even the highest concentration of the
blocking antibody (16 μg/mL) was unable to completely block
the uptake of QA-USIONPs. This may be due to QA-
USIONPs binding to other cell surface receptors, particularly,
other selectins such as E-selectin. Specifically, both P- and E-
selectins are known to identify and bind to sLex which serves
as the minimal carbohydrate epitope and bear similarities.52

The fact that QA and its derivatives have been widely
investigated for mimicking sLex and given the similarities
between selectins, it is plausible for QA-USIONPs to bind to
other selectins and other existing cell surface receptors.52,69

Further, this might also be due to possible internalization of
the anti-P-selectin antibody following its interaction with P-
selectin receptors. In addition, the anti-P-selectin antibody
utilized in the study was the monoclonal antibody (binding to
only single epitope). However, there is a possibility that
blocking with the polyclonal anti-P-selectin antibody could
potentially result in further reduction in the uptake of QA-
USIONPs as it would block multiple epitopes on the P-selectin
receptor. Nonetheless, the blocking of P-selectin cell surface
receptors led to a significant decrease in the cellular uptake of
QA-USIONPs, establishing that the selective uptake of QA-
USIONPs by MDA-MB-231Br cancer cells was, in part,
mediated by P-selectin cell surface receptors.

4. CONCLUSIONS
In conclusion, we successfully synthesized QA-USIONPs for
the first time and characterized their uptake by cancer cells in
vitro. Using highly aggressive primary (U87) and metastatic
(MDA-MB-231Br) brain cancer cells, we compared the in vitro
cellular uptake of QA-USIONPs and previously reported TA-
USIONPs,50,61 revealing that these cancer cells selectively
uptake QA-USIONPs. Further, for the first time, we
established the role of the cell surface receptors; specifically,
P-selectin in partly mediating the selective uptake of QA-

USIONPs by cancer cells. Given that studies have reported
overexpression of P-selectin in tumor cells,54−56 tumor
microenvironment,56,57 and at the metastatic niche,56,58−60

QA-USIONPs hold potential to be utilized as a platform for
tumor-targeted drug delivery and in imaging and detection of
primary and metastatic tumors. Future studies would
investigate the tumor-site localization of QA-USIONPs in
vivo for gaining more insights into their tumor-targeting
capability.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.9b00606.

Sample preparation for TEM visualization of endocy-
tosis; MRI sample preparation; high-resolution TEM
images and particle size distribution of TA-USIONPs
and QA-USIONPs; intensity and number distribution of
TA-USIONPs and QA-USIONPs in culture media at 4,
24, and 72 h; cellular viability of MDA-MB-231Br and
U87 cells treated with QA-USIONPs and TA-
USIONPs; MDA-MB-231Br dose-dependent cellular
proliferation for QA-USIONPs and TA-USIONPs;
U87 dose-dependent cellular proliferation for QA-
USIONPs and TA-USIONPs; enlarged Prussian blue
staining images for MDA-MB-231Br cells treated with
50 μg/mL of QA-USIONPs for 4, 24, and 72 h;
calibration curve for the ferrozine colorimetric assay;
TEM visualization of endocytosis; and MR images
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: ybao@eng.ua.edu. Phone: +1 (205) 348-9869(Y.B.).
*E-mail: srao3@eng.ua.edu; Phone: +1 (205) 348-
6564(S.S.R.).
ORCID
Shreyas S. Rao: 0000-0001-7649-0171
Author Contributions
∥A.A.N. and J.A.S. contributed equally to the work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the University of Alabama start-up
funds (to S.R.) and in part by the National Science Foundation
(DMR 1149931 (Y.B.), CBET 1604677 (S.R.), and CBET
1749837 (S.R.)).

■ REFERENCES
(1) Bao, Y.; Sherwood, J. A.; Sun, Z. Magnetic iron oxide
nanoparticles as T1 contrast agents for magnetic resonance imaging.
J. Mater. Chem. C 2018, 6, 1280−1290.
(2) Okuhata, Y. Delivery of Diagnostic Agents for Magnetic
Resonance Imaging. Adv. Drug Delivery Rev. 1999, 37, 121−137.
(3) Rogosnitzky, M.; Branch, S. Gadolinium-Based Contrast Agent
Toxicity: A Review of Known and Proposed Mechanisms. BioMetals
2016, 29, 365−376.
(4) Wang, Y. X. Superparamagnetic Iron Oxide Based MRI Contrast
Agents: Current Status of Clinical Application. Quant. Imag. Med.
Surg. 2011, 1, 35−40.

Figure 7. P-selectin receptor blocking significantly decreases the
cellular uptake of QA-USIONPs by MDA-MB-231Br cells. MDA-MB-
231Br cells were blocked with 2.5 and 16 μg/mL anti-P-selectin
antibody for 4 h prior to treating them with 50 μg/mL of QA-
USIONPs for next 24 h. Ferrozine colorimetric assay was performed
to quantify the cellular iron content. Error bars represent standard
deviation. N = 6 replicates per condition. *Indicates statistically
significant difference (p < 0.05) compared to the non-blocked control
group.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b00606
ACS Appl. Mater. Interfaces 2019, 11, 17157−17166

17164

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsami.9b00606
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00606/suppl_file/am9b00606_si_001.pdf
mailto:ybao@eng.ua.edu
mailto:srao3@eng.ua.edu
http://orcid.org/0000-0001-7649-0171
http://dx.doi.org/10.1021/acsami.9b00606


(5) Brisset, J.-C.; Sigovan, M.; Chauveau, F.; Riou, A.; Devillard, E.;
Desestret, V.; Touret, M.; Nataf, S.; Honnorat, J.; Canet-Soulas, E.;
Nighoghossian, N.; Berthezene, Y.; Wiart, M. Quantification of Iron-
Labeled Cells with Positive Contrast in Mouse Brains. Mol. Imag. Biol.
2011, 13, 672−678.
(6) Baiu, D. C.; Brazel, C. S.; Bao, Y.; Otto, M. Interactions of Iron
Oxide Nanoparticles with the Immune System: Challenges and
Opportunities for Their Use in Nano-Oncology. Curr. Pharm. Des.
2013, 19, 6606−6621.
(7) Hamm, B.; Staks, T.; Taupitz, M.; Maibauer, R.; Speidel, A.;
Huppertz, A.; Frenzel, T.; Lawaczeck, R.; Wolf, K. J.; Lange, L.
Contrast-enhanced MR imaging of liver and spleen: First experience
in humans with a new superparamagnetic iron oxide. J. Magn. Reson.
Imaging 1994, 4, 659−668.
(8) Macher, T.; Totenhagen, J.; Sherwood, J.; Qin, Y.; Gurler, D.;
Bolding, M. S.; Bao, Y. Ultrathin Iron Oxide Nanowhiskers as Positive
Contrast Agents for Magnetic Resonance Imaging. Adv. Funct. Mater.
2015, 25, 490−494.
(9) Kim, B. H.; Lee, N.; Kim, H.; An, K.; Park, Y. I.; Choi, Y.; Shin,
K.; Lee, Y.; Kwon, S. G.; Na, H. B.; Park, J.-G.; Ahn, T.-Y.; Kim, Y.-
W.; Moon, W. K.; Choi, S. H.; Hyeon, T. Large-Scale Synthesis of
Uniform and Extremely Small-Sized Iron Oxide Nanoparticles for
High-ResolutionT1Magnetic Resonance Imaging Contrast Agents. J.
Am. Chem. Soc. 2011, 133, 12624−12631.
(10) Shen, Z.; Chen, T.; Ma, X.; Ren, W.; Zhou, Z.; Zhu, G.; Zhang,
A.; Liu, Y.; Song, J.; Li, Z.; Ruan, H.; Fan, W.; Lin, L.; Munasinghe, J.;
Chen, X.; Wu, A. Multifunctional Theranostic Nanoparticles Based on
Exceedingly Small Magnetic Iron Oxide Nanoparticles for T1-
Weighted Magnetic Resonance Imaging and Chemotherapy. ACS
Nano 2017, 11, 10992−11004.
(11) Verma, A.; Stellacci, F. Effect of Surface Properties on
Nanoparticle−Cell Interactions. Small 2010, 6, 12−21.
(12) Patil, U.; Adireddy, S.; Jaiswal, A.; Mandava, S.; Lee, B.;
Chrisey, D. In vitro/in vivo Toxicity Evaluation and Quantification of
Iron Oxide Nanoparticles. Int. J. Mol. Sci. 2015, 16, 24417−24450.
(13) Nel, A. E.; Mad̈ler, L.; Velegol, D.; Xia, T.; Hoek, E. M. V.;
Somasundaran, P.; Klaessig, F.; Castranova, V.; Thompson, M.
Understanding biophysicochemical interactions at the nano-bio
interface. Nat. Mater. 2009, 8, 543−557.
(14) Wang, T.; Jiang, X. Size-Dependent Stability of Water-
Solubilized CdTe Quantum Dots and Their Uptake Mechanism by
Live HeLa Cells. ACS Appl. Mater. Interfaces 2013, 5, 1190−1196.
(15) Cheng, X.; Tian, X.; Wu, A.; Li, J.; Tian, J.; Chong, Y.; Chai, Z.;
Zhao, Y.; Chen, C.; Ge, C. Protein Corona Influences Cellular Uptake
of Gold Nanoparticles by Phagocytic and Nonphagocytic Cells in a
Size-Dependent Manner. ACS Appl. Mater. Interfaces 2015, 7, 20568−
20575.
(16) Untener, E. A.; Comfort, K. K.; Maurer, E. I.; Grabinski, C. M.;
Comfort, D. A.; Hussain, S. M. Tannic Acid Coated Gold Nanorods
Demonstrate a Distinctive Form of Endosomal Uptake and Unique
Distribution within Cells. ACS Appl. Mater. Interfaces 2013, 5, 8366−
8373.
(17) Saikia, J.; Yazdimamaghani, M.; Hadipour Moghaddam, S. P.;
Ghandehari, H. Differential Protein Adsorption and Cellular Uptake
of Silica Nanoparticles Based on Size and Porosity. ACS Appl. Mater.
Interfaces 2016, 8, 34820−34832.
(18) Chithrani, B. D.; Ghazani, A. A.; Chan, W. C. W. Determining
the Size and Shape Dependence of Gold Nanoparticle Uptake into
Mammalian Cells. Nano Lett. 2006, 6, 662−668.
(19) Chithrani, B. D.; Chan, W. C. W. Elucidating the Mechanism of
Cellular Uptake and Removal of Protein-Coated Gold Nanoparticles
of Different Sizes and Shapes. Nano Lett. 2007, 7, 1542−1550.
(20) Jiang, W.; Kim, B. Y. S.; Rutka, J. T.; Chan, W. C. W.
Nanoparticle-Mediated Cellular Response Is Size-Dependent. Nat.
Nanotechnol. 2008, 3, 145−150.
(21) Zhang, Y.; Tekobo, S.; Tu, Y.; Zhou, Q.; Jin, X.; Dergunov, S.
A.; Pinkhassik, E.; Yan, B. Permission to Enter Cell by Shape:
Nanodisk Vs Nanosphere. ACS Appl. Mater. Interfaces 2012, 4, 4099−
4105.

(22) Nguyen, T.-H.; Schuster, N.; Greinacher, A.; Aurich, K. Uptake
Pathways of Protein-Coated Magnetic Nanoparticles in Platelets. ACS
Appl. Mater. Interfaces 2018, 10, 28314−28321.
(23) Weis, C.; Blank, F.; West, A.; Black, G.; Woodward, R. C.;
Carroll, M. R. J.; Mainka, A.; Kartmann, R.; Brandl, A.; Bruns, H.;
Hallam, E.; Shaw, J.; Murphy, J.; Teoh, W. Y.; Aifantis, K. E.; Amal,
R.; House, M.; Pierre, T. S.; Fabry, B. Labeling of Cancer Cells with
Magnetic Nanoparticles for Magnetic Resonance Imaging. Magn.
Reson. Med. 2014, 71, 1896−1905.
(24) Cole, A. J.; David, A. E.; Wang, J.; Galbań, C. J.; Hill, H. L.;
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