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Abstract

Nanoparticles functionalized with targeting ligands have been proposed as effective carriers for the selective delivery of
diagnostic or therapeutic reagents to desired locations in the body. However protein coronas formed on the surface of
such functionalized nanoparticles may affect their targeting efficiency when introduced into physiological environment.

Here, Zinc Doped Iron Oxide Nanoparticles (Zn,,Fe, O, NPs) were prepared, and functionalized with Cyclic arginine-

glycine-aspartic Acid (c(RGDyK)) peptide to target U87MG cells. To investigate the effect of protein coronas on targeting
efficiency, qualitative and quantitative approaches were utilized to compare the cellular uptake of nanoparticles pre-coated
with or without bovine serum albumin (BSA). The results demonstrated that the specific particle-cell association was
dramatically inhibited by protein coronas, indicating that the absorbed protein coronas could mask the targeting ligands
on the surface of the nanoparticles and resulted in a considerable reduction in the functional targeting ability. This study
provides novel insights into the significance of functionalized particles with a particular physiological environment.
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Introduction to effectively reduce the absorption of opsonins, partic-
ularly IgG and complement [13]. Polysorbate 80-coated
nanoparticles become spontaneously covered by dys-
opsonins such as apolipoproteins from the blood after
injection, achieving long-circulating in the bloodstream
and promoting nanoparticles to cross the blood-brain
barrier [14]. In addition, the protein corona can also im-
prove the therapeutic effect [15] and reduce the potential
toxic effects of the high risk nanoparticles [16].

Particle-cell associations were extensively studied by
numerous researchers in terms of corona formations on
the nanoparticles surface [1-3]. Physicochemical prop-
erties of nanoparticles such as iron oxide [4], zinc oxide
[5], titanium dioxide [6], silica [7] and gold [8] have been
shown to profoundly influence the composition of the
forming protein corona. And thus, the interactions of
nanoparticles with cells and tissues are determined di-
rectly by this protein “corona” rather than the intrinsic Targeting is an approach that can enhance the effi-
properties of the nanoparticles [9]. From this point of cacy of cancer diagnosis and therapy by increasing the
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dose at the intended locations, thereby reducing the side
effects in the bystander tissues [17]. Among the known
approaches, active targeting is becoming increasingly
prominent. Active targeting via specific ligands, such as
proteins, antibodies or small biomolecules, can be recog-
nized by the overexpressed receptors in the target cells
[18]. Cyclic arginine-glycine-aspartic acid (c(RGDyK),
y: tyrosine, K: lysine) peptides have been used to specit-
ically bind to the overexpressed integrin a 3, on various
tumor cells or on the tumor microvasculature [19-21].
Therefore, c((RGDyK) peptide was conjugated onto the
ultrasmall superparamagnetic iron oxide nanocarriers
to facilitate the uptake of the nanosystem by cancer cells
such as glioblastomas [22,23].

However, when synthetic nanocarriers enter a partic-
ular biological milieu, protein coronas mentioned above
may dictate the biological performance of the targeted
nanoparticles in vivo by interfering with the targeting
group [24]. Krais, et al. recently reported that targeted
uptake of Fe,O,-SiO,-FA (FA: folic acid) nanoparticles
by ovarian cancer cells was observed only in the presence
of serum [25]. Another study by Salvati, et al. provided
the contrary result, showing that transferrin-functional-
ized nanoparticles lost their targeting capabilities for the
reason that the adsorbed protein coronas could ‘screen’
targeting molecules on the surface of nanoparticles [26].
However, carbohydrate-based nanocarriers still exhib-
ited high specific affinity for the binding of dendritic
cells after incubation with plasma, suggesting that the

targeting moieties remained accessible to the biological
receptors despite the formation of a protein corona [27].
Therefore, these contradictory results suggest that more
studies are needed to understand the potential effect of
the protein coronas on targeting of nanoparticles.

According to our previous study, the synthesized
Zn, Fe, O, nanoparticles (MNPs) own high saturation
magnetization value and good biocompatibility [24]. In
the present work, we intended to test whether the target-
ing ability of MNPs conjugated with c(RGDyK) would
be affected by interacting with protein ( ). To
this end, Transmission Electron Microscope (TEM), Dy-
namic Light Scattering (DLS), zeta potential and cellular
uptake studies before and after interactions with proteins
were performed. In addition, the influence of the protein
coronas on the targeting of U87MG human glioblasto-
ma cells was also evaluated. Our results suggested that
the absorbed protein layer could cover and deactivate the
targeting group on the surfaces of MNPs.

Materials

The cyclic c(RGDyK) peptide (M = 706.8) was pur-
chased from GenicBio BioTech Co. Ltd. (Shanghai, Chi-
na). Oleylamine, 1-ethyl-3-[3-(dimethylamino)propyl]
carbodiimide Hydrochloride (EDC), and N-hydrox-
ysuccinimide (NHS) were supplied by J&K Chemical
Ltd. (Shanghai, China). Cell counting kit-8 (CCK-8) was
purchased from Beijing Fanbo Biochemicals Co., Ltd.
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Figure 1: Schematic representation of the assembly of c(RGDyK)-MNPs, the formation of protein coronas in BSA solutions,
and targeting of U87MG cells using nanoparticles with protein coronas formed on their surfaces.
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All chemical reagents were analytical grade or above and
purchased from Sinopharm Chemical Reagent Co., Ltd.

Conjugation of c(RGDyK) peptide to MNPs

The water-solube MNPs were synthesized following a
previously reported method [28]. EDC (1 mg) and NHS
(4 mg) were dissolved in 0.5 mL of phosphate buffered
saline (PBS, 0.01M, pH 5.7), to which 1 mL of 5 mg/L
MNPs aqueous solution was added. The reaction mix-
ture was incubated vigorously with continuous stirring
in the dark for 2 h at room temperature. Then, 0.5 mL
of 2 mg mL™' c(RGDyK) were poured into the solution
of activated MNPs, and the mixture was incubated over-
night at room temperature in the dark with continuous
stirring. The formed c(RGDyK)-MNPs were collected by
a permanent magnet to remove the unreacted c(RGDyK)
and then redispersed in PBS at 4 °C for further applica-
tion.

Incubation of nanoparticles with human plasma

All experiments were conducted at least twice to en-
sure reproducibility. Nanoparticles (5 mg/mL) were in-
cubated with bovine serum albumin (BSA) at a constant
concentration of 20 mg/mL for 1 h at 37 °C with shaking
at 150 rpm. After that, the nanoparticle-protein com-
plexes were then collected by a permanent magnet and
washed three times with PBS to obtain the “hard” pro-
tein corona-coated particles. Then, the nanoparticle-pro-
tein complexes were resuspended in MilliQ water and
characterized with the help of TEM (JEOL, JEM-2100F,
Tokyo, Japan), and Zetasizer Nano (Malvern, Worces-
tershire, UK).

Cell culture

The U87MG human glioblastoma cell line was kindly
donated by Prof. Weiyue Lu (School of Pharmacy, Fu-
dan University, Shanghai, China). Cells were maintained
as monolayer cultures at 37 °C in 5% CO, atmosphere
in high-glucose Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) supplemented with 10% Fetal Bovine
Serum (FBS, Gibco), and 1% penicillin/streptomycin
(HyClone).

Cell viability assessment

The cytotoxicities of all nanoparticles for U87MG
cells were tested using a CCK-8 kit (CCK-8 Kit, Boya
Biotech, Beijing, China) [29]. U87MG cells were seeded
in 96-well culture plates and incubated in DMEM medi-
um for 24 h. The cells were washed with three times with
warm PBS and then incubated with 200 pL of FBS-free
medium containing various equivalent concentrations
of nanoparticles for 24 h. Cells were washed gently with
PBS and cytotoxicity assay was performed using CCK-8
Kits following the manufacturer’s instructions.
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Confocal microscopic imaging

U87MG cells (1 x 10°cells per mL) were seeded in 4-well
culture plates with glass bottom and incubated for 12 h. The
medium was replaced with FBS-free medium containing
100 pg/mL nanoparticles and incubated for 3 h. After that,
cells were washed three times with PBS, fixed with 4% para-
formaldehyde for 30 min and stained by 2 pg/mL 4’,6-di-
amidino-2-phenylindole (DAPI, Life Tech, Grand Island,
NY) for 8 min. Images of these fluorescently stained cells
were then captured using a confocal laser scanning micro-
scope (CLSM, Leica, TCS SP5, Mannheim, Germany).

Cellular uptake study

For quantitative analysis of the cellular uptake of
nanoparticles, U87MG cells were seeded in six-well plates
(Costar, Charlotte, NC) and cultured in DMEM overnight.
Then cells were washed with PBS for three times and FBS-
free media containing various types of nanoparticles (50 ug/
mL) were added into each well, followed by 24 h of co-in-
cubation. At determined time points, cells were washed for
four times with PBS. To determine the Fe contents in cells
by inductively coupled plasma optical emission spectro-
scope (ICP-OES, 710, Varian, USA) the cells were collected
and digested with 50 mM NaOH solution. Each test was
run with three samples in parallel.

Statistical analysis

Each result is presented as mean + standard deviation
(SD). Statistical significance in the differences between
different groups was evaluated by LSD t-tests or Tukey’s
method after analysis of variance (ANOVA). Differences
were considered statistically significant at p < 0.05.
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Figure 2: X-ray diffraction pattern of MNPs.
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Figure 3: TEM images of nanoparticles A) MNPs; B) c(RGDyK)-MNPs; C) MNPs with protein coronas; D) c(RGDyK)-MNPs

with protein coronas.

Table 1: Hydrodynamic diameter (A) or zeta potential (B) of
the nanoparticles without the protein corona or with the protein
coronas by incubating with BSA for 1 h. Significant difference
vs in water group ('p < 0.01).

(A)

MNPs c(RGDyK)-MNPs
DLS (nm) Water BSA Water BSA
Oh 1124 +49 1124 +49 [1185+7.6 1185+7.6
1h 121.0+4.7 156.6 £ 3.8" 112.7 £3.9 2394 +1.9
(B)
Zeta potential MNPs c(RGDyK)-MNPs
(mV) Water BSA Water BSA
Oh -204+1.3-204+1.3 -304+1.3-304%1.3
1h -20.7+1.0-14.3+0.9 -30.7+1.0-15.7 £ 1.4

the standard powder diffraction data for bulk cubic
spinel-structured magnetite (JCPDS file no. 75-0033).
C(RGDyK) as a targeting ligand was successfully cova-
lently immobilized onto carboxyl-modified MNPs by the
use of EDC and NHS, which was confirmed by DLS (Ta-
ble 1A) and zeta potential (Table 1B). The mean hydro-
dynamic size of c(RGDyK)-MNPs (118.5 + 7.6 nm) was
not obviously altered compared to that of MNPs (112.4 +

4.9 nm). However, due to the negative charge of aspartic
acids in the ¢(RGDyK) peptides [30], c(RGDyK)-MNPs
exhibited a decrease in zeta-potential (-30.4 + 1.3 mV)
compared to that of MNPs (-20.4 + 1.3). These results
indicated that surface functional groups on MNPs were
altered, in other words, the conjugation of MNPs with
c(RGDyK) was successful.

Surface protein adsorption on nanoparticles was an-
alysed by DLS, zeta potential and TEM after incubation
with BSA for 1 h. For both MNPs and ¢(RGDyK)-MNPs,
the formation of protein coronas resulted in an increase
in particle size and a slight change in the {-potential. Spe-
cifically, the zeta-potential of nanoparticles showed the
change from -20.4 + 1.3 mV (MNPs), -30.4 + 1.3 mV
(c(RGDyK)-MNPs) in the absence of a protein corona,
to -14.3 £ 0.9 mV and -15.7 + 1.4 mV in the presence of
protein coronas, with a corresponding variation in size
from 112.4 + 49 nm, 118.5 + 7.6 nm to 156.6 + 3.8 nm
(1.4-fold), 239.4 + 1.9 nm (2-fold increase). The change
in the (-potential is consistent with the previous study,
which demonstrated that adsorption of proteins at var-
ious concentrations significantly neutralized the surface
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charge of the particles [31]. Furthermore, TEM was em-
ployed to examine the surface morphology of the MNPs
and c(RGDyK)-MNPs in the presence of protein coro-
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Figure 4: Cell viability assessment of nanoparticles in the
presence/absence BSA. Cell viability of nanoparticles was
assessed on U87MG cells using the CCK assay. U87MG
cells were exposed to different concentrations of nanoparti-
cles in FBS-free DMEM for 24 h. Results are presented as
mean values * SDs (n = 3). The average cell viability of the
control group is set as 100%, and the cell viability of other
groups is normalized to the control group.

nas. The protein coating layers were clearly observed by
TEM for both of nanoparticles after adsorption of pro-
teins onto the surfaces (Figure 3).

Cytotoxicity of all nanoparticle formulations was
evaluated on U87MG tumor cells using CCK-8 assay
in FBS-free DMEM. No significant differences in cell
viability for any type of nanoparticles after 1 day of in-
cubation were observed within the given concentration
range (Figure 4). The results suggested that the devel-
oped nanoparticles exhibited excellent cytocompatibility
in the absence or presence of protein.

Cell viability of nanoparticles was assessed on U§7MG
cells using the CCK assay. U87MG cells were exposed
to different concentrations of nanoparticles in FBS-free
DMEM for 24 h. Results are presented as mean values
+ SDs (n = 3). The average cell viability of the control
group is set as 100%, and the cell viability of other groups
is normalized to the control group.

To qualitatively examine the cellular uptake behav-
iors of the nanocarriers in the absence/presence of BSA,
U87MG glioblastoma cells were incubated with MNPs,
MNPs + BSA, ¢(RGDyK)-MNPs and ¢c(RGDyK)-MNPs
+ BSA for 3 h, conducted with fluorescent staining, and
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Figure 5: Confocal microscopic imaging of U87MG cells incubated with nanoparticles in the presence/absence BSA A) MNPs
without a protein corona; B) MNPs with a protein corona; C) c(RGDyK)-MNPs without a protein corona; D) c¢(RGDyK)-MNPs
with a protein corona. Blue: DAPI-stained nuclei; green: FITC-conjugated MNPs and ¢(RGDyK)-MNP.
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observed with a CLSM ( ). To enable the visu-
alization of the uptake of the nanocarriers under the
microscope, fluorescein isothiocyanate (FITC) was con-
jugated to the nanoparticles as a tracker. As expected,
the higher fluorescence intensity could be visualized in
U87MG cells treated with ¢(RGDyK)-MNPs compared
to those treated with MNPs, namely that c¢(RGDyK)
conjugation markedly facilitated the cellular uptake of
c(RGDyK)-MNPs by U87MG cells. Interestingly, with a
BSA coating, these cells treated with MNPs exhibited no
significant difference in fluorescence, while an obvious
decrease in fluorescence was observed in US7MG cells
incubated with ¢(RGDyK)-MNPs. These results prelimi-
narily proved that protein coronas might lead to the loss
of targeting ability of the functionalized particles.

We further investigated the effect of protein coronas
on the specific targeting ability of c(RGDyK)-MNPs by
quantitatively analysing the intracellular Fe content by
ICP-OES after incubation with U87MG cells for 3 h and
6 h. As shown in , the amount of the internalized
iron increased with the incubation time for any type of
nanoparticles. In addition, the ¢(RGDyK) modification
significantly enhanced the cellular uptake by U87MG
cells compared with MNPs in the absence of BSA. The
BSA significantly decreased the cellular uptake of c(RG-
DyK)-MNPs regardless of the incubation time, whereas
almost no noticeable difference was observed in the cel-
lular uptake of MNPs with or without BSA. These results
implied that the targeting capacity of c(RGDyK)-MNPs
was lost when they interacted with BSA and formed a
protein corona.

Quantitative intracellular uptake of iron ion by
U87MG cells without or with a BSA coating as a function
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Figure 6: ICP-OES analysis of the Fe content in U87MG
cell. Quantitative intracellular uptake of iron ion by U87MG
cells without or with a BSA coating as a function of incu-
bation time. Results are presented as means + SDs (n =
3). Statistical analysis of the differences in uptake was per-
formed using Student's t-tests (‘P < 0.01).
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of incubation time. Results are presented as means + SDs
(n = 3). Statistical analysis of the differences in uptake
was performed using Student's ¢-tests ('P < 0.01).

Here, we exploited the c(RGDyK)-conjugated MNPs
to target U87MG cells expressing high levels of integrin
a B.. A previous study has demonstrated specific binding
of c(RGDyK)-Fe O, to integrin a , in tumor neo-ves-
sels, which is able to provide a reliable biomarker of in-
tact tumor in therapeutic trials [22]. For instance, c(RG-
DyK)-Fe,O, as a contrast agent for magnetic resonance
imaging (MRI) can target glioblastoma by binding to in-
tegrin o 3,, and show higher sensitivity in in vivo nonin-
vasive monitoring of early tumor responses to antiangio-
genic therapies [32]. Moreover, the Dox-loaded c(RG-
DyK)-conjugated superparamagnetic iron oxide (SPIO)
particles are capable of being therapeutic agents and MRI
contrast agents simultaneously because of their preferen-
tial binding towards U87MG cells [30]. In our study, by
combining CLSM and ICP-OES analysis which allows
qualitative and quantitative determination of the cellular
uptake of these nanoparticles, we proved that c(RGDyK)
indeed favored selective uptake of MNPs into U87MG
cells. As for the MNPs with protein coronas derived
from BSA solutions, no noticeable differences in cellu-
lar uptake were observed compared with MNPs without
protein coronas. This result was consistent with a pre-
vious finding, which reported that the absorbed protein
coronas on the poly(methacrylic acid)-naked particles
did not significantly alter the association with SK-OV-3
cells [31]. In most cases, the uptake of particles decreases
in the presence of a protein coating [33,34]. On the con-
trary, the formation of a tunable protein corona has been
shown to increase targeting efficiency, thereby enhanc-
ing cellular internalization [35,36]. This discrepancy may
be comprehensible, as the physicochemical properties of
nanoparticles (i.e., size, composition, shape, and surface
chemistry) determine the corona’s composition, which
influences the particle-cell interactions [37].

A dramatically decreased cellular uptake of c(RG-
DyK)-MNPs was observed in the presence of BSA than
that in the absence of BSA. The result implied that the ab-
sorbed protein corona led to the loss of targeting ability
of c(RGDyK)-MNPs. A potential reason for the limited
specificity in targeting is the masking of conjugated tar-
geting ligands in the presence of BSA solutions, namely,
the absorbed protein corona impairs the ligand-receptor
interactions, thereby reducing particle-cell interactions
for the c(RGDyK)-functionalized particles. It has been
reported that PEGylation may mask or change the ori-
entation of targeting ligands besides reducing protein
binding [38]. Furthermore, one study demonstrated that
the decreased targeting capability was correlated to the
increased PEG density on nanoparticles [39]. Another
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factor which has been reported to influence the cellular
interactions with particles is the neutralization of sur-
face charge by the absorbed protein corona [40]. Based
on our DLS analysis, the negative zeta potentials of the
c(RGDyK)-MNPs were reduced with a BSA coating. This
result might afford to be part of the reason for which the
formed protein corona decreased the uptake efficacy of
c¢(RGDyK)-MNPs by U87MG cells. Although, compared
with ¢c(RGDyK)-MNPs, the zeta potential of the MNPs
exhibited similar level of change after incubation with
BSA, the uptake of the particles was shown to have no
difference. Therefore, the decreased targeting efficiency
of ¢(RGDyK)-MNPs after protein adsorption could not
be explained by the differences in the surface charge. This
matches the results published previously, which report-
ed that two folic acid-functionalized nanoparticles with
similar zeta potentials showed difference in specific up-
take in the presence of serum, indicating that the discrep-
ant effects on targeting capability could not be attributed
to the surface charge [25]. However, the above discus-
sion can’t thoroughly elucidate the current observation
that specific (c(RGDyK)-mediated) uptake was reduced
in the presence of serum. Further studies are desired to
investigate the effect of serum proteins on targeting abil-
ity and the underlying potential mechanisms.

We have developed ¢(RGDyK)-functionalized mag-
netic nanoparticles, and examined the effect of protein
coronas on the targeting ability of ¢(RGDyK)-MNPs.
Our results showed that the formation of protein coro-
nas led to changes in the zeta potential of the function-
alized particles. The nanoparticles were noncytotoxic for
U87MG cells whether in the presence or absence of pro-
teins. More significantly, c((RGDyK)-MNPs were specif-
ically internalized in a ¢c(RGDyK) receptor-dependent
manner, whereas the adsorption of protein decreased the
overall uptake dramatically, suggesting that the c(RG-
DyK)-MNPs might lose their targeting ability owing to
the protein coronas. In summary, this study demon-
strated that the targeting specificity of functionalized
particles could be changed upon exposure to protein.
Therefore, it seems imperative to carry out more detailed
studies in vitro firstly to guarantee the targeting ability of
the functionalized particles before in vivo application. In
addition, further studies are proposed to focus on how
to design the nanoparticles which are able to retain or
even enhance their targeting ability in the presence of a
particular physiological environment by regulating the
surface properties of the particles.
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