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Signal protein-functionalized gold nanoparticles for nuclear targeting into
osteosarcoma cells for use in radiosensitization experiments

Z.BURES"**, T. MAMO?, M. VLCEK*, L. LU*%, M. J. YASZEMSKI>*

13 Department of Internal Medicine, University Hospital and Faculty of Medicine in Hradec Kralove, Charles University, Hradec Kralove,
Czech Republic; *Department of General and Inorganic Chemistry, Faculty of Chemical Technology, University of Pardubice, Pardubice, Czech
Republic; *Department of Molecular Pharmacology and Experimental Therapeutics, Mayo Clinic Graduate School of Biomedical Sciences,
Mayo Clinic, Rochestetr, Minnesota, USA; *Center of Materials and Nanotechnology, Faculty of Chemical Technology, University of Pardubice,
Pardubice, Czech Republic; *Department of Orthopedic Surgery, Mayo Clinic School of Graduate Medical Education, Mayo Clinic, Rochester,
Minnesota, USA; *Department of Physiology and Biomedical Engineering, Mayo Clinic Graduate School of Biomedical Sciences, Rochester,

Minnesota, USA

*Correspondence: zdenekburesmd@gmail.com

Received July 10, 2019 / Accepted September 29, 2019

The standard therapy for malignant primary bone tumors such as osteosarcoma involves major surgeries. For tumors
located in difficult regions such as the pelvis, surgical intervention could lead to serious side effects for example loss of a limb
and/or function, loss of bowel, bladder and sexual function as well as problems with wound healing and surgical complica-
tions. Therefore, exploring other approaches that can improve or complement current surgical techniques is important.
Hence, sensitizing primary bone tumors to radiation could offer an additional strategy that could complement surgery and
significantly improve survival and quality of life. Gold nanoparticles (AuNPs) have been shown to enhance radiosensitivity
by increasing the local dose of radiation inside tumors. Therefore, the referred procedure of preparation and functionaliza-
tion of gold nanoparticles may be used for investigation whether DNA repair inhibition in the presence of AuNPs leads to an
effective radiosensitizing strategy for primary bone tumor cells and explore the mechanism of how this may be happening.
In our work, we prepared gold nanoparticles and verified the relation between the size of the AuNPs and their uptake in
tumor 143B cells and also investigated whether the optimal size of the AuNPs should not be smaller than the size of nuclear
envelope pores (20-50 nm). Hence, two different AuNPs systems were prepared: the first one with AuNPs core size of about
5 nm (BS) and the second one with AuNPs core size of about 50 nm (ZA). For cellular AuNPs uptake enhancement, we
functionalized the AuNPs with signaling peptides. For this purpose we prepared PEG-coated AuNPs functionalized with
signal peptides for targeted transport into the cytoplasm (CPP) and into the cell nucleus (CPP + NLS). The toxicity of
the AuNPs systems was assessed by MTS assay. We prepared stable functionalized AuNPs systems of both sizes. With the
functionalizing of the AuNPs using signal peptides (CPP, NLS), the AuNPs penetrated into the cell nucleus. The referred
procedure of preparation and functionalization of gold nanoparticles may be used for investigating inhibition of DNA repair
in the presence of AuNPs and it could lead to new understanding in overcoming radioresistance in primary bone tumor
cells.

Key words: osteosarcoma, gold nanoparticles, cellular uptake, nuclear targeting, nanoparticles functionalization, radiosen-
sitization

Gold nanoparticles (AuNPs) have been attracting
increasing attention in the fields of drug and gene delivery,
medical imaging, diagnosis and cancer treatment thanks
to their efficiency in penetrating cells, and their ability to
respond to light in near-infrared and high energy photons
[1]. Gold nanomaterials have also attracted considerable
interest as potential agents for photothermal therapy [2] and
radiotherapy where they can be used as radiosensitizers [3].
AuNPs have been shown to sensitize cancer cells to kilovoltage

radiation in vitro and in vivo [4]. Small size, biocompatibility,
and passive accumulation of AuNPs in tumors make them
attractive for use in cancer therapy. AuNPs have been shown
to enhance the radiosensitivity by increasing the local dose
of radiation inside tumors [5-10]. The increased local dose
is attributed to the high atomic number of gold that leads
to increased photon absorption and Auger electrons genera-
tion [11]. While most of the reports attribute the efficacy of
AuNPs to the local radiation dose increase, recent reports
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are pointing towards additional biological mechanisms of
action. Various investigators have shown that intracellular
presence of AuNPs, without radiation, leads to elevated
levels of reactive oxygen species (ROS) by inducing oxida-
tive stress as well as causing mitochondrial and DNA damage
[12]. These similar effects of oxidative stress, mitochondrial
and DNA damage, could play a role in the radiosensitizing
effects of AuNPs [13-15], but detailed mechanistic studies
lack. Another essential question that remains to be fully
elucidated is whether the intracellular location of AuNPs
has a critical role in determining the radiosensitizing effects
[13]. El-Sayed et al. have indicated that targeting AuNPs to
the nucleus using a nuclear localizing signal (NLS) peptide
causes DNA damage and leads to cell cycle arrest [16-17],
but the effects of such nuclear targeting have not been inves-
tigated in the context of radiation. As the biological mecha-
nisms of AuNPs radiosensitization continue to be elucidated,
it could be very interesting to investigate the pharmaco-
logical inhibition of DNA repair in the presence of AuNPs
for enhancing radiosensitization of primary bone tumors.
In vivo, even in the absence of functionalization, nanopar-
ticles passively accumulate at tumor sites that have leaky,
immature vasculature with wider fenestrations than normal
mature blood vessels. This is known as the enhanced perme-
ability and retention (EPR) effect [4, 18]. The size, shape,
surface charge, and surface coating of nanoparticles all can
modulate the uptake of nanoparticles into cells [19]. In the
literature there was demonstrated that the cellular uptake
of AuNPs was strongly size-dependent, 50 nm nanopar-
ticles showing the highest uptake [20]. A surface charge
can also have an effect on cellular uptake [21]. It has been
shown that electropositive nanoparticles exhibited a higher
efficiency of cellular uptake compared to electronegative
nanoparticles, as assessed using monocyte-derived dendritic
cells [22]. As it is typically observed, functionalization with
PEG-thiols allows the AuNPs to be well dispersed in aqueous
solution (sterical stabilization). PEG-thiols can effectively
prevent the adhesion of plasma proteins and phagocytosis by
the immune system by the formation of an outer polymer
layer on the nanoparticle surface [23, 24]. PEG layer on the
AuNPs surface also prolongs their systemic blood circula-

A

tion half-time via preventing them from being recognized
by the reticulo-endothelial system organs (spleen, liver) [25].
The EPR effect combined with longer circulation times of
AuNPs achieved by PEG-ylation, can increase concentra-
tions of potential drugs in tumors by 10-100-fold compared
with the use of free drugs [26]. The cell nucleus is a desir-
able target because the genetic information is situated there.
Nuclear targeting of AuNPs in living cells has been gener-
ating a widespread interest because of the prospect of devel-
oping novel therapeutic strategies. Nuclear delivery of the
nanoparticles requires bypassing the cellular membrane
and the nuclear membrane. Unfunctionalized nanoparticles
mostly localize only into the cytoplasm. One approach to
targeted nuclear delivery is the conjugation of AuNPs to cell
penetrating peptides (CPPs) and nuclear localization signal
(NLS) - nuclear-penetrating peptide. CPPs are short cationic
peptide sequences that have been demonstrated to mediate
the intracellular delivery of a range of biological cargos. They
were identified while investigating the ability of the HIV TAT
transactivation protein to penetrate cells and activate HIV-1-
specific genes [27]. NLS was first discovered during the
analysis of mutants of SV40 virus that produced an abnormal
form of the early viral protein called large T-antigen (the
wild-type form of this protein is localized in the nucleus
in virus-infected cells, whereas mutated forms of large
T-antigen accumulate in the cytosol). The mutations respon-
sible for this altered cellular localization all occur within five
consecutive basic amino acids in the sequence Pro-Lys-Lys-
Lys-Arg-Lys-Val. Moreover, 5-nm gold particles coated with
this synthetic peptide are transported through nuclear pores
after microinjection into the cytoplasm of cultured cells.
These experiments demonstrated that this short sequence
from SV40 large T-antigen acts as a signal that causes the
targeted transport into the nucleus [28].

For this purpose, we synthesized AuNPs with a core size
of 5 nm and 50 nm, to compare whether the smaller parti-
cles would be better since the nuclear pore size is around
20-50nm. For the synthesis, different reducing agents were
used to obtain the required sizes. Prepared nanoparticles
were stabilized with PEG (mPEG-thiol) to prevent aggre-
gation before adding the targeting peptides. In addition to

NLS

Figure 1. Types of different AuNPs. A) AuNPs with PEG; B) AuNPs with PEG and CPP for cytoplasmic targeting; C) AuNPs with PEG, CPP, and NLS

for nuclear targeting.
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nuclear targeting, we functionalized AuNPs by cytoplasmic
targeting peptide for an efficient uptake into osteosarcoma
143B cells and also as a control of the nuclear targeting aspect.
We used the NLS peptide sequence CGGGPKKKRKVGG
and cytoplasmic targeting peptide sequence RGDRGDRG-
DRGDPGGC, utilized the terminal cysteine group of peptides
to conjugate to the surface of AuNPs. Our experimental plan
for the types of AuNPs is shown in Figure 1.

Materials and methods

Materials. Tetrachloroauric acid trihydrate, ascorbic acid,
sodium borohydride, sodium citrate, dimethyl sulfoxide - in
analytical grade, Dulbeccos Modified Eagle’s Medium and
Dulbecco’s Phosphate-Buftered Saline (PBS) were purchased
from Sigma-Aldrich, St. Louis, Missouri. Methoxy-polyeth-
yleneglycol-thiol (MW 5000g/mol, mPEG-SH), was
purchased from Laysan Bio, Inc. Trumpss fixative (1% glutar-
aldehyde and 4% formaldehyde in 0.1 M phosphate buffer,
pH?7.2) was obtained from Electron Microscopy Sciences,
Hatfield, Pennsylvania, USA. CellTiter 96° AQueous One
Solution Cell Proliferation Assay kit was obtained from
Promega, Madison, W1, USA. Distilled water was further
purified using a Milli-Q reagent grade water system (Milli-
pore) to obtain Millipore water. Purified and lyophilized
peptides were obtained from the Mayo Protein Core Facility.

Preparation of gold nanoparticles. The reduction of
tetrachloroaurate ions by different types of reducing agents
is a very often-used method for gold nanoparticles synthesis.
Gold nanoparticles were synthesized by the reduction of
tetrachloroauric acid with ascorbic acid and sodium borohy-
dride with the presence of sodium citrate.

BS AuNPs (~5 nm core size) synthesis. For the synthesis,
a mixture of 50 ml of 0.5 mM tetrachloroauric acid solution
with 50 ml of 0.5 mM sodium citrate solution was put in the
conical flask (250 ml). To this mixture we quickly added 5 ml
of freshly prepared solution of 0.1 M sodium borohydride
under the vigorous stirring.

ZA AuNPs (~50 nm core size) synthesis. Into the mixture
of 25 ml of 1 mM tetrachloroauric acid solution and 50 ml of
Millipore water in a conical flask (250 ml), 25 ml of freshly
prepared 0.06% L-ascorbic acid solution were added under
the vigorous stirring.

Stabilization of AuNPs - PEG-ylation. Nanoparticles,
since they have large surface areas, can easily agglomerate to
form either small clusters or larger particles to minimize the
total surface or interfacial energy of the whole system, then it
is necessary to ensure repulsive interparticle forces to prevent
the agglomeration of these particles. Prepared aqueous
solutions of gold nanoparticles were then stabilized by
PEG-ylation, which is necessary to prevent the aggregation
of nanoparticles. At the first step, we measured the hydro-
dynamic diameter of both aqueous solutions of prepared
nanoparticles (ZA, BS) by DLS (Dynamic Light Scattering)
to ensure there will be space on the surface of nanoparticles

for conjugation with targeting peptides. DLS spectra were
carried out in a Zetasizer Nano, Malvern.

Conjugation of AuNPs with targeting peptides. The
molar concentrations (C) of the prepared AuNPs solutions
were calculated by dividing the total number of gold atoms
(N, equivalent to the initial amount of gold salt added
to the reaction solution) over the average number of gold
atoms per nanosphere (N) as C = N,,/NVN,, where V is the
volume of the reaction solution in liter and N, is the Avoga-
dro’s constant. It is assumed that the reduction from gold(III)
to gold atoms was 100% complete [29]. Gold nanoparticles
were concentrated by centrifugation at 13400xg for 30 min.
The supernatant was removed and nanoparticles were placed
under UV lamp for 20 min in the laminar flow box. After
those nanoparticles were redispergated into sterile PBS to
reach concentration 0.4 mM and then calculated amounts
of CPP (RGDRGDRGDRGDPGC, MW 1587 g/mol) or CPP
and NLS (CGGGPKKKRKVGG, MW 1270 g/mol) solutions
were added to reach the concentration 10 000 times more
than AuNPs (0.4 mM) concentration (for CPP), and 100000
times higher than AuNPs concentration (for NLS). The
solutions were stirred for 24 hours.

In vitro cytotoxicity assay. Cell viability of 143B cells was
determined using the MTS assay — CellTiter 96° AQueous
One Solution Cell Proliferation Assay. The assay was carried
out in sterile 96 well flat bottom microplates. 100 ul of media
at 10° cells/ml was seeded in each well of the 96 well plate
and the plate was incubated at 37°C in a 5% CO, humidi-
fied incubator for 24 h. After 24 h the cell monolayer was
washed with sterile PBS and then incubated with 100 pl
AuNPs conjugates (0.4 mM ZA, 0.4 mM BS) in the complete
cell culture medium, whereas 100l of 10% (v/v) DMSO
(dimethyl sulfoxide) in complete cell culture medium was
used as a positive control for all the cell lines. After 24 h
exposure, the medium was removed and the cell monolayer
was washed with sterile PBS. After washing, 100 pl of MTS
reagent solution 1:6 (v/v) diluted in cell culture medium was
added to each well. After the addition of MTS reagent, the
96 well plate was incubated at 37°C in a 5% CO, humidi-
fied incubator for 1 h and then the absorbance was measured
at 490 nm using a microplate reader. Three independent
experiments were performed for each AuNPs formulation.
The percentage of cell viability was calculated as compared to
untreated cells. Data are presented as mean + standard devia-
tion (n=3). All the AuNPs were sterilized under the UV lamp
in the laminar flow box for 20 min prior to performing cell
viability experiments.

Cell culture and particle delivery. Osteosarcoma cell
line 143B was obtained from Mayo Clinic, Rochester, MN.
143B cells were cultured in Dulbeccos Modified Eagle’s
medium (DMEM) with 1% (v/v) antibiotics (streptomycin
10000 pg/ml, penicillin 10000 IU/ml) and 10% (wt/v) fetal
bovine serum at 37 °C in a humidified atmosphere containing
5% CO,. For investigating the cellular localization of gold
nanoparticles, cells were plated in 6 well plates and grown
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to 75-80% confluency and then incubated with nanoparticle
conjugates for 24 hours with serum containing media.

Transmission electron microscopy. Cell samples were
washed with PBS and fixed in Trump’s fixative. Osteosar-
coma cells were then rinsed for 30 min in 3 changes of 0.1 M
phosphate buffer, pH?7.2, followed by a one-hour postfix in
phosphate-buffered 1% osmium tetroxide. After rinsing in 3
changes of distilled water for 30 min the tissue was en bloc
stained with 2% uranyl acetate for 30 min at 60°C. After
en bloc staining, the tissue was rinsed in three changes of
distilled water, dehydrated in progressive concentrations of
ethanol and 100% propylene oxide and embedded in Spurr’s
resin. Thin sections were cut on a Reichert Ultracut E ultra-
microtome, placed on 200 mesh copper grids and stained
with lead citrate. TEM analysis was carried out in a JEOL
JEM-1400 TEM electron microscope working at 80 kV.

Functionalized nanoparticles cellular uptake. Evalua-
tion of Cellular Uptake of AuNPs. 143B cells were plated in 6
well plates at a density of 5.0x10* cells/well. After 24 h growth
the medium was removed and a fresh medium containing
0.4nM of functionalized AuNPs (2 ml) was added. 143B cells
were incubated for 24 hours at 37°C. Finally, the cells were
washed twice with PBS, fixed, and sectioned. Each section
was placed onto a copper grid and imaged by TEM.

Results and discussion

For assessing the AuNPs transport into osteosarcoma
143B cells and subsequent evaluation of their ability to
penetrate the nuclear envelope, AuNPs with a core size of
5nm and 50 nm were tested.

Before cell culture experiments it was necessary to prepare
nanoparticles of desired core sizes. For this purpose, an
original method of synthesis was developed. All syntheses
used tetrachloroauric acid as a source of auric ions, which
were further reduced using different reducing agents. For the
preparation of BS AuNPs of smaller core size (5 nm), sodium
borohydride was used as a strong reducing agent. Sodium
citrate works as a stabilizer there. To prepare ZA AuNPs of
bigger core size (50 nm), ascorbic acid was used as a reducing
agent. Ascorbic acid is, as well as sodium citrate, very suitable
since it is not toxic.

The size of prepared nanoparticles was measured by DLS
(Dynamic Light Scattering) performed on Zetasizer Nano
(Figures 2A, 2B). Distribution curves show one peak with a
narrow standard deviation. The hydrodynamic diameter (D)
of AuNPs (BS AuNPs D, =12.8nm, ZA AuNPs D, =54.1 nm)
does not correspond completely to the core size because of the
presence of electric double-layer on the nanoparticle surface.
The core size of prepared nanoparticles was confirmed by
using TEM. TEM images of the AuNPs systems show nearly
uniform spherical nanoparticles with the core size about
5.4-5.8 nm (BS) with a nearly uniform particle size distribu-
tion (Figure 2C), spherical AuNPs (ZA) with the core size of

about 17-53 nm, the main fraction with size about 50 nm.
TEM image shows also the presence of nanorods (Figure 2D).
UV-VIS spectra were carried out on Beckman DU-600
spectrophotometer, surface plasmon resonance peak for BS
AuNPs with an average core size 5 nm is centered at 535 nm
(Figure 2E). ZA AuNPs absorb at 529 nm wavelength of
light (Figure 2F). Before the planned AuNPs functionaliza-
tion with signaling peptides, we verified the relation between
the hydrodynamic diameter and the amount of used PEG-SH
(using DLS) in order to leave a free surface for binding the
signaling peptides onto the AuNPs (Figure 3).

Before treating of AuNPs with signaling peptides, 10 pl
of 1 mM PEG-SH (MW 5000 g/mol) and 490 pl Millipore
water per each 10 ml of freshly prepared gold nanoparticles
solution were used. Surface modification with PEG-SH
causes red shift of UV-VIS spectra due to the change in
the dielectric constant of the surrounding environment of
AuNPs (Table 1).

The toxicity of the AuNPs conjugates was assessed by the
MTS assay. MTS assay reported no significant decrease in
143B cell viability when assessed with BS and ZA functional-
ized AuNPs (with CPP and CPP/NLS respectively) (Figure 4).

Viability of 143B cells incubated with ZA AuNPs function-
alized by both CPP and CPP/NLS was increased (~150 %) as
well as the viability of 143B cells incubated with BS AuNPs
functionalized by both CPP and CPP/NLS was increased
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Figure 2. DLS curves of BS AuNPs (A) and ZA AuNPs (B), TEM mi-
crographs of BS AuNPs (C) and ZA AuNPs (D), UV-VIS spectra of BS
AuNPs (E) and ZA AuNPs (F).

Table 1. A,,,, - maximum absorbance of AuNPs.

Sample PEG-SH [1mM] Amax, [nm] A

BS 0 520 0.6649
BS 10 pl 530 0.1911
ZA 0 529 0.8543
ZA 10 pl 530.5 0.8526
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Figure 3. The relation between the hydrodynamic diameter of AuNPs and
the amount of added PEG-SH.

(125-130%). This effect was already observed by several
authors, but its nature has not been clarified yet [30, 31].
Employing osteosarcoma tumor cell lines 143B we verified
the cellular uptake of non-functionalized AuNPs. TEM
shows that the spontaneous cellular AuNPs uptake seems to
be higher in 50 nm-sized non-functionalized AuNPs than
in 5 nm-sized non-functionalized AuNPs (Figure 5). For
cellular AuNPs uptake enhancement, we functionalized both
systems of AuNPs with signaling peptides. For this purpose
we prepared PEG-coated AuNPs functionalized with signal
peptides for targeted transport into the cytoplasm (CPP)
and into the cell nucleus (CPP/NLS). Peptide-functionalized
AuNPs were subsequently tested in vitro with osteosarcoma
cell line by transmission electron microscopy to deter-
mine the ability to cross the membranes. Both systems of
AuNPs functionalized with signaling peptides are present in
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Figure 4. Assessment of the cell viability in 143B osteosarcoma cells after
24 h of nanoparticle exposure.

cytoplasm on TEM (Figure 6, Figure 7) when functionalized
with CPP and in cell nuclei when functionalized with both
CPP and NLS (Figure 7).

It seems that the highest cellular AuNPs uptake is shown
in AuNPs with a core size of 50 nm. Cellular AuNPs uptake
can be enhanced with their functionalization using CPP.
Nanoparticles functionalized by both CPP and NLS are able
to penetrate into the cell nucleus. In cell nuclei, AuNPs of a
core size of 50 nm can be seen on TEM.

We prepared two AuNPs systems, which would preserve
their features for targeted transport into cells and cell nuclei,
respectively. Therefore, the referred procedure offers a simple
way how to synthesize AuNPs with the required size. These
AuNPs are stable in their solutions after preparation for
more than 3 months. Dispersions of AuNPs in PBS and cell
culture media do not aggregate during the following experi-
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Figure 5. TEM micrographs of 143B cells incubated with unfunctionalized PEG-ylated BS AuNPs (A-C) and ZA AuNPs (D-F) for 24 hours at different

magnifications.
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Figure 6. TEM micrographs of 143B cells incubated with CPP- functionalized PEG-ylated BS AuNPs (A-C) and ZA AuNPs (D-F) for 24 hours at dif-

ferent magnifications.
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Figure 7. TEM micrographs of 143B cells incubated with CPP/NLS-functionalized PEG-ylated BS AuNPs (A-C) and ZA AuNPs (D-F) for 24 hours at
different magnifications.

ments with 143B cell line. These AuNPs show a low acute in
vitro cell toxicity. Thus, this method may be used in targeted
drug delivery into tumor cells, for tumor cell radiosensiti-
zation respectively, where the nuclear AuNPs uptake may
induce a higher irradiation response. The best results can
be seen in ZA AuNPs with a core size of 50 nm where the
spontaneous cellular uptake appears to be the highest and
is enhanced by CPP functionalization. CPP bind to surface
integrins, which are highly expressed on the surface of the

cancer cells to enhance the receptor-mediated endocytosis of
the nanoparticles selectively to the cancer cells. With their
further functionalization using NLS, the ZA AuNPs are
observed around the nuclear membrane and are recognized
by importin and translocated into the cell nucleus. These
nanoparticles are able to penetrate the nuclear envelope
and reach the nucleoplasm. As the biological mechanisms
of AuNPs radiosensitization continue to be elucidated, it
will be very interesting to investigate the effect of AuNPs
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for enhancing the radiosensitivity of primary bone tumors.
AuNPs for radiosensitizing primary bone tumors might shed
light on understanding ways to overcome radioresistance.
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