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Abstract: Mutant p53 proteins result from missense mutations in the TP53 gene, the most mutated
in human cancer, and have been described to contribute to cancer initiation and progression. Ther-
apeutic strategies for targeting mutant p53 proteins in cancer cells are limited and have proved
unsuitable for clinical application due to problems related to drug delivery and toxicity to healthy
tissues. Therefore, the discovery of efficient and safe therapeutic strategies that specifically target
mutant p53 remains challenging. In this study, we generated gold nanoparticles (AuNPs) chemically
modified with low molecular branched polyethylenimine (bPEI) for the efficient delivery of gapmers
targeting p53 mutant protein. The AuNPs formulation consists of a combination of polymeric mixed
layer of polyethylene glycol (PEG) and PEI, and layer-by-layer assembly of bPEI through a sensitive
linker. These nanoparticles can bind oligonucleotides through electrostatic interactions and release
them in the presence of a reducing agent as glutathione. The nanostructures generated here provide a
non-toxic and powerful system for the delivery of gapmers in cancer cells, which significantly down-
regulated mutant p53 proteins and altered molecular markers related to cell growth and apoptosis,
thus overcoming chemoresistance to gemcitabine.

Keywords: mutant p53; nanomedicine; drug delivery; cancer therapy; gold nanoparticles;
nucleic acids

1. Introduction

TP53 is the most frequently inactivated tumor suppressor gene in tumors, which is
mutated in over 50% of human cancer types and indirectly inactivated in many others [1].
Loss of p53 tumor suppressor functions leads to the accumulation of genomic alterations
culminating in cancer progression. However, in addition to the loss of the wild-type tumor
suppression function, some mutant p53 (mutp53) proteins may acquire new biological
properties, namely gain-of-function (GOF), which contribute to cancer progression growth,
through the acquisition of oncogenic functions [2].

In many tumors, GOF p53 mutations are associated with high genomic instability,
poor prognosis, reduced response to chemotherapy, promotion of migration, invasion and
metastasis, and accelerated tumor recurrence [3–7]. Different studies have been proposed
to explain the molecular mechanisms underlying the GOF proprieties of mutp53, including
the modulation of the activity of several transcription factors or the inactivation of DNA
damage molecular sensors [8,9]. Recently, it has been documented that DNA damage
induced by gemcitabine (GEM) stabilized the nuclear localization of mutp53 proteins,
which in turn triggered the expression of cell cycle-related genes, resulting in hyper-
proliferation and chemoresistance [10]. In addition, mutp53 variants can alter cancer
cell mitochondrial metabolism [11,12], autophagy response to various stimuli [13], and
cancer microenvironment [14]. This broad spectrum of molecular properties indicates
that GOF mutant p53 is involved in many different cellular pathways focused on cancer
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progression and aggressiveness. Hence, novel approaches aimed to inhibit the expression
and function of mutp53 proteins could represent a valid therapeutic approach for cancer
patients harboring mutant p53.

The pharmacological strategies currently employed for targeting mutp53 are limited to
the use of small molecules (e.g., RITA, PRIMA-1, or NSC59984), which can restore the tumor
suppressor function of wild-type p53 of missense-mutp53 proteins [15–17]. Notably, these
molecules have been documented to trigger autophagy leading to mutp53 degradation
and, consequently, cancer cell death [18–21].

However, despite ambitious efforts, these pharmacological treatments have been
proved unsuitable for clinical application for many reasons, including problems related
to delivery, drug stability, and toxicity to healthy tissues [22]. Therefore, the discovery of
efficient and safe therapeutic strategies that specifically target mutp53 remains challenging.

Recently, strategies based on nucleic acids have been largely explored as a highly
specific and efficacy therapy against cancer by downregulating mutp53 protein levels,
which triggers apoptosis and delays cancer growth in mice [23,24]. However, although
their use is promising, nucleic acids have to overcome essential obstacles limiting their
therapeutic effect, including nucleic acid stability and successful delivery in vivo.

To overcome such limitations, drug delivery systems based on gold nanoparticles
(AuNPs) have been successfully explored. In this sense, a variety of nanoparticles have
been employed in different biomedical applications such as imaging [25], biosensing [26],
and delivery of active molecules [27]. This is mainly due to their low toxicity, high bio-
compatibility, and easy modification, which have encouraged their use in animals [28],
facilitating their translation to the clinic [29]. Moreover, the use of these nanostructures
has many advantages, such as increasing the water solubility and stability of bioactive
compounds and nucleic acids, leading to the increase of their blood circulation time and
improving their pharmacokinetic properties [30].

In the case of oligonucleotides, the introduction of thiol moieties in their structure
allows a facile functionalization of AuNPs, [31] which can be used as nanocarriers for
these biomolecules. However, the selective release of this cargo in the tumour environment
to produce its therapeutic effect is still a challenge to overcome [32–35]. An alternative
approach is the use of positively charged polymers conjugated to the nanoparticles, which
can bind the oligonucleotides through electrostatic interaction. In this regard, one of the
most used polymers for this purpose is the high molecular weight branched polyethylen-
imine (bPEI). However, bPEI is reported to induce cytotoxicity, which severity depends
on the geometry and length of the polymer, which may limit their use in cells and clinical
translation [36].

In this article, new nanostructures based on AuNPs surface tailoring with modi-
fied polymers of low molecular weight bPEI (2000 MW) and a polyethyleneglycol (PEG)
(3000 MW) have been developed to obtain more efficient nanocarriers. The combined
use of both polymers produces highly stabilized nanoparticles with low cytotoxicity and
positive potential [37]. These functionalized AuNPs, labeled as GEN1, have been used as
a scaffold to produce a second generation of PEI-modified AuNPs (GEN2) through the
parallel modification of bPEI with succinimidyl 3-(2-pyridyldithio) propionate (SPDP).
GEN2 is a two-layer assembly consisting of two different bPEI chains crosslinked through
a disulfide bond, which can be exploited as a stimulus-sensitive linker [38]. This SPDP
crosslinking approach can provide similar transfection efficacy to higher molecular weight
polymers [39]. Additionally, it stabilizes at the same time both the carrier and the cargo
and provides a decomposition route, which can barely be achieved with other linkers [40].
As a result, GEN2-AuNPs have been used as carriers of a mixture of therapeutic nu-
cleic acids targeting mutp53. Our system has been employed to deliver DNA-based
gapmers, which present a central DNA sequence (gap) surrounded by modified RNA
moiety (2′-OMe modification) [41]. Gapmers provide better inhibition activity than their
unmodified analogs based on antisense oligonucleotides (ASO). In the case of gapmers,
the introduction of chemical modifications at both sides of the central region improves
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their binding affinity, leading to stable DNA–RNA duplexes, which can be recognized by
RNAse H. The recruitment of this enzyme has proven to be a successful approach to induce
the cleavage of the target RNA strand [42]. Additionally, the modifications can increase
their biostability, target specificity, and delivery, leading to longer effects [43].

In this regard, the gapmers herein employed have been designed to target mutated P53,
which inhibition leads to a significant reduction of the expression of the mutp53 protein
and cell viability. Notably, our nanoformulation reduced the chemoresistance to GEM
in breast and pancreatic cancer cells carrying mutp53 proteins through the regulation of
signaling pathways involved in cell growth and apoptosis.

2. Materials and Methods

A detailed description of the materials used can be found in the Supplementary
Materials.

2.1. Materials

(R)-(+)-α-Lipoic acid (LP), blanched polyethylenimine (MW. 2000) (bPEI),
2,2′-dipyridyldisulfide, L-threoninol, N,N′-Dicyclohexylcarbodiimide (DCC),
N-Hydroxysuccinimide (NHS), gold (III) chloride trihydrate, sodium citrate, citric acid, glu-
tathione (GSH), agarose, and Hoechst 33342 were purchased from Sigma Aldrich (San Luis,
MO, USA). Alpha-amino-omega-hydroxy poly(ethylene glycol) (NH2-PEG-OH MW.3091)
(PEG) was provided by Iris Biotech GMBH (Marktredwitz, Germany). Dulbecco’s Modi-
fied Eagle’s Medium (DMEM), streptomycin–penicillin (100×), fetal bovine serum (FBS),
l-glutamine (100×), trypsin (10×), phosphate-buffered saline (PBS), deuterated solvents,
and cell culture plasticware were purchased from VWR (Radnor, PA, USA). Gemcitabine
was purchased from Fluorochem (Hadfield, UK). Lipofectamine 2000 and Opti-MEM were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). All solvents were purchased
from Scharlab (Sentmenat, Spain). Deionized water was used for polymer derivatives
purification. The chemicals and the reagents have been used as received following the
indications reported without further purification.

2.2. Experimental Procedure
2.2.1. Synthesis of AuNPs

The procedure for the synthesis of gold nanoparticles of 13 d.nm size is based on
Turkevitch’s method [44]. Briefly, to 100 mL of boiling water, gold (III) chloride (34 mg,
0.086 mmol) is added under vigorous stirring. Once the gold salt is dissolved and the
temperature of the solution stable, a solution of sodium citrate (118 mg, 0.46 mmol) in
10 mL of water is added. The mixture is stirred at the same temperature for 15 min and
then is stirred at room temperature for 12 h. Finally, the gold nanoparticles are filtrated
through a 0.45 µm porous filter and stored in the fridge. Their concentration is calculated
using the Beer–Lambert law from the absorbance recorded at 520 nm and the extinction
coefficient of 2.7 × 108 for 13 nm nanoparticles [45]. The absorbance measurement is made
in triplicate and is performed using a 1:10 gold nanoparticles dilution in Milli-Q water,
giving a final concentration of 8 nM. TEM images of the resulting gold nanoparticles were
analysed from a measurement of 50 nanoparticles; the average diameter value obtained
was 12.98 ± 1.5 nm (Figure S1). DLS measurements were analysed, obtaining an average
mean hydrodynamic diameter of 19.33 ± 9.31 nm and a zeta potential of −42.3 ± 13.3 mV.

2.2.2. AuNPs Multifunctionalization

Each type of AuNPs are functionalized using different ratios of the modified polymers
prepared in the laboratory. The amount of each component is summarized in Table 1,
and they are referred to as 1 mL of AuNPs in all cases. All the components for the
functionalization are dissolved in water except 2-iminothiolane, which is dissolved in
dimethylformamide (DMF).
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Table 1. Functionalization agents and amount used for use in AuNPs.

GEN LP-PEG LP-PEI Traut’s Reagent PDP-PEI

1 3 nmol 7 nmol - -

2 3 nmol 7 nmol 40 nmol 40 nmol

2.2.3. AuNPs GEN1

The no-functionalized AuNPs are incubated with the LP-PEG for at least 6 h at 4 ◦C
under soft stirring before LP-PEI is added. The mixture is then left in the same previous
conditions for 12–16 h. After this, the AuNPs are centrifuged at 4 ◦C and 13.2 K rpm. The
supernatant is removed and re-dispersed with 1 mL of Milli-Q water. Repeat the process
twice. After that, the resultant AuNPs (GEN1) are evaluated by DLS. DLS measurements
were analyzed, obtaining an average hydrodynamic diameter of 30.79 ± 10.78 nm and a
zeta potential of 12.9 ± 6.99 mV.

2.2.4. AuNPs GEN2

Similar to the previous functionalization, GEN1 is incubated with Traut’s reagent
(2-iminothiolane) for 6 h at 4 ◦C under soft stirring before PDP-PEI is added. The mixture
is then left in the same previous conditions for 12–16 h. After this time, the AuNPs are
centrifuged at 4 ◦C and 13.2 K rpm. The supernatant is removed and re-dispersed with
1 mL of Milli-Q water. Repeat the process twice. After that, the resultant AuNPs (GEN2) are
evaluated by DLS. DLS measurements were analysed, obtaining an average hydrodynamic
diameter of 35.02 ± 12.94 nm and a zeta potential of 35 ± 7.99 mV.

2.3. Oligonucleotides Experiments
2.3.1. Oligonucleotides Synthesis

The oligonucleotides were prepared using a Mermade 4 DNA synthesizer and purified
using Biosearch columns. The sequences of the oligonucleotides employed are described in
Table 2. Nucleosides in bold contain a 2′-OMe group for increased stability and binding.

Table 2. Oligonucleotides used in this study.

Entry Oligonucleotide Sequence

1 Control 1 5′-ACGUGACACGTTCGGAGAAUU-3′

2 Control 2 5′-UGCGCTCCTGGACGTAGCCU-3′

3 Gapmer p53.1 5′-CAAAGCTGTTCCGTCCCAGU-3′

4 Gapmer p53.2 5′-GACUCCAGTGGTAATCTAC-3′

5 Gapmer p53.3 5′-GAAAUTTGCGTGTGGAGUA-3′

6 Gapmer p53.4 5′-GGACATACCAGCTTAGAUUUU-3′

2.3.2. Oligonucleotides Incubation

Any single oligonucleotide, or combination of them, was incubated following the
next procedure. First, the volume of AuNPs required must be calculated based on the
final molar amount of oligonucleotides and the bPEI in the nanoparticles in a relation
1:8. This volume of AuNPs is centrifuged at 4 ◦C and 13.2 K rpm and the supernatant is
removed. The oligonucleotides are then added to the pellet and incubated for 1 h at room
temperature. Then, a citrate buffer at pH 3.5 (0,1 M) is added. Its volume must be 10% of
the final volume of the mixture of AuNPs and oligonucleotides. Once the buffer is added,
the samples are incubated for 12 h. Then, the nanoparticles are centrifuged to remove the
unbound oligonucleotides.
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2.3.3. Oligonucleotides Transfection

Exponentially growing cells were seeded at 5 × 103 cells/well in 96-well plates or
at 1 × 104 cells in 12-well plates. Wild-type and mutant p53 protein expression were
transiently knocked down by transfection with a mixture containing 60 pmoles of gapmers
targeting different exons of the TP53 gene (p53.1-4). A scramble sequence as non-silencing
control was used as a negative control. The silencing transfections were carried out for 48 h
using Lipofectamine 2000 (Life Technologies), according to the manufacturer’s instructions.
Cells were transfected by gapmers at a final concentration of 50 nM using Lipofectamine
2000 (Life Technologies), according to the manufacturer’s instructions. For fluorescence
studies, PANC-1 cancer cells were transfected with 100 pmoles of polyT(10)FAM using
Lipofectamine 2000.

2.4. Cell Lines and Culture Conditions

Pancreatic adenocarcinoma PANC-1 (mutant p53-R273H) and breast cancer MCF7
(WTp53) cell lines were purchased from American Type Culture Collection (ATCC, Rockville,
MD, USA) and cultured in low-glucose DMEM medium with 10% FBS, 1% streptomycin–
penicillin, and 1% l-glutamine at 37 ◦C in a Binder CB210 incubator (5% CO2). Triple-
negative breast cancer MDA-MB-231 (mutant p53-R280K) cell line was purchased from
American Type Culture Collection (ATCC, Rockville, MD, USA) and cultured in high
glucose-glucose DMEM medium with 10% FBS, 1% streptomycin–penicillin, and 1% l-
glutamine at 37 ◦C in a Binder CB210 incubator (5% CO2). All the procedures were
performed inside a laminar flow hood Telstar CV-30/70 (Telstar, Terrassa, Spain). The list
of the cell lines used in this study and their p53 status are summarized in Table 3.

Table 3. p53 status of cell lines used in this study.

Entry Cell Line Tumor Tissue P53 Mutation

1 PANC-1 Pancreas R273H

2 MDA-MB-231 Breast R280K

3 MCF-7 Breast Wild Type

2.5. Chemotherapy

Gemcitabine stock solution was prepared at 100 µM in DMSO. Then, different con-
centrations of GEM (1, 2, 4.5, 10, and 20 µM) were prepared in DMEM medium. It was
incubated for 24 h with the cells, then washed 3 times with PBS and DMEM medium
was added. After an additional time of 24 or 48 h, the viability assay was carried out as
described in Supplementary Materials.

2.6. Nanoparticles Treatment

A volume of 100 µL functionalized AuNPs were added in Opti-MEM (500 µL, total
volume). The cells were incubated for 24 h, washed with PBS and DMEM medium was
added. After 24 or 48 h, the viability was assessed, as described in Supplementary Materials.

2.7. Combination Treatment

In this case, the nanoparticles were incubated, as indicated in Supplementary Materials.
After 5 h, GEM (4.5 µM/well) was added and incubated for an additional 24 h. Then,
the cells were washed with PBS and DMEM medium was added. The cell viability was
evaluated after their incubation for an additional 24 or 48 h.

3. Results
3.1. Preparation of Multi Functionalized AuNPs

Bare AuNPs were prepared using Turkevitch’s method [44], which yielded nanopar-
ticles with an average diameter of 12.98 ± 1.5 nm by TEM (Figure S1), a hydrodynamic
diameter of 19.33 ± 9.31 nm, and a zeta potential of −42.3 ± 13.3 mV (Figure S2). Using



Pharmaceutics 2021, 13, 2067 6 of 17

the Beer–Lamber Law with the corresponding extinction coefficient for the diameter values
obtained by TEM, it was determined to be a concentration of 8 nM. These AuNPs are coated
with citrate anions that present a weak bond with the surface of the nanoparticle [46]; thus,
they are susceptible to react with a variety of molecules such as sulfur or amine groups [47],
although the interaction with Au-S is much stronger. For this reason, the lipoic acid (LP)
was selected for the preparation of the linkers to connect the AuNPs and the polymers. This
structure presents a dithiolane moiety that provides a strong binding with the gold and
a carboxylic acid group that allows for an easy functionalization with the amino groups
present in the selected polymers.

The polymers chosen for the functionalization are branched polyethylenimine (bPEI)
of low molecular weight (MW = 2 kDa) and polyethylene glycol (PEG) (MW = 3000). This
bPEI is a polymer with a large number of amino groups per monomer that can be used to
increase the positive charge of the nanostructures generated, making them suitable carriers
for oligonucleotides with reduced toxicity. However, the direct functionalization of the
AuNPs with the modified bPEI led to an aggregation of the nanostructure, probably due
to the difference of charges between the citrate-stabilized AuNP (negative charge) and
the bPEI (positive charge). To overcome this limitation, PEG was introduced to stabilize
AuNPs before their further modification with bPEI [48]. To ease the functionalization of the
nanoparticles, both polymers, bPEI and PEG, were modified with the LP linker previously
activated with NHS for a better reactivity, giving, as a result, the desired LP-bPEI and
LP-PEG polymers.

For the functionalization of the AuNPs with the polymers, the loading of the polymers
on the nanoparticles was evaluated. For this purpose, different amounts of LP-PEG, the
stabilizing agent, were added and the zeta potential assessed. It was observed that for 1 mL
of AuNPs, the hydrodynamic size increased from to 30.79 ± 10.78 nm (Figure S3B), and the
z-potential became gradually more positive until it reached 10,000 pmols of LP-PEG. After
this point, the zeta potential did not change, and it was considered the saturation point of
the AuNPs (Figure S3A). On the other hand, the minimum amount of LP-PEG required to
stabilize the AuNPs was 3000 pmols. Thus, the optimum formulation will imply the use
of 3000 pmols of LP-PEG and 7000 pmols of LP-bPEI (Figure 1). This first generation of
functionalized AuNPs with these amounts of polymers (GEN1) was centrifuged to remove
the unreactive polymers and resuspended in 1 mL of water to be characterized by DLS. In
comparison with the non-functionalized AuNPs, GEN1 shows a great change in the zeta
potential from to 12.9 ± 6.99 mV (Figure S2B). However, the hydrodynamic size does not
present remarkable changes with respect to the AuNPs functionalized only with LP-PEG.
These results suggest that the polymer LP-PEI has been incorporated and has a profound
effect on the z-potential. The stability of GEN1 was evaluated through the z-potential and
hydrodynamic size values obtained at different periods of time at room temperature and
4 ◦C, being stable after 3 weeks and 6 months, respectively.
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A second generation (GEN2) of PEI-based AuNPs was prepared, based in GEN1. It
required the addition of a second molecule of bPEI to GEN1. The GEN2 was expected to
provide a higher positive z-potential, which should increase the overall stability and the
oligonucleotide binding, without an increase in toxicity (Figure S4) as is expected for larger
bPEIs. To prepare this derivative, SPDP was employed to modify the amines of bPEI. SPDP
is a widely used heterobifunctional crosslinker due to the presence of an NHS-ester and a
pyridyldithiol group that allows a good reactivity with amines and sulfhydryl elements. On
the other hand, thiol moieties were introduced in the amine groups of GEN1 nanoparticles.
Then, the combination of these modified units yielded the desired GEN2, in which bPEI
molecules were connected through a disulfide moiety. This type of bond is robust but
can be easily broken in the presence of glutathione, which is present inside cells at high
concentrations, particularly in tumoral cells [49]. Thus, the oligonucleotides bound to the
nanoparticle could be released more efficiently inside tumoral cells.

First, bPEI was modified with the SPDP crosslinker to obtain SPDP-bPEI as function-
alizing agent (Figure 2). AuNPs GEN1 were incubated with 2-iminothiolane to introduce
thiol groups, and SPDP-bPEI was added to complete the functionalization. After this, the
nanoparticles were centrifuged and the supernatant was removed and analyzed by UV
to quantify the pyridine-2-thione (λ = 343 nm, ε = 8080 cm−1) released during the process
(Figure S5). This data was used to determine the yield of functionalization, 35%, which sug-
gests steric hindrance due to the proximity between polymers. The pellet was resuspended
with water to the original volume, and the new GEN2 AuNPs were characterized by DLS.
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GEN2 AuNPs presented a similar size by DLS as GEN1, 35.02± 12.94 nm (Figure S3C)
but a significant increment in the zeta potential from to 35 ± 7.99 mV. This strategy
was repeated over the GEN2 to obtain a new generation of these AuNPs (GEN3), but
unfortunately, the yield of the process was lower than 10%, with a slight zeta potential
increment (Figure S6) and a significant destabilization of the nanoparticles. Particularly,
the GEN3 was stable at room temperature for 4 days and 2 weeks at 4 ◦C. For these reasons,
GEN3 was not further assessed, and the main studies were carried out with GEN2.
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In this regard, the size and z-potential of GEN2 in the presence of different concen-
trations of glutathione (GSH) were evaluated. Thus, GEN2 was incubated in the presence
of GSH at different concentrations, 1 µM and 1 mM, emulating an extra and intracellular
environment (Figure S7A,B). No significant changes in the first 2 h were observed, but
after this time, some changes in size were appreciated and, more notably, in the potential
of GEN2 at 1 mM. It was finally observed that while the ones at 1 µM did not experience
important changes, the one incubated at 1 mM reverted to a stage very similar to GEN1,
which indicates a good release of the SPDP-bPEI. Due to all these factors, GEN2 was chosen
to test the oligonucleotide binding.

3.2. Transfection Efficacy of GEN2-AuNPs

Before its use in cell culture, the binding to oligonucleotides of GEN2 was tested.
The oligonucleotide (PolyT(10)FAM) used in this study consists of a single chain of ten
units of thymine with a fluorescein (FAM), a green fluorescent molecule, at the 5′-. This
combination was chosen due to the low affinity of the T nucleobase to the gold surface [50],
avoiding indirect electrostatic binding, and the ease of tracking the molecule due to the
presence of FAM [51].

Thus, the PolyT(10)FAM was incubated with GEN2 AuNPs. After centrifugation,
the resulting pellet and supernatant were analyzed by a gel retardation assay to quan-
tify the amount of oligonucleotide in each one. During the incubation time, a citrate
buffer was added to lower the pH of the solution to increase the binding between the
amines of the GEN2 and the phosphates of the oligonucleotide [52]. This incubation
method was evaluated under different factors, such as bPEI/oligonucleotide molar ra-
tio, pH, and buffer concentration. Regarding the last two factors, the best results were
obtained at 3.5 pH and buffer concentration of 10 mM, as is observed in the analysis of
the agarose gels of GEN2 AuNPs (Figure S8A–C). This approach is based on the low pH
assisted method, commonly employed to reduce the repulsion between oligonucleotides
nucleobases and AuNPs [53,54]. These factors contribute to the molecules of PEI reach-
ing their maximum protonation state, and therefore, enhance their electrostatic binding
capacity [55,56]. Fixing these values achieved the conjugation of the 67% of the oligonu-
cleotide at molar ratios PEI/oligonucleotides of at least 8. This means an N/P ratio of
34 (calculated as N/P ratio = 7.53 × weight ratio of PEI/DNA [57]), similar to the optimal
N/P ratio recently calculated for PEI 25,000 MW [58,59]. These values represent a signifi-
cant improvement if the difference in the molecular weight between them is considered.
Thus, GEN2 AuNPs at those conditions were chosen to test their biological applications as
carriers.

3.3. Biological Activity of GEN2-AuNPs

Once the AuNPs were synthesized, we assessed their biological activity in different
cancer cell lines carrying mutant or wild-type p53.

Increasing concentrations of AuNPs, ranging from 0.25 nM to 2 nM, were incubated
with PANC-1 pancreas cancer cells (Figure 3A) and the breast cancer cell lines MDA-MB-231
and MCF-7 (Figure S9A,B), and cell viability was assessed using the alamarBlue assay after
48 h and 72 h.

For PANC-1 and MCF-7 cell lines, the reduction of cell viability was negligible until the
concentration of 1.75 nM, whereas in MDA-MB-231 cancer cells, the viability was affected at
a concentration of 1.5 nM. Later, we incubated PANC-1 and MCF-7 cancer cells with GEN2
AuNPs-polyT(10)FAM, and after 24 h, we measured the 6-FAM fluorescent intensity using
a multi-well plate reader to evaluate the internalization of the oligonucleotide meditated
by the nanoparticle (Figure 3B and Figure S10A). Interestingly, we observed a significant
increase in 6-FAM fluorescence in both cell lines tested, suggesting that after intracellular
stimulus, our modified AuNPs were able to release polyT(10)FAM in cellular space. The
6-FAM activity was confirmed by fluorescence microscopy (Figure 3C and Figure S10B).
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As a control condition, polyT(10)FAM was transfected both individually and com-
plexed with liposomes in PANC-1 and MCF-7 cancer cell lines, and the fluorescence
intensity was assessed after 24 h (Figures S11 and S12). As expected, liposomal transfection
strongly increased 6-FAM fluorescence in such cell lines, as confirmed by multi-well plate
reader and fluorescence microscopy.

3.4. Mutant and Wild Type p53 Cancer Cells Show Different Sensitivity to Chemotherapy

To evaluate the different responses of cancer cell lines to GEM, we assessed the cell
viability in mutant and wild-type p53 cancer cells after incubation with increasing con-
centrations of GEM for 48 and 72 h. In accordance with previously published data [10,13],
PANC-1 and MDA-MB-231 cancer cells bearing mutant p53 proteins showed less sensitiv-
ity to GEM treatment with respect to MCF-7 cancer cells and their viability was reduced
between 15–30% after 72 h of incubation (Figure S13A,B). In contrast, GEM drastically
affected the viability of MCF-7 cancer cells, which showed a survival rate of 40% after 72 h
from the treatment (Figure S13C).

To better understand the mechanism behind the chemoresistance to GEM in mu-
tant p53 cancer cells, some molecular markers related to apoptosis and cell growth
in PANC-1, MDA-MB-231, and MCF-7 cancer cells were evaluated by Western blots
(Figures S13D and S14). Firstly, we assessed the effect of the GEM on p53 protein lev-
els. We observed a significant increase in p53 protein levels in both mutant and wild-type
p53 cancer cell lines following the treatment with GEM (4.5 µM) for 72 h. This observation



Pharmaceutics 2021, 13, 2067 10 of 17

is congruent with previous studies describing the interplay between DNA damage and
p53 activity [60–62] and suggests the existence of a mechanism leading to the stabilization
and induction of p53 in response to DNA damaging agents. Later, the level of the anti-
apoptotic protein Bcl-2 was assessed. This protein contributes to cancer formation and
progression by promoting the survival of cancer cells and represents a canonical target for
cancer therapy [63]. Interestingly, an increase of Bcl-2 was observed when PANC-1 cells
were treated with GEM, whereas no significant reductions in this protein were observed in
MDA-MB-231 and MCF-7 breast cancer cells.

Then, we evaluated the activation of mTOR signaling after GEM treatment. It is worth
mentioning that hyperactivation of mTOR signaling represents one of the mechanisms
responsible for chemoresistance in cancer, and its inhibition is exploited by chemotherapy
drugs to exert their anti-tumor action [64]. We observed that in PANC-1 cancer cells, GEM
induced the phosphorylation at Ser371 of p70S6 protein (Figures S1 and S14), indicating the
activation of the mTOR pathway and chemoresistance, whereas, in MDA-MB-231 cells, its
modulation was negligible. Interestingly, in MCF-7, a substantial reduction in the mTOR
pathway was observed, indicating their sensitivity to chemotherapy treatment.

3.5. Modified Gold Nanoparticles Reduce Mutant p53 Cancer Cell Proliferation

Several studies have attributed to GOF of mutant p53 proteins its involvement in the
repression of autophagic cell death [13] and in the stimulation of cell growth [9]. This
occurs through the upregulation of several cyclins and cdk1-associated kinases activities,
which lead to a mutant p53/NF-Y-dependent increase in DNA synthesis [9].

To assess the therapeutic potential of GEN2-AuNPs, we functionalized them with
a mix containing four gapmers targeting the TP53 gene (Table 2). Then, these nanocom-
plexes were incubated for 72 h with cancer cell lines carrying mutant and wild-type
p53 proteins, and the cell viability was measured using the alamarBlue assay. Interest-
ingly, the treatment with AuNPs was able to effectively reduce cell viability in PANC-1
and MDA-MB-231 mutant p53 cells by approximately 25%, whereas it did not show a
significant effect on MCF-7 cancer cells (Figure 4A–C). We also confirmed by Western
blot assay a reduction of the levels of p53 proteins (both mutant and wild type) after
AuNPs treatment (Figure 4D and Figure S15). These data are congruent with previous
studies concerning the role of mutant p53 on cancer cell proliferation and highlight the
potential use of these nanostructures as a personalized therapy in cancers bearing mutant
p53. The efficacy of such antisense sequences was also confirmed through liposomal trans-
fection of mutant and wild-type p53 cancer cells, as described in material and methods
(Figures S16A–D and S17).

3.6. Modified Gold Nanoparticles Reduce Chemoresistance in Mutant p53 Cancer Cells

Then, the cell viability was studied in both mutant and wild-type p53 cancer cell lines
when the nanostructures functionalized with gapmers targeting TP53 were combined with
GEM treatment. Interestingly, in PANC-1 and MDA-MB-231 mutant p53 cancer cells, the
combination of the functionalized nanostructures with GEM overcame the chemoresistance
to GEM, leading to an enhancement of the cytotoxic effect (Figure 5A,B). In the case of
MCF-7, the nanomaterials functionalized with p53-gapmers did not affect cell viability
when employed in combination with GEM (Figure 5C). These data strongly suggest that
oncogenic mutant p53 proteins confer chemoresistance to gemcitabine and that selective
therapeutic targeting of mutant p53 can enhance the effect of chemotherapy. The beneficial
effect of such antisense sequences combined with GEM was also confirmed through liposo-
mal transfection of mutant and wild-type p53 cancer cells, as described in material and
methods (Figure S18).
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were seeded in 96-well plates, incubated overnight, and treated with GEN2-AuNPs functionalized with 120 pmoles of
gapmers against p53. Then, 5 h after the treatment, the cells were treated with GEM (4.5 µM) incubated for 72 h. At the
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To elucidate the mechanism underlying the therapeutic effect of such nanostructures, we
assessed the levels of some critical markers related to apoptosis and cell growth after their
incubation with GEM in mutant and wild-type p53 cancer cells (Figure 5D and Figure S19).

After GEM treatment, mTOR signaling was enhanced in PANC-1 pancreas cancer cells
and was not affected in MDA-MB-231 breast cancer cells, thus contributing to chemoresis-
tance. Interestingly, the combined treatment with functionalized nanostructures targeting
mutant p53 reduced mTOR signaling in such mutant p53-associated cancer cells. More-
over, the protein levels of the antiapoptotic protein Bcl-2 also decreased in PANC-1 and
MDA-MB-231 after combined treatment, suggesting the activation of the apoptotic program
to overcome chemoresistance to GEM. On the other side, mTOR signaling and Bcl-2 protein
were not affected in MCF-7 cells after combined treatment. These data revealed the ability
of these functionalized nanoparticles to reduce chemoresistance in mutant p53 cancer cells
through the modulation of signaling pathways involved in cell growth and apoptosis.

4. Discussion

Nowadays, many clinical trials have failed to demonstrate an improvement in the
overall survival of cancer patients treated with GEM in combination with different an-
ticancer drugs. Extensive research is currently focused on identifying novel potential
therapeutic targets to overcome GEM resistance in different cancers [65–67]. In this re-
gard, strategies based on mTOR inhibition and/or AMPK activation have been shown to
sensitize pancreatic cancer cells to GEM [68,69].

The p53 tumor suppressor protein is a master transcriptional regulator that controls
several critical physiological pathways, such as cell cycle arrest, apoptosis, senescence,
DNA damage response, and metabolism [1].

It is emerging that mutant p53 proteins, contrarily to their wild-type p53 counterpart,
reduce the response of cancer cells to chemotherapy conferring chemoresistance to DNA
damaging agents. This mainly occurs through a sophisticated dysregulation of cellular
signaling pathways and by modulating the activity of transcription factors related to
autophagy regulation, mitochondria biogenesis, and stress metabolic adaptation of cancer
cells [10,70–73]. Hence, novel approaches aimed to inhibit the expression and function of
oncogenic mutant p53 proteins represent a valid therapeutic approach to overcome cancer
chemoresistance.

The functionalization of the gold nanoparticles with different agents allows taking
advantage of their properties without producing adverse side effects. Among the various
chemical modifications existing, one of the more exploited is PEG. This molecule stabilizes
the electrostatic proprieties of AuNPs and reduces the instability produced at the time
to conjugate the branched polyethylenimine (bPEI), which originates due to the large
difference of charges between them. Furthermore, the use of short bPEI helps to reduce its
toxicity in cell lines [74]. The functionalization of AuNPs with both agents leads to stable
and positive charged nanoparticles.

In this research, an innovative approach to increase the potential of the particles
and their transfection efficacy has been designed. Instead of replacing the molecule of
bPEI for a larger one, which would increase the overall toxicity, we introduced to the
formulation a second molecule of low molecular bPEI, previously modified with an SPDP
crosslinker. This way, the length of the polymer can be controlled and tune the properties
of the nanostructure, providing a high concentration of positive charges. This may be due
to a more efficient electrostatic charge packaging, translating into a bigger transfection
capacity. Another advantage is the kind of bond created in the process, a disulfide bond,
which is considered a stimulus-sensitive linker. This one is sensitive to reduction stimulus;
thus, in the presence of a tumoral environment, where the concentration of reducing agents
is higher, 85% of the polymer would be released along with its therapeutic cargo.

To maximize the binding capacity of the multifunctional AuNPs with oligonucleotides,
three factors have been optimized. The first one is the molar ratio of bPEI/oligonucleotide,
which has been determined that at 8 (N/P ratio 34) provides a great binding in comparison
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with PEI of higher MW at the same conditions [59]. The second one is the use of an agent to
reduce the pH of the nanoparticles’ dispersion to increase the positive concentration of the
bPEI. A citrate buffer solution provided an adequate pH reduction without destabilizing or
degrading the nanoparticles or their components, and at 3.5 pH, displayed better binding
results due to most of the amino groups may be protonated. The third factor is the
concentration of the buffer itself, showing that higher concentrations of it can disfavor the
binding.

Then, we assessed the anticancer effect of modified AuNPs functionalized with ther-
apeutic gapmers targeting mutp53 proteins in pancreatic and breast cancer cell lines
(Table 3). Firstly, we observed that our modified nanostructures could reduce the levels
of p53 proteins in a panel of cancer cells. Interestingly, the cell proliferation was affected
exclusively in cancer cells carrying the mutp53 proteins (PANC-1 and MDA-MB-231), but
not the wild-type counterpart (MCF-7). These data are consistent with the pro-survival
role that mutant p53 plays in cancer cells, especially through the establishment of a mutant
p53/NF-Y protein complex which leads to an aberrant cell cycle transcriptional regula-
tion [9]. These observations suggest that our nanoparticles are safe in not-tumoral cellular
models carrying wild-type p53 and can be exploited for the treatment of cancer cells bearing
mutant p53 proteins, expanding their potential in in vivo applications.

Later, we also evaluated the effect of GEM treatment in cancer cell lines bearing mutant
p53 or wild-type proteins. Interestingly, we observed that this standard chemotherapeutic
leads to an increase in both wild-type and mutp53 protein levels. It is tempting to speculate
that this response may lead to different effects on cancer cell proliferation and apoptosis
depending on TP53 mutational status. In this regard, especially in PANC-1, GEM increased
the activity of the mTOR pathway, which we detected through the phosphorylation of its
downstream target p70S6 kinase. In addition, the chemotherapy also augmented the levels
of Bcl-2 protein, which is a classical inhibitor of apoptosis and represents a target for cancer
therapy [63]. However, in MDA-MB-231 cancer cells, these molecular markers were not
affected by GEM treatment, and, in contrast, they were strongly reduced in wild-type p53
MCF-7 cells. This data strongly indicates that the different modulation of Bcl-2/p70S6K
pro-tumoral axis may be linked to the different p53 status in cancer cells and that, in the case
of PANC-1, the induction of Bcl-2 may partially explain their drug resistance phenotype.

Finally, we assessed whether our nanostructures, through their targeting of p53 pro-
teins, could revert the acquired chemoresistance typical of certain mutp53 cancer cells and
therefore represent a personalized treatment for cancer patients with alterations in the
TP53 gene. Remarkably, these nanomaterials were able to increase the activity of GEM in
PANC-1 and MDA-MB-231 cancer cell lines but not in MCF-7 cancer cells. In this regard,
in wild-type p53 cells, the combined therapy did not enhance the effect of GEM, and the
reduction observed in their viability was only due to GEM toxicity. As mentioned above,
the drastic difference between the cancer cell lines carrying mutant p53 proteins versus the
wild-type model may be explained by, among other causes, the opposite effects that p53
variants play in the context of cancer cells proliferation and chemoresistance. One possible
explanation for which cancer cells with mutp53 are more resistant to chemotherapeutic
agents could be related to PUMA-induced apoptosis and p21-mediated cell cycle arrest [75].

Later, we investigated the molecular mechanisms underlying the activity of our
AuNPs in mutant p53 cancer cells. We observed that these nanostructures were able to
inhibit the mTOR signaling pathway and the antiapoptotic protein Bcl-2, thus overcoming
drug resistance.

Overall, these data allow us to speculate that both apoptosis induction and mTOR
inhibition, resulting after combined therapy, might contribute to the reduction of cell
viability observed in mutant p53 cancer cells. The data presented herein provide new
therapeutic options based on the delivery of modified oligonucleotides through modified
nanomaterials in overcoming cancer resistance in apoptosis-refractory tumors bearing
mutant p53 cancer cells.
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eration, Figure S17: Quantitative analysis of p53/GAPDH ratios, Figure S18: Gapmers targeting
mutant p53 overcome chemoresistance to GEM, Figure S19: Quantitative analysis of p53/GAPDH,
phospho(Ser371)-p70S6K/GAPDH, p70S6K/GAPDH, and Bcl-2/GAPDH ratios. Instrumental analy-
sis and Methods: General information, TEM, Dynamic light scattering (DLS) and Zeta-Potential, Gel
retardation assay, Alamar Blue Viability Assay, Western blot analysis, Fluorescence of polyT(10)FAM,
Statistical analysis. Synthesis of linkers and polymer derivatives: 2,5-dioxopyrrolidin-1-yl 5-(1,2-
dithiolan-3-yl)pentanoate (Lipoic activated ester linker), (3-(pyridin-2-yldisulfanyl) propanoic acid),
2,5-dioxopyrrolidin-1-yl 3-(pyridin-2-yldisulfanyl)propanoate (SPDP linker), Synthesis of LP-PEI
(2000 MW), Synthesis of SPDP-PEI (2000 MW), Synthesis of LP-PEG (3000 MW).

Author Contributions: Conceptualization, E.G.-G., M.C. and Á.S.; methodology, E.G.-G. and M.C.;
formal analysis, E.G.-G., M.C.; investigation, E.G.-G., M.C.; data curation, E.G.-G., M.C.; writing—
original draft preparation, E.G.-G., M.C. and Á.S.; writing—review and editing, E.G.-G., M.C. and
Á.S.; supervision, M.C. and Á.S.; project administration, Á.S.; funding acquisition, Á.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Spanish Ministry of Economy and Competitiveness
(SAF2017-87305-R, PID2020-119352RB-I00), Comunidad de Madrid (IND2017/IND-7809), and IMDEA
Nanociencia. IMDEA Nanociencia acknowledges support from the ‘Severo Ochoa’ Programme for
Centres of Excellence in R&D (MINECO, Grant SEV-2016-0686, CEX2020-001039-S).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the article. The raw data of Western
blots study are available on request from the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xie, M.; Zhang, Q.; Mcmichael, J.F.; Wyczalkowski, M.A.; Wendl, M.C.; Ley, T.J.; Wilson, R.K.; Raphael, B.J. Mutational Landscape

and Significance across 12 Major Cancer Types. Nature 2014, 502, 333–339. [CrossRef]
2. Kim, M.P.; Lozano, G. Mutant P53 Partners in Crime. Cell Death Differ. 2018, 25, 161–168. [CrossRef] [PubMed]
3. Ahn, J.H.; Kim, T.J.; Lee, J.H.; Choi, J.H. Mutant P53 Stimulates Cell Invasion through an Interaction with Rad21 in Human

Ovarian Cancer Cells. Sci. Rep. 2017, 7, 9076. [CrossRef]
4. Muller, P.A.J.; Caswell, P.T.; Doyle, B.; Iwanicki, M.P.; Tan, E.H.; Karim, S.; Lukashchuk, N.; Gillespie, D.A.; Ludwig, R.L.;

Gosselin, P.; et al. Mutant P53 Drives Invasion by Promoting Integrin Recycling. Cell 2009, 139, 1327–1341. [CrossRef] [PubMed]
5. Prokocimer, M.; Molchadsky, A.; Rotter, V. Dysfunctional Diversity of P53 Proteins in Adult Acute Myeloid Leukemia: Projections

on Diagnostic Workup and Therapy. Blood 2017, 130, 699–712. [CrossRef] [PubMed]
6. Buller, R.E.; Lallas, T.A.; Shahin, M.S.; Sood, A.K.; Hatterman-Zogg, M.; Anderson, B.; Sorosky, J.I.; Kirby, P.A. The P53 Mutational

Spectrum Associated with BRCA1 Mutant Ovarian Cancer. Clin. Cancer Res. 2001, 7, 831–838.
7. Blandino, G.; Levine, A.J.; Oren, M. Mutant P53 Gain of Function: Differential Effects of Different P53 Mutants on Resistance of

Cultured Cells to Chemotherapy. Oncogene 1999, 18, 477–485. [CrossRef]
8. Valenti, F.; Ganci, F.; Fontemaggi, G.; Sacconi, A.; Strano, S.; Blandino, G.; Di Agostino, S. Gain of Function Mutant P53 Proteins

Cooperate with E2F4 to Transcriptionally Downregulate RAD17 and BRCA1 Gene Expression. Oncotarget 2015, 6, 5547–5566.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/pharmaceutics13122067/s1
https://www.mdpi.com/article/10.3390/pharmaceutics13122067/s1
http://doi.org/10.1038/nature12634.Mutational
http://doi.org/10.1038/cdd.2017.185
http://www.ncbi.nlm.nih.gov/pubmed/29099488
http://doi.org/10.1038/s41598-017-08880-4
http://doi.org/10.1016/j.cell.2009.11.026
http://www.ncbi.nlm.nih.gov/pubmed/20064378
http://doi.org/10.1182/blood-2017-02-763086
http://www.ncbi.nlm.nih.gov/pubmed/28607134
http://doi.org/10.1038/sj.onc.1202314
http://doi.org/10.18632/oncotarget.2587
http://www.ncbi.nlm.nih.gov/pubmed/25650659


Pharmaceutics 2021, 13, 2067 15 of 17

9. Di Agostino, S.; Strano, S.; Emiliozzi, V.; Zerbini, V.; Mottolese, M.; Sacchi, A.; Blandino, G.; Piaggio, G. Gain of Function of
Mutant P53: The Mutant P53/NF-Y Protein Complex Reveals an Aberrant Transcriptional Mechanism of Cell Cycle Regulation.
Cancer Cell 2006, 10, 191–202. [CrossRef]

10. Fiorini, C.; Cordani, M.; Padroni, C.; Blandino, G.; Di Agostino, S.; Donadelli, M. Mutant P53 Stimulates Chemoresistance of
Pancreatic Adenocarcinoma Cells to Gemcitabine. Biochim. Biophys. Acta-Mol. Cell Res. 2015, 1853, 89–100. [CrossRef] [PubMed]

11. Lonetto, G.; Koifman, G.; Silberman, A.; Attery, A.; Solomon, H.; Levin-Zaidman, S.; Goldfinger, N.; Porat, Z.; Erez, A.; Rotter, V.
Mutant P53-Dependent Mitochondrial Metabolic Alterations in a Mesenchymal Stem Cell-Based Model of Progressive Malignancy.
Cell Death Differ. 2019, 26, 1566–1581. [CrossRef]

12. Zhou, G.; Wang, J.; Zhao, M.; Xie, T.X.; Tanaka, N.; Sano, D.; Patel, A.A.; Ward, A.M.; Sandulache, V.C.; Jasser, S.A.; et al.
Gain-of-Function Mutant P53 Promotes Cell Growth and Cancer Cell Metabolism via Inhibition of AMPK Activation. Mol. Cell
2014, 54, 960–974. [CrossRef] [PubMed]

13. Cordani, M.; Oppici, E.; Dando, I.; Butturini, E.; Dalla Pozza, E.; Nadal-Serrano, M.; Oliver, J.; Roca, P.; Mariotto, S.; Cellini, B.;
et al. Mutant P53 Proteins Counteract Autophagic Mechanism Sensitizing Cancer Cells to MTOR Inhibition. Mol. Oncol. 2016, 10,
1008–1029. [CrossRef] [PubMed]

14. Cordani, M.; Pacchiana, R.; Butera, G.; D’Orazi, G.; Scarpa, A.; Donadelli, M. Mutant P53 Proteins Alter Cancer Cell Secretome
and Tumour Microenvironment: Involvement in Cancer Invasion and Metastasis. Cancer Lett. 2016, 376, 303–309. [CrossRef]

15. Lambert, J.M.R.; Gorzov, P.; Veprintsev, D.B.; Söderqvist, M.; Segerbäck, D.; Bergman, J.; Fersht, A.R.; Hainaut, P.; Wiman, K.G.;
Bykov, V.J.N. PRIMA-1 Reactivates Mutant P53 by Covalent Binding to the Core Domain. Cancer Cell 2009, 15, 376–388. [CrossRef]
[PubMed]

16. Chuang, H.C.; Yang, L.P.; Fitzgerald, A.L.; Osman, A.; Woo, S.H.; Myers, J.N.; Skinner, H.D. The P53-Reactivating Small Molecule
RITA Induces Senescence in Head and Neck Cancer Cells. PLoS ONE 2014, 9, e104821. [CrossRef]

17. Zhang, S.; Zhou, L.; Hong, B.; Van Den Heuvel, A.P.J.; Prabhu, V.V.; Warfel, N.A.; Kline, C.L.B.; Dicker, D.T.; Kopelovich, L.;
El-Deiry, W.S. Small-Molecule NSC59984 Restores P53 Pathway Signaling and Antitumor Effects against Colorectal Cancer via
P73 Activation and Degradation of Mutant P53. Cancer Res. 2015, 75, 3842–3852. [CrossRef]

18. Maan, M.; Pati, U. CHIP Promotes Autophagy-Mediated Degradation of Aggregating Mutant P53 in Hypoxic Conditions. FEBS J.
2018, 285, 3197–3214. [CrossRef] [PubMed]

19. Sato, H.; Hiraki, M.; Namba, T.; Egawa, N.; Baba, K.; Tanaka, T.; Noshiro, H. Andrographolide Induces Degradation of Mutant
P53 via Activation of Hsp70. Int. J. Oncol. 2018, 53, 761–770. [CrossRef] [PubMed]

20. Foggetti, G.; Ottaggio, L.; Russo, D.; Mazzitelli, C.; Monti, P.; Degan, P.; Miele, M.; Fronza, G.; Menichini, P. Autophagy Induced
by SAHA Affects Mutant P53 Degradation and Cancer Cell Survival. Biosci. Rep. 2019, 39, BSR20181345. [CrossRef]

21. Vakifahmetoglu-Norberg, H.; Kim, M.; Xia, H.G.; Iwanicki, M.P.; Ofengeim, D.; Coloff, J.L.; Pan, L.; Ince, T.A.; Kroemer, G.;
Brugge, J.S.; et al. Chaperone-Mediated Autophagy Degrades Mutant P53. Genes Dev. 2013, 27, 1718–1730. [CrossRef]

22. Selivanova, G.; Wiman, K.G. Reactivation of Mutant P53: Molecular Mechanisms and Therapeutic Potential. Oncogene 2007, 26,
2243–2254. [CrossRef] [PubMed]

23. Ubby, I.; Krueger, C.; Rosato, R.; Qian, W.; Chang, J.; Sabapathy, K. Cancer Therapeutic Targeting Using Mutant–P53-Specific
SiRNAs. Oncogene 2019, 38, 3415–3427. [CrossRef] [PubMed]

24. Kundu, A.K.; Iyer, S.; Chandra, S.; Adhikari, A.S.; Iwakuma, T.; Mandal, T.K. Novel siRNA formulation to effectively knockdown
mutant p53 in osteosarcoma. PLoS ONE 2017, 12, e0179168. [CrossRef] [PubMed]

25. Wu, X.; He, X.; Wang, K.; Xie, C.; Zhou, B.; Qing, Z. Ultrasmall Near-Infrared Gold Nanoclusters for Tumor Fluorescence Imaging
in Vivo. Nanoscale 2010, 2, 2244–2249. [CrossRef] [PubMed]

26. Zhang, Y.; Chu, W.; Foroushani, A.D.; Wang, H.; Li, D.; Liu, J.; Barrow, C.J.; Wang, X.; Yang, W. New Gold Nanostructures for
Sensor Applications: A Review. Materials 2014, 7, 5169–5201. [CrossRef]

27. Ghosh, P.; Han, G.; De, M.; Kim, C.K.; Rotello, V.M. Gold Nanoparticles in Delivery Applications. Adv. Drug Deliv. Rev. 2008, 60,
1307–1315. [CrossRef]

28. Silva, F.; Zambre, A.; Campello, M.P.C.; Gano, L.; Santos, I.; Ferraria, A.M.; Ferreira, M.J.; Singh, A.; Upendran, A.; Paulo, A.;
et al. Interrogating the Role of Receptor-Mediated Mechanisms: Biological Fate of Peptide-Functionalized Radiolabeled Gold
Nanoparticles in Tumor Mice. Bioconjug. Chem. 2016, 27, 1153–1164. [CrossRef] [PubMed]

29. Schuemann, J.; Berbeco, R.; Chithrani, D.B.; Cho, S.H.; Kumar, R.; McMahon, S.J.; Sridhar, S.; Krishnan, S. Roadmap to Clinical
Use of Gold Nanoparticles for Radiation Sensitization. Int. J. Radiat. Oncol. Biol. Phys. 2016, 94, 189–205. [CrossRef]

30. Senapati, S.; Mahanta, A.K.; Kumar, S.; Maiti, P. Controlled Drug Delivery Vehicles for Cancer Treatment and Their Performance.
Signal Transduct. Target. Ther. 2018, 3, 7. [CrossRef]

31. Hu, Y.; Zhang, L.; Zhang, Y.; Wang, B.; Wang, Y.; Fan, Q.; Huang, W.; Wang, L. Plasmonic Nanobiosensor Based on Hairpin
DNA for Detection of Trace Oligonucleotides Biomarker in Cancers. ACS Appl. Mater. Interfaces 2015, 7, 2459–2466. [CrossRef]
[PubMed]

32. Shi, J.; Kantoff, P.W.; Wooster, R.; Farokhzad, O.C. Cancer Nanomedicine: Progress, Challenges and Opportunities. Nat. Rev.
Cancer 2016, 17, 20–37. [CrossRef] [PubMed]

33. Adiseshaiah, P.P.; Crist, R.M.; Hook, S.S.; McNeil, S.E. Nanomedicine Strategies to Overcome the Pathophysiological Barriers of
Pancreatic Cancer. Nat. Rev. Clin. Oncol. 2016, 13, 750–765. [CrossRef]

http://doi.org/10.1016/j.ccr.2006.08.013
http://doi.org/10.1016/j.bbamcr.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25311384
http://doi.org/10.1038/s41418-018-0227-z
http://doi.org/10.1016/j.molcel.2014.04.024
http://www.ncbi.nlm.nih.gov/pubmed/24857548
http://doi.org/10.1016/j.molonc.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27118659
http://doi.org/10.1016/j.canlet.2016.03.046
http://doi.org/10.1016/j.ccr.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19411067
http://doi.org/10.1371/journal.pone.0104821
http://doi.org/10.1158/0008-5472.CAN-13-1079
http://doi.org/10.1111/febs.14602
http://www.ncbi.nlm.nih.gov/pubmed/29953728
http://doi.org/10.3892/ijo.2018.4416
http://www.ncbi.nlm.nih.gov/pubmed/29845212
http://doi.org/10.1042/BSR20181345
http://doi.org/10.1101/gad.220897.113
http://doi.org/10.1038/sj.onc.1210295
http://www.ncbi.nlm.nih.gov/pubmed/17401433
http://doi.org/10.1038/s41388-018-0652-y
http://www.ncbi.nlm.nih.gov/pubmed/30643191
http://doi.org/10.1371/journal.pone.0179168
http://www.ncbi.nlm.nih.gov/pubmed/28636657
http://doi.org/10.1039/c0nr00359j
http://www.ncbi.nlm.nih.gov/pubmed/20835443
http://doi.org/10.3390/ma7075169
http://doi.org/10.1016/j.addr.2008.03.016
http://doi.org/10.1021/acs.bioconjchem.6b00102
http://www.ncbi.nlm.nih.gov/pubmed/27003101
http://doi.org/10.1016/j.ijrobp.2015.09.032
http://doi.org/10.1038/s41392-017-0004-3
http://doi.org/10.1021/am507218g
http://www.ncbi.nlm.nih.gov/pubmed/25546579
http://doi.org/10.1038/nrc.2016.108
http://www.ncbi.nlm.nih.gov/pubmed/27834398
http://doi.org/10.1038/nrclinonc.2016.119


Pharmaceutics 2021, 13, 2067 16 of 17

34. Li, J.; Wang, Y.; Zhu, Y.; Oupický, D. Recent Advances in Delivery of Drug-Nucleic Acid Combinations for Cancer Treatment. J.
Control. Release 2013, 172, 589–600. [CrossRef]

35. Yang, D.; Tu, Y.; Wang, X.; Cao, C.; Hu, Y.; Shao, J.; Weng, L.; Mou, X.; Dong, X. A Photo-Triggered Antifungal Nanoplatform with
Efflux Pump and Heat Shock Protein Reversal Activity for Enhanced Chemo-Photothermal Synergistic Therapy. Biomater. Sci.
2021, 9, 3293–3299. [CrossRef]

36. Ramamoorth, M.; Narvekar, A. Non Viral Vectors in Gene Therapy—An Overview. J. Clin. Diagn. Res. 2015, 9, GE01–GE06.
[CrossRef]

37. Tang, G.P.; Zeng, J.M.; Gao, S.J.; Ma, Y.X.; Shi, L.; Li, Y.; Too, H.P.; Wang, S. Polyethylene Glycol Modified Polyethylenimine for
Improved CNS Gene Transfer: Effects of PEGylation Extent. Biomaterials 2003, 24, 2351–2362. [CrossRef]

38. Vijayakameswara Rao, N.; Ko, H.; Lee, J.; Park, J.H. Recent Progress and Advances in Stimuli-Responsive Polymers for Cancer
Therapy. Front. Bioeng. Biotechnol. 2018, 6, 110. [CrossRef]

39. Gosselin, M.A.; Guo, W.; Lee, R.J. Efficient Gene Transfer Using Reversibly Cross-Linked Low Molecular Weight Polyethylenimine.
Bioconjug. Chem. 2001, 12, 989–994. [CrossRef] [PubMed]

40. Bauhuber, S.; Hozsa, C.; Breunig, M.; Göpferich, A. Delivery of Nucleic Acids via Disulfide-Based Carrier Systems. Adv. Mater.
2009, 21, 3286–3306. [CrossRef]

41. Devos, S.L.; Miller, T.M. Antisense Oligonucleotides: Treating Neurodegeneration at the Level of RNA. J. Am. Soc. Exp. Neurother.
2013, 10, 486–497. [CrossRef] [PubMed]

42. Danielsen, M.B.; Lou, C.; Lisowiec-Wachnicka, J.; Pasternak, A.; Jørgensen, P.T.; Wengel, J. Gapmer Antisense Oligonucleotides
Containing 2′,3′-Dideoxy-2′-Fluoro-3′-C-Hydroxymethyl-β-d-Lyxofuranosyl Nucleotides Display Site-Specific RNase H Cleavage
and Induce Gene Silencing. Chem.-A Eur. J. 2020, 26, 1368–1379. [CrossRef] [PubMed]

43. Stanton, R.; Sciabola, S.; Salatto, C.; Weng, Y.; Moshinsky, D.; Little, J.; Walters, E.; Kreeger, J.; Dimattia, D.; Chen, T.; et al.
Chemical Modification Study of Antisense Gapmers. Nucleic Acid Ther. 2012, 22, 344–359. [CrossRef]

44. Wuithschick, M.; Birnbaum, A.; Witte, S.; Sztucki, M.; Vainio, U.; Pinna, N.; Rademann, K.; Emmerling, F.; Kraehnert, R.; Polte, J.
Turkevich in New Robes: Key Questions Answered for the Most Common Gold Nanoparticle Synthesis. ACS Nano 2015, 9,
7052–7071. [CrossRef] [PubMed]

45. Prigodich, A.E.; Seferos, D.S.; Massich, M.D.; Giljohann, D.A.; Lane, B.C.; Mirkin, C.A. Nano-Flares for MRNA Regulation and
Detection. ACS Nano 2009, 3, 2147–2152. [CrossRef]

46. Al-Johani, H.; Abou-Hamad, E.; Jedidi, A.; Widdifield, C.M.; Viger-Gravel, J.; Sangaru, S.S.; Gajan, D.; Anjum, D.H.;
Ould-Chikh, S.; Hedhili, M.N.; et al. The Structure and Binding Mode of Citrate in the Stabilization of Gold Nanoparticles. Nat.
Chem. 2017, 9, 890–895. [CrossRef]

47. Pensa, E.; Cortés, E.; Corthey, G.; Carro, P.; Vericat, C.; Fonticelli, M.H.; Benítez, G.; Rubert, A.A.; Salvarezza, R.C. The Chemistry
of the Sulfur-Gold Interface: In Search of a Unified Model. Acc. Chem. Res. 2012, 45, 1183–1192. [CrossRef]

48. Zheng, N.; Fan, J.; Stucky, G.D. One-Step One-Phase Synthesis of Monodisperse Noble-Metallic Nanoparticles and Their Colloidal
Crystals. J. Am. Chem. Soc. 2006, 128, 6550–6551. [CrossRef]

49. Gamcsik, M.P.; Kasibhatla, M.S.; Teeter, S.D.; Colvin, O.M. Glutathione Levels in Human Tumors. Biomarkers 2012, 17, 671–691.
[CrossRef]

50. Carnerero, J.M.; Sánchez-Coronilla, A.; Martín, E.I.; Jimenez-Ruiz, A.; Prado-Gotor, R. Quantification of Nucleobases/Gold
Nanoparticles Interactions: Energetics of the Interactions through Apparent Binding Constants Determination. Phys. Chem. Chem.
Phys. 2017, 19, 22121–22128. [CrossRef]

51. Kim, B.; Han, G.; Toley, B.J.; Kim, C.K.; Rotello, V.M.; Forbes, N.S. Tuning Payload Delivery in Tumour Cylindroids Using Gold
Nanoparticles. Nat. Nanotechnol. 2010, 5, 465–472. [CrossRef]

52. Curtis, K.A.; Miller, D.; Millard, P.; Basu, S.; Horkay, F.; Chandran, P.L. Unusual Salt and PH Induced Changes in Polyethylenimine
Solutions. PLoS ONE 2016, 11, e0158147. [CrossRef]

53. Liu, B.; Liu, J. Methods for Preparing DNA-Functionalized Gold Nanoparticles, a Key Reagent of Bioanalytical Chemistry. Anal.
Methods 2017, 9, 2633–2643. [CrossRef]

54. Zhang, X.; Servos, M.R.; Liu, J. Instantaneous and Quantitative Functionalization of Gold Nanoparticles with Thiolated DNA
Using a PH-Assisted and Surfactant-Free Route. J. Am. Chem. Soc. 2012, 134, 7266–7269. [CrossRef] [PubMed]

55. Gallops, C.E.; Yu, C.; Ziebarth, J.D.; Wang, Y. Effect of the Protonation Level and Ionic Strength on the Structure of Linear
Polyethyleneimine. ACS Omega 2019, 4, 7255–7264. [CrossRef]

56. Fukumoto, Y.; Obata, Y.; Ishibashi, K.; Tamura, N. Cost-Effective Gene Transfection by DNA Compaction at PH. Cytotechnology
2010, 62, 73–82. [CrossRef] [PubMed]

57. Boussif, O.T.; Lezoualc’h, F.; Zanta, M.A.; Mergnyt, M.D.; Scherman, D.; Demeneixt, B.; Behr, J.-P. A Versatile Vector for Gene and
Oligonucleotide Transfer into Cells in Culture and in Vivo: Polyethylenimine. Proc. Natl. Acad. Sci. USA 1995, 92, 7297–7301.
[CrossRef]

58. Pezzoli, D.; Giupponi, E.; Mantovani, D.; Candiani, G. Size Matters for in Vitro Gene Delivery: Investigating the Relationships
among Complexation Protocol, Transfection Medium, Size and Sedimentation. Sci. Rep. 2017, 7, 44134. [CrossRef] [PubMed]

59. Malloggi, C.; Pezzoli, D.; Magagnin, L.; De Nardo, L.; Mantovani, D.; Tallarita, E.; Candiani, G. Comparative Evaluation and
Optimization of Off-the-Shelf Cationic Polymers for Gene Delivery Purposes. Polym. Chem. 2015, 6, 6325–6339. [CrossRef]

http://doi.org/10.1016/j.jconrel.2013.04.010
http://doi.org/10.1039/D1BM00457C
http://doi.org/10.7860/JCDR/2015/10443.5394
http://doi.org/10.1016/S0142-9612(03)00029-2
http://doi.org/10.3389/fbioe.2018.00110
http://doi.org/10.1021/bc0100455
http://www.ncbi.nlm.nih.gov/pubmed/11716690
http://doi.org/10.1002/adma.200802453
http://doi.org/10.1007/s13311-013-0194-5
http://www.ncbi.nlm.nih.gov/pubmed/23686823
http://doi.org/10.1002/chem.201904540
http://www.ncbi.nlm.nih.gov/pubmed/31682037
http://doi.org/10.1089/nat.2012.0366
http://doi.org/10.1021/acsnano.5b01579
http://www.ncbi.nlm.nih.gov/pubmed/26147899
http://doi.org/10.1021/nn9003814
http://doi.org/10.1038/nchem.2752
http://doi.org/10.1021/ar200260p
http://doi.org/10.1021/ja0604717
http://doi.org/10.3109/1354750X.2012.715672
http://doi.org/10.1039/C7CP03692B
http://doi.org/10.1038/nnano.2010.58
http://doi.org/10.1371/journal.pone.0158147
http://doi.org/10.1039/C7AY00368D
http://doi.org/10.1021/ja3014055
http://www.ncbi.nlm.nih.gov/pubmed/22506486
http://doi.org/10.1021/acsomega.9b00066
http://doi.org/10.1007/s10616-010-9259-z
http://www.ncbi.nlm.nih.gov/pubmed/20309632
http://doi.org/10.1073/pnas.92.16.7297
http://doi.org/10.1038/srep44134
http://www.ncbi.nlm.nih.gov/pubmed/28272487
http://doi.org/10.1039/C5PY00915D


Pharmaceutics 2021, 13, 2067 17 of 17

60. Zhan, Q.; Carrier, F.; Fornace, A.J. Induction of Cellular P53 Activity by DNA-Damaging Agents and Growth Arrest. Mol. Cell.
Biol. 1993, 13, 4242–4250. [CrossRef]

61. Blattner, C.; Tobiasch, E.; Litfen, M.; Rahmsdorf, H.J.; Herrlich, P. DNA Damage Induced P53 Stabilization: No Indication for an
Involvement of P53 Phosphorylation. Oncogene 1999, 18, 1723–1732. [CrossRef]

62. Lakin, N.D.; Jackson, S.P. Regulation of P53 in Response to DNA Damage. Oncogene 1999, 18, 7644–7655. [CrossRef]
63. Yip, K.W.; Reed, J.C. Bcl-2 Family Proteins and Cancer. Oncogene 2008, 27, 6398–6406. [CrossRef] [PubMed]
64. Liang, S.Q.; Bührer, E.D.; Berezowska, S.; Marti, T.M.; Xu, D.; Froment, L.; Yang, H.; Hall, S.R.R.; Vassella, E.; Yang, Z.; et al. MTOR

Mediates a Mechanism of Resistance to Chemotherapy and Defines a Rational Combination Strategy to Treat KRAS-Mutant Lung
Cancer. Oncogene 2019, 38, 622–636. [CrossRef]

65. Amrutkar, M.; Gladhaug, I.P. Pancreatic Cancer Chemoresistance to Gemcitabine. Cancers 2017, 9, 157. [CrossRef]
66. Yang, X.L.; Lin, F.J.; Gguo, Y.J.; Shao, Z.M.; Ou, Z.L. Gemcitabine Resistance in Breast Cancer Cells Regulated by PIi3K/AaKT-

Mediated Cellular Proliferation Exerts Negative Feedback via the MEK/MAaPK and MTORr Pathways. Onco Targets Ther. 2014,
7, 1033–1042. [CrossRef]

67. Wu, Z.H.; Lin, C.; Liu, M.M.; Zhang, J.; Tao, Z.H.; Hu, X.C. Src Inhibition Can Synergize with Gemcitabine and Reverse Resistance
in Triple Negative Breast Cancer Cells via the AKT/c-Jun Pathway. PLoS ONE 2016, 11, e0169230. [CrossRef]

68. Baron, B.; Wang, Y.; Maehara, S.I.; Maehara, Y.; Kuramitsu, Y.; Nakamura, K. Resistance to Gemcitabine in the Pancreatic Cancer
Cell Line KLM1-R Reversed by Metformin Action. Anticancer Res. 2015, 35, 1941–1949.

69. Chai, X.; Chu, H.; Yang, X.; Meng, Y.; Shi, P.; Gou, S. Metformin Increases Sensitivity of Pancreatic Cancer Cells to Gemcitabine by
Reducing CD133+ Cell Populations and Suppressing ERK/P70S6K Signaling. Sci. Rep. 2015, 5, 14404. [CrossRef] [PubMed]

70. Tung, M.C.; Lin, P.L.; Wang, Y.C.; He, T.Y.; Lee, M.C.; Yeh, S.D.; Chen, C.Y.; Lee, H. Mutant P53 Confers Chemoresistance in
Non-Small Cell Lung Cancer by Upregulating Nrf2. Oncotarget 2015, 6, 41692–41705. [CrossRef] [PubMed]

71. He, C.; Li, L.; Guan, X.; Xiong, L.; Miao, X. Mutant P53 Gain of Function and Chemoresistance: The Role of Mutant P53 in
Response to Clinical Chemotherapy. Chemotherapy 2016, 62, 43–53. [CrossRef]

72. Nakamura, M.; Sugimoto, H.; Ogata, T.; Hiraoka, K.; Yoda, H.; Sang, M.; Sang, M.; Zhu, Y.; Yu, M.; Shimozato, O.; et al.
Improvement of Gemcitabine Sensitivity of P53-Mutated Pancreatic Cancer MiaPaCa-2 Cells by RUNX2 Depletion-Mediated
Augmentation of TAp73-Dependent Cell Death. Oncogenesis 2016, 5, e233. [CrossRef] [PubMed]

73. Cordani, M.; Butera, G.; Dando, I.; Torrens-Mas, M.; Butturini, E.; Pacchiana, R.; Oppici, E.; Cavallini, C.; Gasperini, S.;
Tamassia, N.; et al. Mutant P53 Blocks SESN1/AMPK/PGC-1α/UCP2 Axis Increasing Mitochondrial O2− · Production in Cancer
Cells. Br. J. Cancer 2018, 119, 994–1008. [CrossRef] [PubMed]

74. Kazemi Oskuee, R.; Dabbaghi, M.; Gholami, L.; Taheri-Bojd, S.; Balali-Mood, M.; Mousavi, S.H.; Malaekeh-Nikouei, B. Investigat-
ing the Influence of Polyplex Size on Toxicity Properties of Polyethylenimine Mediated Gene Delivery. Life Sci. 2018, 197, 101–108.
[CrossRef] [PubMed]

75. Huang, Y.; Liu, N.; Liu, J.; Liu, Y.; Zhang, C.; Long, S.; Luo, G.; Zhang, L.; Zhang, Y. Mutant P53 Drives Cancer Chemotherapy
Resistance Due to Loss of Function on Activating Transcription of PUMA. Cell Cycle 2019, 18, 3442–3455. [CrossRef]

http://doi.org/10.1128/mcb.13.7.4242
http://doi.org/10.1038/sj.onc.1202480
http://doi.org/10.1038/sj.onc.1203015
http://doi.org/10.1038/onc.2008.307
http://www.ncbi.nlm.nih.gov/pubmed/18955968
http://doi.org/10.1038/s41388-018-0479-6
http://doi.org/10.3390/cancers9110157
http://doi.org/10.2147/OTT.S63145
http://doi.org/10.1371/journal.pone.0169230
http://doi.org/10.1038/srep14404
http://www.ncbi.nlm.nih.gov/pubmed/26391180
http://doi.org/10.18632/oncotarget.6150
http://www.ncbi.nlm.nih.gov/pubmed/26497680
http://doi.org/10.1159/000446361
http://doi.org/10.1038/oncsis.2016.40
http://www.ncbi.nlm.nih.gov/pubmed/27294865
http://doi.org/10.1038/s41416-018-0288-2
http://www.ncbi.nlm.nih.gov/pubmed/30318520
http://doi.org/10.1016/j.lfs.2018.02.008
http://www.ncbi.nlm.nih.gov/pubmed/29428598
http://doi.org/10.1080/15384101.2019.1688951

	Introduction 
	Materials and Methods 
	Materials 
	Experimental Procedure 
	Synthesis of AuNPs 
	AuNPs Multifunctionalization 
	AuNPs GEN1 
	AuNPs GEN2 

	Oligonucleotides Experiments 
	Oligonucleotides Synthesis 
	Oligonucleotides Incubation 
	Oligonucleotides Transfection 

	Cell Lines and Culture Conditions 
	Chemotherapy 
	Nanoparticles Treatment 
	Combination Treatment 

	Results 
	Preparation of Multi Functionalized AuNPs 
	Transfection Efficacy of GEN2-AuNPs 
	Biological Activity of GEN2-AuNPs 
	Mutant and Wild Type p53 Cancer Cells Show Different Sensitivity to Chemotherapy 
	Modified Gold Nanoparticles Reduce Mutant p53 Cancer Cell Proliferation 
	Modified Gold Nanoparticles Reduce Chemoresistance in Mutant p53 Cancer Cells 

	Discussion 
	References

