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Abstract: One of the recent attractive therapeutic approaches for cancer treatment is restoring
downregulated microRNAs. They play an essential muti-regulatory role in cellular processes such
as proliferation, differentiation, survival, apoptosis, cell cycle, angiogenesis, and metastasis, among
others. In this study, a gold nanoplatform (GNPF) carrying miR-145, a downregulated microRNA
in many cancer types, including epithelial ovarian cancer, was designed and synthesized. For
targeting purposes, the GNPF was functionalized with the FSH33 peptide, which provided selectivity
for ovarian cancer, and loaded with the miR-145 to obtain the nanosystem GNPF-miR-145. The
GNPF-mir-145 was selectively incorporated in A2780 and SKOV3 cells and significantly inhibited
cell viability and migration and exhibited proliferative and anchor-independent growth capacities.
Moreover, it diminished VEGF release and reduced the spheroid size of ovarian cancer through
the damage of cell membranes, thus decreasing cell viability and possibly activating apoptosis.
These results provide important advances in developing miR-based therapies using nanoparticles as
selective vectors and provide approaches for in vivo evaluation.

Keywords: ovarian cancer; nanoplatform; microRNA

1. Introduction

Nanotechnology has emerged as a feasible alternative to develop safe and effec-
tive therapeutic agents according to nanoparticle properties. The capacity to modulate
a nanoparticle’s size, morphology, and surface chemistry allows the creation of flexible
nanosystems, with almost inexhaustible conformational possibilities [1]. Moreover, the
incorporation of active agents in a nanostructure permits its protection against degradation
by light, oxidation, or enzymatic attack. Furthermore, the accumulation of several active
molecules inside a nanostructure or in its surroundings, confines them to a small volume,
allowing more concentrated doses of the active agent to the target organ or cell type, thus
promoting a better biological response [2].
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Among the wide range of nanosystems investigated in nanomedicine, gold nanoparti-
cles (AuNPs) have been extensively studied due to their inherent optical properties, low
toxicity, and ability to carry higher quantities of molecules on their structures. Their surface
chemistry is easily modifiable, and molecules can be loaded via different mechanisms, such
as covalent or ionic bonds [3–5]. The protection offered has been proven even for very
unstable molecules in biological media, such as short RNA strands. Moreover, AuNPs
can be multifunctionalized at their surface, affording the possibility to conjugate other
kinds of molecules to obtain differentiated properties in only one nanosystem. For example,
targeted selectivity has used ligand molecules for specific cell receptors, thus avoiding
off-target side effects, and reporter molecules such as luminescent or fluorescent tags allow
monitoring of their organ or tissue accumulations. Thus, AuNPs offer the possibility to
develop theranostic nanosystems with the ability to detect and treat pathologies at the
same time [6–8].

A plethora of gold nanosystem compositions have been developed to carry many
types of bioactive or therapeutic molecules for cancer disease [9]. The better performance
of antineoplastic drugs, such as platin-derived alkylating agents or antibodies, for example,
has been evidenced under nanosystem administration [10]. Recently, the use of microR-
NAs (miR), biogenic molecules with an essential role in gene expression regulation at
the posttranscriptional level, has been effective in suppressing the messengers that are
aberrantly upregulated in cancer phenotypes. The incorporation of various miR in gold
nanoplatforms has been reported so far, but none of them has been structured to obtain an
organ- or tissue-selective nanosystem [11].

Thus, we designed a gold nanoplatform (GNPF) that specifically targets ovarian
cancer cells, based on gold nanospheres (GNS) carrying miR-145 as the active molecule,
conjugated with 5 kDa polyethylene glycol (HS-PEG-NH2) and the FSH33 peptide as a
ligand for the FSH receptor specifically expressed in ovarian cells [12]. The novelty of this
work as new potential adjuvant therapy for ovarian cancer using gold nanoparticles is:
(a) to protect miR-145 from ribonucleases and long noncoding RNAs (lncRNAs) that can act
as sponges of miR-145, preventing its effects and (b) the incorporation of a FSH fragment
in the architecture of the AuNP nanosystem to ensure that GNPF-miR-145 reaches only
ovarian cancer cells [12]. We characterized the nanoplatform, evaluated its efficacy against
ovarian cancer cells in a 2D model without using transfection agents, and validated the
results in 3D models as the initial target. We studied the incorporation of the nanosystem
into the cells by quantifying gold content, miR molecules, and the main cellular effects,
such as proliferation, migration, clonogenicity, and VEGF delivery. This nanoplatform
protected the miR molecule, achieving a cell-selective biological antitumoral response in an
in vivo-like cell context, such as a 3D scenario. Thus, we present it as a viable platform to
be used in the next step of preclinical investigations.

2. Materials and Methods
2.1. Reagents

If not specified, reagents were purchased from Sigma-Aldrich (St. Louis, MI, USA).

2.2. Gold Nanosystem Preparation

GNS were obtained by the sodium citrate reduction method. Briefly, 100 mL of a
solution of 1 mM HAuCl4 was refluxed for 15 min at 185 ◦C, then 10 mL of a solution of
38.8 mM sodium citrate was quickly added. The reflux was continued for 30 min until a
deep red suspension was obtained. The resultant suspension was filtered through a 0.22 µm
syringe filter to remove any precipitate. To prepare GNS coated with 5 kDa polyethylene
glycol with sulfhydryl and amine ends (PEG), 20 mL of 5 nM GNS was prepared, and 4 mg
of PEG in 1 mL of Milli-Q (MQ) water was added dropwise under magnetic stirring and
allowed to react for 5 h. To eliminate the non-reacting PEG, the suspension was centrifuged
for 30 min at 16,000× g, the supernatant was discarded, and the pellet was resuspended in
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MQ water. This procedure was performed at least three times to eliminate the PEG excess,
obtaining the GNS-PEG construct.

To functionalize the GNS-PEG with the FSH33 peptide (YTRDLVYKDPARPKIQK-
TCTF) and obtain the GNPF (GNS-PEG-FSH33), a crosslinking reaction was performed.
First, 0.5 mg of FSH33 was solubilized in 500 µL of 4-morpholineethanolsulfonic acid buffer
(MES) at pH 5, then a solution of 500 µL of 10 mg of 1-ethyl-3-(3-dymethylaminopropyl
(EDC) and 25 mg of N-hydroxysuccinimide (NHS) in MES was added. The mixture was
sonicated in an ultrasound bath for 15 min and agitated for another 15 min. Then, the
activated FSH33 peptide was added dropwise to 20 mL of GNS-PEG 5 nM under agitation,
incubating it for 3 h. The resultant suspension was centrifuged for 30 min at 16,000× g,
repeating this procedure at least three times to assure the elimination of peptide excess,
obtaining the GNPF.

To load the miR145 or scrambled miR on the GNPF surface, 0.5 µL of miR-145 25 µM
was mixed with 1 mL of GNPF 1 nM and incubated for 15 min under agitation. Once the
GNPF-miR-145 constructs were obtained, they were used immediately for the characteriza-
tion procedures and in vitro assays.

2.3. Molecular Absorption Spectrophotometry

UV-Vis spectra of the nanosystems were obtained with a Lambda UV25 Perkin Elmer
spectrophotometer, measuring the absorbance in the range of 300–800 nm using quartz
vessels. For naked GNS, 1.2 mM sodium citrate was used, and GNS-PEG-NH2 and the
GNPF were diluted in Milli-Q water.

2.4. Raman Spectroscopy

The Raman spectrum of FSH33 and SERS spectra of GNS-PEG and GNPF were
recorded using an Alpha 300 SNOM/Raman microscope equipped with a 785 nm laser line.
The spectra were recorded using the 20× objective in the range 100–1750 cm−1, and the
number of acquisitions was set at 10, with 10 s of integration time. Samples were placed on
a thin sheet of gold to avoid any intrinsic fluorescence that might be emitted by the amino
acids Tyr and Phe. The gold surface was prepared by sputtering deposition of the metal on
a glass substrate under Argon plasma. This methodology avoided any interference caused
by fluorescence emission in the respective Raman spectrum.

2.5. Dynamic Light Scattering (DLS)

DLS measurements were performed using the Nano ZS instrument (Malvern, UK)
operating with a fixed backscatter detector angle of 173◦ with the cell holder maintained
at 25 ◦C. Data were collected, allowing the instrument to automatically optimize the mea-
surement parameters (attenuator and number of runs) using a disposable polycarbonate
capillary cell (DTS 1061, Malvern, UK). The hydrodynamic diameter of each sample was
the result of at least three acquisition steps with an average of 12–16 consecutive runs for
each step.

2.6. Zeta Potential (
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The BP was determined using the Nano ZS instrument (Malvern, UK) with the same
conditions as DLS determination. Since these measurements were performed in an aqueous
solution, the Smoluchowski approximation was used to calculate the BP based on the
measured electrophoretic mobility. The determined BP was the result of at least three
acquisition steps, with an average of 100 measurements for each step.

2.7. Estimation of miR Coated on Nanoparticles

To estimate the number of miR-145 molecules on the surface of the GNPF, increasing
concentrations of miR-145 labeled with the Cy5 fluorophore (1.56, 3.13, 6.25, 12.5, 20, and
50 nM) were measured in triplicate. For measurements and calibration curves, the 650 and
670 nm wavelengths for excitation and emission were used. Then, after coating the GNPF
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with miR-145, the dispersion was centrifuged at 1500× g for 1 h. The supernatant was
recovered, and the fluorescence was measured in a Biotek multiscan® plate reader. The
concentration of miR-145 was determined by subtraction against the concentration used.

2.8. Scanning Transmission Electronic Microscopy (STEM)

Ten microliters of each nanosystem were loaded onto formvar-carbon copper grids of
300 mesh (Electron Microscopy Science, Hatfield, UK) and left to dry for 24 h at room tem-
perature. Samples were visualized in an FEI INSPECT F50 high-resolution scanning trans-
mission electron microscope. For determination of size, 200 nanoparticles were counted.

2.9. Cell Viability

Cell viability was evaluated in HeLa, ATCC A2780 and SKOV3 cell lines from a cell
culture close to 70% confluence. A total of 2500 cells were seeded per well in 96-well plates
the day prior to the treatments. On the second day, cells were incubated with increasing
concentrations of each nanosystem. Exposure to the treatments lasted 24 h, and the CellTiter
96® AQueous colorimetric assay (Promega, Madison, WI, USA) was used to determine the
absorption at 490 nm, in a Synergy H2 model Biotek plate reader (Santa Clara, CA, USA).
The data were obtained at least in triplicate, with n = 12.

2.10. Nanoparticle Cell Incorporation

A2780 cells (1,000,000) were seeded per well in 6-well plates. To facilitate the adherence
of the cells, the following treatments were applied after 4 h: DMEM/SFB medium 10%
(control), miR-145 25 nM, GNS-PEG 1 nM, GNPF-miR-145 1 nM, chemotherapy (8 µM
paclitaxel + 50 µM carboplatin) and GNPF-miR-145 + chemotherapy (1 nM GNPF-miR-145
+ 8 µM paclitaxel + 50 µM carboplatin). The cells were incubated for 0, 3, and 24 h. The
adhered cells were washed 3 times with PBS, and then 500 µL of HNO3 was added directly
to the well, the cells were resuspended, and then allowed to act for 15 min. Subsequently,
the volume was transferred into 1.5 mL conical tubes and incubated for 30 min at 70 ◦C
in a water bath. Finally, the tubes were incubated for 48 h before the measurements. For
the quantification of gold, a calibration curve was prepared with gold-standard solutions
(Merk) of concentrations 0.001, 0.005, 0.01, 0.1, 1, and 10 ppm in HNO3 2% w/v. We reached a
correlation coefficient R2 > 0.99999 and a relative standard error <2%. The digested samples
were diluted by factors of 10, 100, and 1000 in 2% HNO3, and their concentration was
determined by atomic emission spectroscopy with an Agilent® 4100 MP-AES (Santa Clara,
CA, USA) microwave plasma atomic emission spectrometer, using the mainline for gold at
267,595 nm. Measurements were made in triplicate with n = 3 for each point.

2.11. miR Quantification

A2780 cells (500,000) were seeded per well in 6-well plates. To facilitate cell adherence
to the bottom of the plate, the following treatments were applied after 4 h: DMEM/SFB 10%
medium (control), miR-145 25 nM, GNPF-miR-145 1 nM, chemotherapy (8 µM paclitaxel
+ carboplatin 50 µM) and GNPF-miR-145 + chemotherapy (1 nM GNPF-miR-145 + 8 µM
paclitaxel + 50 µM carboplatin). The cells were incubated for 0, 3, and 24 h. At each end
time, the supernatant was discarded, and the cells were washed with PBS. Subsequently, the
cells were treated with 500 µL of TRIzol® reagent, homogenized, and stored at −80 ◦C. For
the extraction of total RNAs, the miRNeasy mini kit (Qiagen, Venlo, The Netherlands) was
used. To perform the reverse transcription of the miRNAs copied to cDNA, the miScript
II RT kit (Qiagen) was used according to the supplier’s protocol. SuperScript II reverse
transcriptase (Invitrogen, Waltham, MA, USA)), random primers (Promega, Madison,
WI, USA), and dNTPs in concentration 10 Mm (Promega) were used. For the detection
and quantification of miR145, the miScript SYBR Green qPCR kit (Qiagen) was used in a
StepOne Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) according to
the supplier’s instructions. Endogenous RNA RNU6 was used as a control and normalizer,
and sterile water was used as a negative control.
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2.12. Proliferation Assay

Cell proliferation was evaluated in the A2780 and SKOV3 epithelial ovarian cancer
cell lines since the initial cell culture of each cell line was close to 70% confluency. A total of
2500 cells were seeded per well in 96-well plates the day prior to the treatments. On the
second day, the cells were incubated with the following treatments: GNPF, GNPF-miR-145,
GNPF-SC-miR, miR-145, chemotherapy (8 µM paclitaxel + 50 µM carboplatin), and GNPF-
miR-145 + chemotherapy. DMEM/SFB 10% and SDS 10% were used as controls. The cells
were treated for 24, 48, and 72 h, and the CellTiter96® AQueous colorimetric assay was
performed, determining the absorption at 490 nm. The data were obtained in triplicate,
with n = 4.

2.13. Wound Healing Assay

Cell migration assays were performed for the SKOV3 cell line using the wound healing
method. With this in mind, from an initial cell culture of 70% confluence, 50,000 cells were
seeded per well in 96-well plates with DMEM/10% SFB medium for 24 h. On the second
day, a 100% confluence was verified, the culture medium was removed, washed with
sterile PBS, exchanged for DMEM/1% SFB medium, and the cells were treated with: GNPF,
miR-145, GNPF-miR-145, chemotherapy, and GNPF-miR-145 + chemotherapy, incubating
for 24 h. On the third day, changes in the cell monolayer were verified by visual inspection,
and a vertical wound was made with a sterile 200 µL tip in each well, using the lid of the
96-well plate as a guide. The culture medium was then removed, the cells were washed
with sterile PBS to remove cells and debris that were released after wound formation, and
the medium was renewed with DMEM/10% SFB. Images of the wound formed in each
well were captured at 0, 8, and 21 h on an Olympus U-CMAD3 inverted light microscope,
using a Nikon DS-F12 camera. Subsequently, the images were analyzed using the ImageJ
software, measuring the distance between the borders of both sides of the wound at each
time, for each well, taking as reference the same image at time 0 of each well as 100%
opening (0% recovery). Data were obtained in triplicate with n = 4.

2.14. VEGF Release

VEGF release was evaluated with an ELISA immunoassay. The culture medium
of A2780 cells was incubated for 0, 3, and 24 h with miR-145 treatments, GNPF-miR-
145, chemotherapy and GNPF- miR-145 + chemotherapy, and centrifuged at 4000× g for
5 min before the test. VEGF detection was performed with the Quantikine Human VEGF
Immunoassay kit (R&D systems DVEOO, Minneapolis, MN, USA). For this, 50 µL of RD1W
diluent was added to each well, followed by 200 µL of supernatant. The plate was covered
with adhesive strips and incubated for 2 h at room temperature. Then, the volume of
each well was removed and washed with 400 µL of buffer, aspirating as a final step. A
200 µL amount of Human VEGF conjugate was added to each well and incubated for
2 h at room temperature, washing as in the previous step. Subsequently, 200 µL of the
substrate solution was added to each well, incubating for 20 min at room temperature,
protecting from light. Then, 50 µL of stop solution was added to each well. The absorbance
determinations were carried out in a 96-well plate reader (Biotek EL800, Santa Clara, CA,
USA) at 450 nm. The data obtained were the result of triplicate samples for each time.

2.15. Endothelial Cell (EA.hy926) Proliferation with Conditioned Medium from EOC Cells

Cell proliferation of the EA.hy926 human endothelial line was evaluated with wound
assay after being exposed to conditioned medium of A2780 ovarian cancer cells. For
this, A2780 cells were seeded in 24-well plates and treated for 24 h with GNPF, miR-145,
GNPF-miR-145, chemotherapy, and GNPF-miR-145 + chemotherapy. Then, the conditioned
medium was collected and centrifuged at 4000× g for 5 min to remove cells and debris.
This medium was used to treat EA.hy926 cells for 48 h, which were seeded in 96-well plates
with a density of 2500 cells per well the day before the treatments. Once the exposure time
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had elapsed, the CellTiter 96® AQueous colorimetric assay was performed, determining
the absorption at 490 nm. The data were obtained in triplicate, with n = 4.

2.16. Clonogenic Assay

The clonogenic capacity of the A2780 cell line was assessed. For this, a growth curve of
tumoroids was first calculated with increasing cell concentrations, determining the optimal
number of cells to be seeded to obtain quantifiable tumoroids. A total of 7000 cells were
seeded per well in 6-well plates in soft agar, in triplicate, with the following treatments:
DMEM/SFB 10% medium (control), GNPF, GNPF-SC-miR 1 nM, miR-145 25 nM, GNPF-
miR-145 1 nM, chemotherapy (8 µM paclitaxel + 50 µM carboplatin) and GNPF-miR-145 +
chemotherapy (1 nM GNPF-miR-145 + 8 µM paclitaxel + 50 µM carboplatin). Cells were
incubated for 14 days, and clones with diameters of 100 µm formed under each treatment
were counted by light microscopy.

2.17. Cancer Tumoroid Model

Tumor spheroids from SKOV3 lines were formed by the liquid overlay technique
method. Ninety-six-well plates were coated with 50 µL of 1.5% agarose in DMEM. From
cells with 70% confluence, 5000 cells were seeded per well (after studying growth curves
with different numbers of initial cells, to obtain spheroids of 500 µm in diameter in a
period of 4–6 days). Subsequently, the plate was shaken at 120 rpm for 1.5 h on an orbital
shaker at 37 ◦C. The formation and growth of the spheroids were visualized in an Olympus
U-CMAD3 inverted optical microscope, using a Nikon DS- F12 camera, acquiring images
of each spheroid at times 0, 3, 6, 7, and 11 days. On the sixth day, the spheroids were
exposed to the different treatments: 10% DMEM/SFB medium (control), 25 nM miR-145,
1 nM GNPF-miR-145, chemotherapy (8 µM paclitaxel + 50 µM carboplatin), and GNPF-
miR-145 + chemotherapy (1 nM GNPF-miR-145 + 8 µM paclitaxel + 50 µM carboplatin).
The morphological effects were evaluated by light microscopy at 0, 1, 2, 3, and 5 days
of treatment.

Image analysis was performed using the ImageJ software, determining the area and
diameter of each spheroid at each time. On the fifth day, intact spheroids were assessed for
cell viability with the MTS, LDH, and Annexin V/propidium iodide assays.

3. Results
3.1. Nanoplatform Obtention and Characterization

The GNPF was physicochemically characterized by its size, hydrodynamic diameter,
morphology, surface charge, plasmonic absorption band, vibrational Raman/SERS profile
and the respective changes in these parameters, according to the successive chemical modi-
fications on the nanoparticle surface. In Figure 1A (left), the GNS with a size of 12± 2 nm is
shown. All of the modifications for the nanoparticles showed the characteristic absorption
spectrum shape, corresponding to GNS [13], with a defined maximum absorption band
close to 520 nm, which correlated with sizes from 10 to 30 nm (Figure 1B). Unconjugated
GNS exhibited an average hydrodynamic diameter of 12 nm, with homogeneous distri-
bution and negative surface charge of −40 mV, similar to that reported previously for
the citrate reduction method [14]. When conjugating GNS with HS-PEG-NH2 (PEG) to
obtain GNS-PEG, we observed that the hydrodynamic diameter increased to 25 nm, and
the charge was inverted to positive, at 18 mV. This indicated the incorporation of the PEG
molecules (with amine positively charged) on the nanoparticle surface, giving a molecular
layer 6–7 nm thick, consistent with PEGylations with PEGs of molecular weight 5 kDa
on GNS of 13 nm [15] and a positive B potential (Figure 1C,D, supporting information in
Figure S1). In order to corroborate that PEG was bonded onto the surface of GNS, the
corresponding SERS spectrum (Figure S2A) of the GNS-PEG system was analyzed and
assigned. The strong band observed around 270 cm−1 (Figure S2B) and ascribed to the Au-S
stretching mode demonstrated that the conjugation between GNS and PEG occurred on the
nanostructured surface and through the sulfur atom. Coupled vibrational modes attributed
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to the -CH2, C-OH and C-C moieties appeared at 800, 867, 1080 and 1117 cm−1. Finally,
the signal observed at 1048 cm−1 was assigned to the C-N stretching vibration and was
associated with the amine terminal of PEG [16,17]. When the GNS-PEG was functionalized
with the FSH33 peptide to obtain the GNPF, we observed that the hydrodynamic diameter
increased to 35 nm, which correlated with the incorporation of new molecular species main-
taining a positive B due to the positive charge of the peptide at pH = 7.4 (isoelectric point
9.56). In the corresponding SERS spectrum (Figure S2A) of the new GNPF nanosystem, at
least 6 new bands associated with the FSH33 peptide could be observed and assigned. The
signal ascribed to the Au-S stretching mode and related to the functionalization with PEG
showed a downshift of 10 cm−1 (Figure S2B) in the spectrum due to the incorporation of
the FSH33 peptide. Some of new bands, as in case of 1135 and 1157 cm−1, were attributed
to the C-N stretching mode of the new amide functional group. Similarly, two other new
bands, appearing at 815 and 828 cm−1, were also ascribed to the C-N stretching mode
of the amide group. It is relevant to mention that these new bands were not observed
in the Raman spectrum of the peptide (Figure S2A), being evidence of the formation of
the new nanosystem. In addition, new SERS bands associated with the amino acids Phe
(964 and 1003 cm−1) and Cys (652 cm−1) were observed [17,18]. Therefore, the analysis
of the SERS spectrum of GNPF demonstrated the functionalization of GNS-PEG with the
FSH33 peptide.
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Figure 1. Physicochemical characterization of the gold nanosystems. (A) Representative TEM
micrographs for each step of the functionalization process. The spherical morphology of gold
nanoparticles with an average size of 12 nm can be observed. The scale bar represents 100 nm.
(B) Molecular absorption spectrophotometry of the nanosystems, showing the absorption bands
that correlated to the plasmon resonance effect in the gold nanospheres. (C) Characterization of the
hydrodynamic diameter in each step of the functionalization. It is possible to appreciate the increment
in the size as other molecules coated on the nanoparticle surface. (D) B potential determinations
evaluated in each functionalization. Changes in magnitude occurred when molecules with opposite
charge were conjugated. (E) Fluorescence image (left) and its quantification (right) of the GNPF
functionalized with the miR145 coupled to the Cy5 fluorophore. It can be visualized that the miR-145
fluorescence is quenched when it is present on the nanoparticle surface. 1 = miR145; 2 = GNPF-
miR145; 3 = GNPF; ** = p < 0.001.
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As a final step, the inclusion of the miR-145 molecules into the nanosystem forming
GNPF-miR-145 showed that the size increased to 134 nm (Figure 1C) with a diminution of
the absolute B potential value due to the negative charge of the miR-145. The increase in
particle size and surface charge were consistent with the incorporation of molecular species.
The fluorescence quenching emitted by the CY5 label in the RNA molecule was due to the
interaction with the plasmon nanoparticle’s surface [19] (Figure 1E).

3.2. Gold Nanoplatforms Do Not Affect Cell Viability and Selectively Interact with Ovarian
Cancer Cells

The nanosystems were incubated with HeLa (uterine), A2780 (ovarian), and SKOV3
(ovarian) cultured cell lines to assess the viability and cell interaction effects. The results
showed that neither the incomplete nanosystems (GNS or GNS-PEG) nor GNPF provoked
a deleterious effect on viability in the three mentioned cell lines (Figure 2A). In addition,
the presence of GNPF inside the cells was significantly higher in the ovarian cancer cell
lines (that overexpress the FSH receptor [12]) compared with the uterine cell line, and it
was superior to GNS-PEG, having a positive charge (Figure 2B). The results indicate that
GNPF does not evoke a negative viability response and can reach and selectively interact
with ovarian cancer cells, probably due to the conjugation with the FSH33 ligand, whose
receptor is only present in ovarian cells and upregulated in ovarian cancer cells.
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Figure 2. Cell viability and cell interaction of the conjugated nanosystems, previous to the func-
tionalization with miR145. (A) Viability MTS assay in HeLa, A2780, and SKOV3 cell lines after 24 h
incubation with 3.2 nM of GNS, GNS-PEG, and GNPF. n = 10. (B) Evaluation of the GNS-PEG and
GNPF presence in HeLa, A2780, and SKOV3 cell lines after 24 of exposure. n = 5. For all graphics,
error bars represent the standard deviation; ** = p < 0.01; *** = p < 0.001.

3.3. GNPF-miR-145 Can Reach the Cells and Deliver miR-145

To evaluate whether the GNPF-miR-145 reached the ovarian cancer cells and delivered
miR-145, gold and miR-145 were quantified after the incubation on A2780 cells for 0, 3, and
24 h. No transfection agent was used in order to imitate the in vivo context and be able to
evidence internalization only based on the GNPF-miR-145 physicochemical interactions.
The results show that cells treated with GNS-PEG, GNPF-miR-145, and GNPF-miR-145
+ chemotherapy (8 µM paclitaxel + carboplatin 50 µM) had significantly higher gold
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concentrations than untreated control and free miR-145, indicating that gold nanosystems
were internalized in the treated cells. Thus, after 3 h exposure, when comparing the
GNPF-miR-145 incorporation with the control nanosystem GNS-PEG, it was evidenced
that the GNPF-miR-145 was uptaked three times more (Figure 3A). The GNS-PEG system
had a primary amine at its end, with a positive charge of 18 mV (Figure 1D), which
favored entry into the cells by electrostatic interaction with the negative charges of the
phosphate groups of the phospholipids at the cell membrane. While GNPF-miR-145 had a
net charge close to neutrality (Figure 1D), compared to the GNS-PEG system, its charge
did not favor cell entry through electrostatic interaction; however, the higher concentration
found in cells would be due to the FSH33 ligand at its end. This ligand recognizes the
FSH receptor overexpressed in ovarian cancer cells, favoring nanoparticle–cell interaction
and facilitating entry into the cells, possibly by receptor-mediated endocytosis and its
consequent selective internalization, as previously reported [20]. The miR-145 content
was quantified by qRT-PCR. The results indicate that miR-145 levels at time 0 were not
significantly different between all treatments. Nevertheless, after 3 h exposure, the miR-145
levels in cells treated with GNPF-miR-145 or GNPF-miR-145 + chemotherapy were up
to 20 times higher than in cells treated with free miR-145 or the untreated control. Both
gold and miR content quantification indicated that GNPF-miR-145 entered the cells and
effectively delivered the miR-145 cargo (Figure 3B). There were no significant differences
between the GNPF-miR-145 and GNPF-miR-145 + chemotherapy treatments regarding
miR-145 levels (Figure 3B). This indicates that chemotherapy administered together with
GNPF-miR-145 did not interfere with the uptake mechanism, thus enhancing or adding the
cellular effects.
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graphs, respectively). * = p < 0.05, ** = p < 0.01 and *** = p < 0.001 with respect to the miR-145 control;
n.s. = statistically not significant; n = 4; error bars = standard deviation.
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After 24 h incubation, a decrease in both gold and miR-145 quantities was observed in
cells treated with GNPF-miR-145 compared to 3 h incubation.

3.4. Cell Viability and Antiproliferative Effects

To evaluate whether the nanosystems provoked toxic effects in cells when the major
accumulations were found, cell viability assays were performed in A2780 and SKOV3 cell
lines. The cells were exposed for 3 h to each nanoparticle system, with and without the
presence of miR-145 or scrambled miR. There were no significant differences concerning
the control; therefore, the nanosystem did not affect cell viability in the lines evaluated
(Figure 4A). The GNPF-miR-145 effects on cell proliferation were evaluated after 24, 48,
and 72 h of incubation with the nanosystems. At these times, the effect could be reflected
in proliferation, since several cycles of cell division had already occurred. When analyzing
the effects over time, a significant decrease in proliferation was observed in cells treated
with GNPF-miR-145, chemotherapy, and GNPF-miR-145 + chemotherapy, both at 48 and
72 h (Figure 4B). First, an initial decrease in cell viability was observed. This suggests
an initial cytotoxic effect caused by GNPF-miR-145, chemotherapy, and GNPF-miR-145
+ chemotherapy, with an 8, 58, and 67% reduction in viability for the A2780 line and a
reduction of 12, 54, and 62% for the SKOV3 line. At the same time, GNPF-miR-145 reduced
cell proliferation by 23% in both cell lines in comparison with the free miR-145, GNPF,
and GNPF with a scrambled miR (GNPF-SC-miR). The chemotherapy treatment showed a
decrease of 63%; in turn, exposure of cells to both treatments reduced proliferation by up to
70%. After 48 h, a clear effect on cell proliferation was observed. GNPF-miR-145 provoked
decreases of 48 and 55% in the proliferation of A2780 and SKOV3 cell cultures, respectively.
Chemotherapy and GNPF-miR-145 + chemotherapy treatments decreased proliferation by
76% and 83%, respectively in both cell lines, showing significant differences comparing the
control. Likewise, when evaluating the effect at 72 h, GNPF-miR-145 reduced proliferation
by up to 76 and 69%, chemotherapy by up to 92 and 89%, and both treatments by up to 96
and 94%, respectively for A2780 and SKOV3 (Figure 4B).

3.5. Nanoplatform Carrying miR-145 Inhibits Cell Migration

The ability of SKOV3 ovarian cancer cells to migrate after 24 h exposure to GNPF-
miR-145 was evaluated through the wound healing assay. The results indicated that free
miR-145 did not exert effects on cell migration, behaving the same as the untreated control.
Regarding GNPF-miR-145, a migration inhibition effect was observed starting at 8 h of
wound healing time, with 10% less recovery than controls, noting that at 21 h the wound
did not close completely, reaching around 85% recovery. Chemotherapy resulted in a
recovery rate of 40% at 21 h, while the effect of exposure to both treatments resulted in a
recovery rate of only 21% (Figure 5).

3.6. GNPF-miR-145 Inhibits VEGF Release from A2780 Cells

Ovarian cancer cells constantly secrete vascular proliferation factors such as VEGF
at the interstice, thus intensely promoting angiogenesis and forming highly irrigated big-
sized tumors. Therefore, VEGF translation inhibition has a direct effect on endothelial cell
proliferation and de novo blood vessel formation. It has been widely reported that miR-145
is a direct inhibitor of VEGF messenger, decreasing its intracellular and secreted levels [21].
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Figure 5. Scratch wound healing assay. (A) Time-lapse optical micrographs at 0, 8, and 21 h of
SKOV3 cell line in the healing process after 24 h of incubation with the treatments. (B) Graphics of
the wound recovery at 8 and 21 h. The experiment was performed in triplicate, n = 6. For all graphics,
error bars represent the standard deviation, ** = p < 0.01.

To evaluate the effect of GNPF-miR-145 on VEGF release into the medium, an ELISA
immunoassay was performed on culture media obtained from A2780 cells incubated
with GNPF-miR-145 for 0, 3, and 15 h, and the effect over proliferation of EA.hy926,
an endothelial cell line, was evaluated. The results indicated that at 3 h of incubation,
no significant differences in the release of VEGF between the treatments were found.
However, at 15 h of incubation, the culture media from cells treated with GNPF-miR-145,
chemotherapy, and GNPF-miR-145 + chemotherapy showed significantly lower VEGF
levels than free miR-145 and controls without treatment. GNPF-miR-145 treatment resulted
in 25% less VEGF release compared to free miR-145-treated control. Meanwhile, GNPF-
miR-145 + chemotherapy decreased VEGF release by 36%, and chemotherapy by 45%
(Figure 6A). This effect was obtained between 3 and 15 h incubation, which correlated with
the nanosystem internalization times obtained.
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Figure 6. VEGF release in A2780 cells incubated with GNPF-miR-145 and endothelial cell pro-
liferation. (A) A2780 cells were incubated with GNPF-miR-145, and VEGF medium release was
quantified in the culture medium by immunoassay after 0, 3, and 15 h exposure. All data were
obtained with n = 3 at least in triplicate; error bars: standard deviation; n.s.: not significant; *: p <0.05
compared to the control with free miR-145. (B) Proliferation assay of EA.hy926 cell line evaluated at
48 h after incubating with the culture medium from A2780 cell line treated with the nanosystems.
Data were obtained in triplicate, n = 8. For all graphics, error bars represent the standard deviation,
* = p < 0.05, ** = p < 0.01, *** = p < 0.001.

After 48 h of EA.hy926 incubation with the culture media from A2780 cells of 15 h
treated with GNPF-miR-145, the endothelial cells reduced their proliferation by 31%, with
chemotherapy by 35%, and GNPF-miR-145 + chemotherapy by 61%, while the medium
from free miR-145 treatment, like the control, had no effect, and with VEGF was not
diminished (Figure 6B). These results were directly correlated with the quantified levels of
VEGF in the media of A2780 cells treated with GNPF-miR-145, resulting in less proliferation
of endothelial cells incubated with lower levels of VEGF.
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3.7. GNPF-miR-145 Effects on Anchor-Independent Growth and Tumoroid Formation

We next evaluated the ability of ovarian cancer cells to produce progeny under inde-
pendent anchorage conditions in a soft agar matrix in a three-dimensional (3D) context.
After 2 weeks, the number of clones formed from 7000 seeded cells was counted under an
optical microscope. We observed that GNPF-miR-145 significantly reduced clone formation,
from 27 for the untreated control to 7, showing a reduction of 74%. In this assay, it was
evidenced that free miR-145 exerts an effect on clone formation that was not seen in other
2D assays. However, when the miR-145 was carried in the nanoplatform, the inhibition of
clone formation was significantly enhanced, resulting in >33% less formation. Of note, the
effect of chemotherapy was not different from that exerted by GNPF-miR-145. However,
when both therapies were applied together, they had the effect of decreasing the number
of clones formed by up to 87%. This indicates that the GNPF-miR145 nanosystem has an
important effect, achieving a reduction in anchorage-independent growth, which is consid-
ered a correlation parameter of tumorigenicity in vivo. Thus, when acting as a single agent,
or in combination with conventional chemotherapy, it is able to decrease tumorigenicity
(Figure 7A).

To evaluate the effects of GNPF-miR-145 in a three-dimensional, already formed tumor
cell context, individual solid tumor spheroids of SKOV3 line were grown in 96-well plates
using the liquid overlay technique (LOT), which consists of the spontaneous grouping
of tumor cells on a non-stick surface with a concave bottom to obtain one spheroid per
well, which can be evaluated individually as a microtumor [22]. The formed spheroids
were exposed to GNPF-miR-145, chemotherapy, and GNPF-miR-145 + chemotherapy
treatments. Their morphology, size and area were observed and measured daily under an
optical microscope.

On the third day of treatment, significant effects were observed as area reduction
(Figure 7D), while on the fifth day of exposure, a considerable decrease in size was ev-
idenced, as shown by a representative image (Figure 7C). The free miR-145 treatment
reduced spheroid area by 33%, GNPF-miR-145 by 41%, chemotherapy by 43%, and co-
exposure by 46%. All studied conditions showed significant differences compared to the
untreated control; however, without significant differences between them (Figure 7D).
Likewise, the spheroid diameter decreased from 490 to 392 µm with GNPF-miR-145, which
achieved the greatest decrease in diameter, without being significantly different from the
rest of the treatments (Figure 7E). Here, we did not observe different effects between free
miR-145 and GNPF-miR-145.

3.8. GNPF-miR-145 Induces Cell Damage on Formed Tumoroids

To investigate the mechanisms by which GNPF-miR-145 reduces the size of tumor
spheroids, at day 5, cell viability, cell damage and apoptosis tests were performed directly
on the incubated tumoroids. When evaluating cell viability in intact spheroids, the results
showed that both free miR-145 and GNPF-miR-145 decreased viability by 40%, compared
to the untreated control. Chemotherapy reduced tumoroid viability by 64%, while GNPF-
miR-145 + chemotherapy reduced viability by 70%, maintaining significant differences
compared to chemotherapy (Figure 7F). The LDH permeation assay showed that treatment
with GNPF-miR-145 caused permeation of 47% with significant differences compared to
miR145 (33%), chemotherapy (63%) and GNPF-miR-145 + chemotherapy (79%), compared
to the control without treatment (Figure 7G).

In summary, all treatments demonstrated the ability to reduce tumoroid size, causing
cellular injury and damage to the plasma membrane. GNPF-miR-145 caused a reduction in
viability in a way similar to free miR-145; however, it exerted greater damage to the cell
membrane. Interestingly, GNPF-miR-145 + chemotherapy achieved a greater effect, both
in terms of reduced viability and plasma membrane damage, compared to chemotherapy.
These results are indicative of cell death mechanisms such as necrosis or apoptosis in late
stages, explaining the behavior of size reduction in the treated spheroids.
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Figure 7. Effects of GNPF-miR-145 on 3D models. (A) Clone formation in the A2780 cell line
against 14 days incubation with a single dose of GNPF, GNPF-SC-miR, miR-145, GNPF-miR-145,
chemotherapy, and GNPF-miR-145 + chemotherapy. (B) Representative images of clones formed at
day 14. The results are the averages of 4 independent assays. For all graphics, error bars represent
the standard deviation; * = p < 0.05, ** = p < 0.01, *** = p < 0.001. (C) Time-course images captured
by optical microscopy of the SKOV3 spheroids after incubation with the nanosystems. Data were
obtained in triplicate, n = 12; scale bar = 200 µm (D) Changes in spheroid area measured at 120 h.
(E) Changes in spheroid diameter at 120 h. (F) Effects on the viability of the spheroids, measured
by MTS at 120 h. Data were obtained in triplicate, n = 8. (G) LDH release assay using the spheroid
culture medium after 120 h of the treatments. Data were obtained in triplicate, n = 12. For all graphics,
error bars represent the standard deviation; # = p < 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

To understand the underlying mechanisms exerted by the nanosystems, three tu-
moroids per condition were isolated in a 96-well plate with opaque sides and a light
bottom, incubated with annexin V (AV) and propidium iodide (PI), and visualized under a
fluorescence microscope. The images show that tumoroids treated with GNPF-miR-145
and GNPF-miR-145 + chemotherapy presented higher fluorescence intensity for AV and
IP, revealing positive marks AV (+)/IP (+), which were correlated with late apoptosis or
necrosis cell death induced by these treatments. In the case of treatment with conventional
chemotherapy, it was observed that the green mark was similar in intensity to the control.
However, the red mark was significantly higher (AV (−)/PI (+)), which correlated with
necrotic cell death. The results for the miR-145 treatment were not significantly different
from the untreated control; in consequence, this treatment did not activate these cell death
mechanisms (Figure 8).
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Figure 8. Annexin V and propidium iodide apoptosis assay in the treated spheroids. (A) Repre-
sentative fluorescence images of the spheroids after 120 h of treatments, incubated with annexin
V and propidium iodide. Scale bar = 200 µm (B) Fluorescence quantification of the images. Data
were obtained in duplicate, n = 3. For all graphics, error bars represent the standard deviation;
* = p < 0.05 relative to the annexin V untreated control, # = p < 0.05 relative to the propidium iodide
untreated control.

4. Discussion

In recent years, a significant number of research studies have been directed toward
engineering a novel nanosystem that shows good ability to carry therapeutic molecules
into tumor cells. In ovarian cancer, nanosystems address the problems of poor solubility
and task-specific delivery of chemo-drugs to the targeted site [23].

In this study, we approached this task by engineering a novel nanosystem that in-
cludes AuNPs that carry miR-145 and were functionalized with the FSH33 peptide. The
nanoplatform was characterized physicochemically, obtaining a final size of 134 nm that
was favorable for the arrival of the nanosystem to the cancer cells in a tumor context. It
has been described that fenestrations occurring in the tumor vascular endothelium, whose
spaces represent sizes from 100 nm–4 µm, allow the passage and retention of nanoparticles
in this size range [24]. Despite the wide size range in vascular fenestrations, nanosystems
must be able to be internalized into tumor cells. So far, various endocytic cellular mech-
anisms have been described: clathrin-mediated endocytosis, which internalizes particles
smaller than 200 nm, and caveolin-mediated endocytosis, which internalizes endocytic
particles larger than 200 nm [25]. Therefore, the nanosystem we designed is optimal to
take advantage of the enhanced permeation and retention (EPR) effect in order to reach
the tumor interstitium from the blood, as well as to enter the cells through endocytosis,
probably via a clathrin-based mechanism.
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We also showed that the nanosystem does not affect cellular viability and can specifi-
cally interact with ovarian cancer cells due the presence of the FSH33 peptide.

Furthermore the GNPF-miR-145 was able to deliver miR-145 to the cells in a short
period of time, elevating levels of gold nanoparticles and miR-145 after 3 h. After 24 h, the
levels were diminished; the decrease in gold content could have occurred because the in-
corporated nanoparticles were being expelled from the cells by excretion mechanisms, such
as exocytosis, diffusion, or secretion by extra cellular vesicles [26]. The timing of GNPF-
miR-145 incorporation is consistent with the internalization and trafficking of FSH receptor
reported in the literature. The described mechanism follows a clathrin-mediated endo-
cytosis model that correlates with the endocytic route and incorporation times achieved
for nanoparticles <200 nm [27]. On the other hand, the decrease in miR-145 levels might
be due to enzymatic degradation processes, through modifications at the 3′ ends by nu-
cleotide addition or removal [28,29]. Likewise, target-dependent degradation mechanisms
have been demonstrated [30], mediated by the strong interaction of miR with its mRNA
targets. It has been observed that a high degree of complementarity potently promotes miR
degradation through cuts in its structure by the AGO2 miR-processor enzyme [31]. A study
carried out by Marzi et al. evidenced that miRs possess different degradation dynamics,
with half-life times (T1/2) of 24 h or even less, obtaining T1/2 between 4–14 h, which may
explain the decrease in miR-145 levels at 24 h in our study [29].

We then studied the toxicity and proliferative effects of the nanosystem, achieving
results that agreed with those previously reported, showing that AuNPs obtained through
the Turkevich method exert reduced toxicity in vitro, even in small sizes, such as 3.5 nm,
or in high concentrations [32,33]. These results suggest that incorporation of nanosystems
into cells does not generate alterations in cell viability, or that the mechanisms of toxicity
do not yet reflect their effects. This is probably because the molecular systems, both for
chemotherapy and those for inhibiting messenger RNA (by miR-145), were still being
activated and did not exert a detectable cellular effect at 3 h incubation. In fact, gene
knockdown times have been detected as early as 4 h and could last up to even 7 days.
For this reason, to demonstrate the functional effects of interferent RNA knockdown as
miRs in cell culture, 24–96 h are recommended. Thus, viability effects at shorter times
could not be appreciated, but at longer times, when proliferation takes place, they were
observed. The proliferation assays indicated that at times greater than 3 h, incubation with
GNPF-miR-145 exerted cellular effects, decreasing cell viability in the first instance until
24 h. After replicative cycles occurred, GNPF-miR-145 acted as a proliferation inhibitor,
causing permanent cytostatic effects in both cell lines.

The migration of the cancer cells showed a decrease with chemotherapy and with
GNPF-miR-145 + chemotherapy. Several authors have reported the effect of miR-145 on
cell migration and its relationship with specific molecular targets related to cancer pro-
gression [34,35]. Cioce et al. found that the exogenous expression of miR-145 reduces the
levels of the OCT4 transcription factor, related to self-renewal of stem cells, which directly
regulates the ZEB1 protein gene, related to the epithelium–mesenchymal transition, causing
a pro-senescent effect in tumor cells [36]. On the other hand, Hua et al. demonstrated
that miR-145 transfection by magnetic nanoparticles directly targets CCND2 oncogenes, in-
volved in cell cycle progression, and E2F3, a transcription factor related to cell proliferation,
showing effects on cell migration, invasion, and growth of ovarian cancer cells [37]. The
results of migration inhibition are consistent with those reported in the literature, validating
the transport of miR-145 by the GNPF [38]. Additionally, VEGF secretion is elevated in
ovarian cancer cells, and it was demonstrated that treatment with GNPF-miR145 decreased
VEGF secretion to the culture media. When these culture media were used to evaluate the
proliferation of endothelial cells (EA.hy926), it was find a decrease in proliferation due to
a lack of available VEGF. In line with these results, it has been shown that both VEGF-A
and N-RAS are direct targets of miR-145, and that when miR-145 is overexpressed, VEGF
levels decrease, causing important inhibitory effects in angiogenesis, both in vitro and
in vivo [39]. Furthermore, Garrido et al. found that overexpression of miR-145 decreased
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VEGF levels in culture media of A2780 and SKOV3 cells together with decreases in other
oncogenic proteins. On the other hand, in vivo studies found a decrease in tumor size and
metastasis [38].

We also evaluated the ability of ovarian cancer cells in a three-dimensional (3D) matrix,
which evidenced that all exposures to the treatments had a direct effect on reducing the tu-
mor size and spheroid area, probably mediated by specific mechanisms of cytotoxicity [40].

Finally, we evaluated whether the nanosystem exerted cell damage on formed tu-
moroids, and our results correlated with those obtained for 2D cultures, in line with
the previously reported evidence. Regarding the mechanisms of cell death, our results
were consistent with those found by Wang, who reported that miR-145 can activate the
ROCK1/NF-κB apoptotic signaling pathway by inhibiting the expression of ROCK1, which
inhibits the cell cycle and thus leads to apoptosis [41].

Previous reports have indicated that miR-145 transfection inhibits tumoroid formation
in prostate cancer cells, alluding to the decrease in self-renewal capacity of cancer stem
cells, due to inhibition of the CD133 and CD44 markers, along with the Oct4, c-Myc and
Klf4 transcription factors related to cell pluripotentiality [42]. On the other hand, Zhu
et al. reported that transfection with miR-145 in SW620 colon cancer cells significantly
reduced tumoroid formation, proposing the SNAI1 transcription factor as a target, which
exerts a critical role in tumor stem cells’ maintenance capacity [43]. Some authors have
demonstrated that nanoparticles can enter the tumoroid structure and even reach its
nucleus [32]. There are multiple factors that can determine nanoparticle behavior in a 3D
context The physicochemical characteristics such as size, surface charge, and molecule
coatings are essential to interact with proteins of the medium to create the protein crown
or fluid dynamics that promote spheroid entrance [44]. Depending on the nanoparticle
configuration, different entry mechanisms can prevail and coexist, such as endocytosis,
transcytosis, and transcellular transport, as well as diffusion [45].

So far, few examples of using nanoparticles as miR delivery systems have been de-
scribed in tumoroids. Wang et al. reported using mesoporous silica nanoparticles to deliver
miRs and siRNA in tumor spheroids, achieving penetration and releasing their iRNA cargo
through the use of activation by laser irradiation to promote endosomal escape and cell
effects [46].

The native three-dimensional structure of carcinomas establishes a number of im-
portant interactions for tumor development, such as autocrine and paracrine regulation,
oxygen regulation, among others, as well as the differential expression of adhesion, cell
contacts, and signaling molecules, which can modify the context of cellular behavior [47,48].
There are also processes that do not occur or that are maybe significantly different com-
pared to what happens in traditional cell culture monolayers. Thus, the encouraging results
obtained using these models are often unsuccessful when evaluated in preclinical models.
In this way, the tumoroid model appears as an intermediate layer of complexity between
two-dimensional cultures and solid tumors in vivo.

5. Conclusions

The evaluations carried out on ovarian cancer cells demonstrated the relevance of
miR-145 incorporation on a nanosystem structured to achieve better delivery into ovarian
cancer cells, taking advantage of the specific presence of FSHR in these types of cells. Thus,
the GNPF-miR-145 was effective in transporting the miR inside the cells. In a 2D cell
context, the GNPF-miR-145 achieved essential antitumor effects, and the 3D evaluation
correlated with this result. Thus, we propose the nanoplatform as a viable system to be used
in the next step of preclinical investigation. Several conformational and GNP morphologies
have been described: the classic spherical, rod, or star shapes, among others. Nevertheless,
the gold nanospheres seem to be the most attractive morphology in terms of obtaining
method reproducibility, viable scalability, and manageability, which are relevant points to
consider in a candidate for mass production. Therefore, the feasibility of the nanoplatform
structure and the simplicity of the miR molecule conjugation present a platform with



Pharmaceutics 2022, 14, 958 19 of 21

multiple possibilities for cargo incorporation. Structurally and physiochemically, the miR
molecules are almost indistinguishable among them, and the same applies to short RNA
molecules such as siRNA. Thus, the nanoplatform could receive a cargo composed of one
or multiple short double-strand RNA molecules such as miRs, siRNAs, or mixtures of them,
presenting the possibility of creating different, personalized, and powerful tools to achieve
a better biological response.
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3D three-dimensional
LOT liquid overlay technique
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STEM scanning transmission electronic microscopy

https://www.mdpi.com/article/10.3390/pharmaceutics14050958/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14050958/s1


Pharmaceutics 2022, 14, 958 20 of 21

References
1. Liu, C.; Zhang, N. Nanoparticles in gene therapy principles, prospects, and challenges. Prog. Mol. Biol. Transl. Sci. 2011, 104,

509–562. [PubMed]
2. Martínez-Ballesta, M.; Gil-Izquierdo, A.; García-Viguera, C.; Domínguez-Perles, R. Nanoparticles and Controlled Delivery for

Bioactive Compounds: Outlining Challenges for New “Smart-Foods” for Health. Foods 2018, 7, 72. [CrossRef] [PubMed]
3. Prades, R.; Guerrero, S.; Araya, E.; Molina, C.; Salas, E.; Zurita, E.; Selva, J.; Egea, G.; López-Iglesias, C.; Teixidó, M.; et al. Delivery

of gold nanoparticles to the brain by conjugation with a peptide that recognizes the transferrin receptor. Biomaterials 2012, 33,
7194–7205. [CrossRef] [PubMed]

4. Lasagna-Reeves, C.; Gonzalez-Romero, D.; Barria, M.A.; Olmedo, I.; Clos, A.; Sadagopa-Ramanujam, V.M.; Urayama, A.;
Vergara, L.; Kogan, M.J.; Soto, C. Bioaccumulation and toxicity of gold nanoparticles after repeated administration in mice.
Biochem. Biophys. Res. Commun. 2010, 393, 649–655. [CrossRef]

5. Ray, P.; Clément, M.; Martini, C.; Abdellah, I.; Beaunier, P.; Rodríguez-Lopez, J.L.; Huc, V.; Remita, H.; Lampre, I. Stabilisation
of small mono- and bimetallic gold–silver nanoparticles using calix[8]arene derivatives. New J. Chem. 2018, 42, 14128–14137.
[CrossRef]

6. Zare, I.; Tavakkoli-Yaraki, M.; Speranza, G.; Hassani-Najafabadi, A.; Shourangiz-Haghighi, A.; Bakhsian-Nik, A.; Manshian, B.B.;
Saraiva, C.; Soenen, S.J.; Kogan, M.J.; et al. Gold nanostructures: Synthesis, properties, and neurological applications. Chem. Soc.
Rev. 2022, 51, 2601–2680. [CrossRef]

7. Bouché, M.; Hsu, J.C.; Dong, Y.C.; Kim, J.; Taking, K.; Cormode, D.P. Recent Advances in Molecular Imaging with Gold
Nanoparticles. Bioconjug. Chem. 2020, 31, 303–314. [CrossRef]

8. Kumar, D.; Mutreja, I.; Chitcholtan, K.; Sykes, P. Cytotoxicity and cellular uptake of different sized gold nanoparticles in ovarian
cancer cells. Nanotechnology 2017, 28, 475101. [CrossRef]

9. Maity, R.; Chatterjee, M.; Banerjee, A.; Das, A.; Mushra, R.; Mazumdar, S.; Chanda, N. Gold nanoparticle-assisted enhancement in
the anti-cancer properties of theaflavin against human ovarian cancer cells. Mater. Sci. Eng. 2019, 104, 109909. [CrossRef]

10. Medici, S.; Peana, M.; Coradduzza, D.; Zoroddu, M.A. Gold nanoparticles and cancer: Detection, diagnosis and therapy. In
Seminars in Cancer Biology; Academic Press: Cambridge, MA, USA, 2021; Volume 76, pp. 27–37.

11. Dasgupta, I.; Chatterjee, A. Recent advances in miRNA delivery systems. Methods Protoc. 2021, 4, 10. [CrossRef]
12. Garrido, M.P.; Bruneau, N.; Vega, M.; Selman, A.; Tapia, J.C.; Romero, O. Follicle-stimulating hormone promotes nerve growth

factor and vascular endothelial growth factor expression in epithelial ovarian cells. Histol. Histopathol. 2020, 35, 961–971.
[PubMed]

13. He, Y.Q.; Liu, S.P.; Kong, L.; Liu, Z.F. A study on the sizes and concentrations of gold nanoparticles by spectra of absorption,
resonance Rayleigh scattering and resonance non-linear scattering. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2005, 61, 2861–2866.
[CrossRef] [PubMed]

14. Piella, J.; Bastus, N.G.; Puntes, V. Size-Dependent Protein-Nanoparticle Interactions in Citrate-Stabilized Gold Nanoparticles: The
Emergence of the Protein Corona. Bioconjug. Chem. 2017, 28, 88–97. [CrossRef] [PubMed]

15. Uz, M.; Bulmus, V.; Altinkaya, S.A. Effect of PEG Grafting Density and Hydrodynamic Volume on Gold Nanoparticle-Cell
Interactions: An Investigation on Cell Cycle, Apoptosis, and DNA Damage. Langmuir 2016, 32, 5997–6009. [CrossRef] [PubMed]

16. Kuzmin, V.V.; Novikov, V.S.; Ustynyuk, L.Y.; Prokhorov, K.A.; Sagitova, E.A.; Nikolaeva, G.Y. Raman spectra of polyethylene
glycols: Comparative experimental and DFT study. J. Mol. Struct. 2020, 5, 128331. [CrossRef]

17. Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and Charts, 3rd ed.; John Wiley & Sons: New York, NY,
USA, 2004.

18. Podstawka, E.; Ozaki, Y.; Proniewicz, L.M. Part III: Surface-Enhanced Raman Scattering of Amino Acids and Their Homodipeptide
Monolayers Deposited onto Colloidal Gold Surface. Appl. Spectrosc. 2005, 59, 12. [CrossRef]

19. Dulkeith, E.; Ringler, M.; Klar, T.A.; Feldmann, J.; Muñoz-Javier, A.; Parak, W.J. Gold nanoparticles quench fluorescence by phase
induced radiative rate suppression. Nano Lett. 2005, 5, 585–589. [CrossRef]

20. Fan, L.; Chen, J.; Zhang, X.; Liu, Y.; Xu, C. Follicle-stimulating hormone polypeptide modified nanoparticle drug delivery system
in the treatment of lymphatic metastasis during ovarian carcinoma therapy. Gynecol. Oncol. 2014, 135, 125–132. [CrossRef]

21. Fan, L.; Wu, Q.; Xing, X.; Wei, Y.; Shao, Z. MicroRNA-145 targets vascular endothelial growth factor and inhibits invasion and
metastasis of osteosarcoma cells. Acta Biochim. Biophys. Sin. 2012, 44, 407–414. [CrossRef]

22. Costa, E.C.; Gaspar, V.M.; Coutinho, P.; Correia, I.J. Optimization of liquid overlay technique to formulate heterogenic 3D
co-cultures models. Biotechnol. Bioeng. 2014, 111, 1672–1685. [CrossRef]

23. Barani, M.; Bilal, M.; Sabir, F.; Rahdar, A.; Kyzas, G.Z. Nanotechnology in ovarian cancer: Diagnosis and treatment. Life Sci. 2021,
266, 118914. [CrossRef] [PubMed]

24. Greish, K. Enhanced permeability and retention (EPR) effect for anticancer nanomedicine drug targeting. Methods Mol. Biol. 2010,
624, 25–37.

25. Rejman, J.; Oberle, v.; Zuhorn, I.S.; Hoekstra, D. Size-dependent internalization of particles via the pathways of clathrin- and
caveolae-mediated endocytosis. Biochem. J. 2004, 377, 159–169. [CrossRef] [PubMed]

26. Ivošev, V.; Jiménez-Sánchez, G.; Stefancikova, L.; Haidar, D.A.; González-Vargas, C.R.; Yang, X.; Bazzi, R.; Porcel, E.; Roux, S.;
Lacombe, S. Uptake and excretion dynamics of gold nanoparticles in cancer cells and fibroblasts. Nanotechnology 2020, 31, 135102.
[CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/22093228
http://doi.org/10.3390/foods7050072
http://www.ncbi.nlm.nih.gov/pubmed/29735897
http://doi.org/10.1016/j.biomaterials.2012.06.063
http://www.ncbi.nlm.nih.gov/pubmed/22795856
http://doi.org/10.1016/j.bbrc.2010.02.046
http://doi.org/10.1039/C8NJ02451K
http://doi.org/10.1039/D1CS01111A
http://doi.org/10.1021/acs.bioconjchem.9b00669
http://doi.org/10.1088/1361-6528/aa935e
http://doi.org/10.1016/j.msec.2019.109909
http://doi.org/10.3390/mps4010010
http://www.ncbi.nlm.nih.gov/pubmed/32369181
http://doi.org/10.1016/j.saa.2004.10.035
http://www.ncbi.nlm.nih.gov/pubmed/16165025
http://doi.org/10.1021/acs.bioconjchem.6b00575
http://www.ncbi.nlm.nih.gov/pubmed/27997136
http://doi.org/10.1021/acs.langmuir.6b01289
http://www.ncbi.nlm.nih.gov/pubmed/27206138
http://doi.org/10.1016/j.molstruc.2020.128331
http://doi.org/10.1366/000370205775142520
http://doi.org/10.1021/nl0480969
http://doi.org/10.1016/j.ygyno.2014.06.030
http://doi.org/10.1093/abbs/gms019
http://doi.org/10.1002/bit.25210
http://doi.org/10.1016/j.lfs.2020.118914
http://www.ncbi.nlm.nih.gov/pubmed/33340527
http://doi.org/10.1042/bj20031253
http://www.ncbi.nlm.nih.gov/pubmed/14505488
http://doi.org/10.1088/1361-6528/ab5d82
http://www.ncbi.nlm.nih.gov/pubmed/31783387


Pharmaceutics 2022, 14, 958 21 of 21

27. Sayers, N.; Hanyaloglu, A.C. Intracellular Follicle-Stimulating Hormone Receptor Trafficking and Signaling. Front. Endocrinol.
2018, 9, 653. [CrossRef] [PubMed]

28. Marzi, M.J.; Ghini, F.; Cerruti, B.; de Pretis, S.; Bonetti, P.; Giacomelli, C.; Gorski, M.M.; Kress, T.; Pelizzola, M.; Muller, H.
Degradation dynamics of microRNAs revealed by a novel pulse-chase approach. Genome. Res. 2016, 26, 554–565. [CrossRef]

29. Ramachandran, V.; Chen, X. Degradation of microRNAs by a family of exoribonucleases in Arabidopsis. Science 2008, 321,
1490–1492. [CrossRef]

30. De la Mata, M.; Gaidatzis, D.; Vitanescu, M.; Stadler, M.b.; Wentzel, C.; Scheiffele, P.; Filipowicz, W.; Großhans, H. Potent
degradation of neuronal miRNAs induced by highly complementary targets. EMBO Rep. 2015, 16, 500–511. [CrossRef]

31. De, N.; Young, L.; Lau, P.w.; Meisner, N.C.; Morrissey, D.V.; MacRae, I.J. Highly complementary target RNAs promote release of
guide RNAs from human Argonaute2. Mol. Cell 2013, 50, 344–355. [CrossRef]

32. Connor, E.E.; Mwamuka, J.; Gole, A.; Murphy, J.C.; Wyatt, M.D. Gold nanoparticles are taken up by human cells but do not cause
acute cytotoxicity. Small 2005, 1, 325–327. [CrossRef]

33. Shukla, R.; Bansal, V.; Chaudhary, M.; Basu, A.; Bhonde, R.R.; Sastry, M. Biocompatibility of gold nanoparticles and their
endocytotic fate inside the cellular compartment: A microscopic overview. Langmuir 2005, 21, 10644–10654. [CrossRef] [PubMed]

34. Zhao, J.; Zhou, K.; Ma, J.; Zhang, H. MicroRNA-145 overexpression inhibits neuroblastoma tumorigenesis in vitro and in vivo.
Bioengineered 2020, 11, 219–228. [CrossRef] [PubMed]

35. Liu, S.; Gao, G.; Yan, D.; Chen, X.; Yao, X.; Guo, S.; Li, G.; Zhao, Y. Effects of miR-145-5p through NRAS on the cell proliferation,
apoptosis, migration, and invasion in melanoma by inhibiting MAPK and PI3K/AKT pathways. Cancer Med. 2017, 6, 819–833.
[CrossRef] [PubMed]

36. Cioce, M.; Ganci, F.; Canu, V.; Sacconi, A.; Mori, F.; Canino, C.; Korita, E.; Casini, B.; Alessandrini, G.; Cambria, A.; et al.
Protumorigenic effects of mir-145 loss in malignant pleural mesothelioma. Oncogene 2014, 33, 5319–5331. [CrossRef] [PubMed]

37. Hua, M.; Qin, Y.; Sheng, M.; Cui, X.; Chen, W.; Zhong, J.; Yan, J.; Chen, Y. miR145 suppresses ovarian cancer progression via
modulation of cell growth and invasion by targeting CCND2 and E2F3. Mol. Med. Rep. 2019, 19, 3575–3583.

38. Garrido, M.P.; Torres, I.; Avila, A.; Chnaiderman, J.; Valenzuela-Valderrama, M.; Aramburo, J.; Oróstica, L.; Durán-Jara, E.;
Lobos-González, L.; Romero, C. 1 NGF/TRKA Decrease miR-145-5p Levels in Epithelial Ovarian Cancer Cells. Int. J. Mol. Sci.
2020, 21, 7657. [CrossRef]

39. Zou, C.; Xu, Q.; Mao, f.; Li, D.; Bian, C.; Liu, L.Z.; Jiang, Y.; Chen, X.; Qi, Y.; Zhang, X.; et al. MiR-145 inhibits tumor angiogenesis
and growth by N-RAS and VEGF. Cell Cycle 2012, 11, 2137–2145. [CrossRef]

40. Tchoryk, A.; Taresco, V.; Argent, R.H.; Ashford, M.; Gellert, P.R.; Stolnik, S.; Grabowska, A.; Garnett, M.C. Penetration and Uptake
of Nanoparticles in 3D Tumor Spheroids. Bioconjug. Chem. 2019, 30, 1371–1384. [CrossRef]

41. Wang, R.K.; Shao, X.M.; Yang, J.P.; Yan, H.L.; Shao, Y. MicroRNA-145 inhibits proliferation and promotes apoptosis of HepG2
cells by targeting ROCK1 through the ROCK1/NF-kappaB signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 2777–2785.

42. Huang, S.; Guo, W.; Tang, Y.; Ren, D.; Zou, X.; Peng, X. miR-143 and miR-145 inhibit stem cell characteristics of PC-3 prostate
cancer cells. Oncol. Rep. 2012, 28, 1831–1837. [CrossRef]

43. Zhu, Y.; Wang, C.; Becker, S.A.; Hurst, K.; Nogueira, L.M.; Findlay, V.J.; Cam, E.R. miR-145 Antagonizes SNAI1-Mediated
Stemness and Radiation Resistance in Colorectal Cancer. Mol. Ther. 2018, 26, 744–754. [CrossRef] [PubMed]

44. Huang, K.; Boerhan, R.; Liu, C.; Jiang, G. Nanoparticles Penetrate into the Multicellular Spheroid-on-Chip: Effect of Surface
Charge, Protein Corona, and Exterior Flow. Mol. Pharm. 2017, 14, 4618–4627. [CrossRef] [PubMed]

45. Durymanov, M.; Kroll, C.; Permyakova, A.; Reineke, J. Role of Endocytosis in Nanoparticle Penetration of 3D Pancreatic Cancer
Spheroids. Mol. Pharm. 2019, 16, 1074–1082. [CrossRef]

46. Wang, Y.; Xie, Y.; Kilchrist, K.V.; Li, J.; Duvall, C.L.; Oupický, D. Endosomolytic and Tumor-Penetrating Mesoporous Silica
Nanoparticles for siRNA/miRNA Combination Cancer Therapy. ACS Appl. Mater. Interfaces 2020, 12, 4308–4322. [CrossRef]
[PubMed]

47. Carlsson, J.; Acker, H. Relations between pH, oxygen partial pressure and growth in cultured cell spheroids. Int. J. Cancer 1988,
42, 715–720. [CrossRef] [PubMed]

48. Poland, J.; Sinha, P.; Siegert, A.; Schnölzer, M.; Korf, U.; Hauptmann, S. Comparison of protein expression profiles between
monolayer and spheroid cell culture of HT-29 cells revealed fragmentation of CK18 in three-dimensional cell culture. Electrophoresis
2002, 23, 1174–1184. [CrossRef]

http://doi.org/10.3389/fendo.2018.00653
http://www.ncbi.nlm.nih.gov/pubmed/30450081
http://doi.org/10.1101/gr.198788.115
http://doi.org/10.1126/science.1163728
http://doi.org/10.15252/embr.201540078
http://doi.org/10.1016/j.molcel.2013.04.001
http://doi.org/10.1002/smll.200400093
http://doi.org/10.1021/la0513712
http://www.ncbi.nlm.nih.gov/pubmed/16262332
http://doi.org/10.1080/21655979.2020.1729928
http://www.ncbi.nlm.nih.gov/pubmed/32083506
http://doi.org/10.1002/cam4.1030
http://www.ncbi.nlm.nih.gov/pubmed/28332309
http://doi.org/10.1038/onc.2013.476
http://www.ncbi.nlm.nih.gov/pubmed/24240684
http://doi.org/10.3390/ijms21207657
http://doi.org/10.4161/cc.20598
http://doi.org/10.1021/acs.bioconjchem.9b00136
http://doi.org/10.3892/or.2012.2015
http://doi.org/10.1016/j.ymthe.2017.12.023
http://www.ncbi.nlm.nih.gov/pubmed/29475734
http://doi.org/10.1021/acs.molpharmaceut.7b00726
http://www.ncbi.nlm.nih.gov/pubmed/29096441
http://doi.org/10.1021/acs.molpharmaceut.8b01078
http://doi.org/10.1021/acsami.9b21214
http://www.ncbi.nlm.nih.gov/pubmed/31939276
http://doi.org/10.1002/ijc.2910420515
http://www.ncbi.nlm.nih.gov/pubmed/3182108
http://doi.org/10.1002/1522-2683(200204)23:7/8&lt;1174::AID-ELPS1174&gt;3.0.CO;2-O

	Introduction 
	Materials and Methods 
	Reagents 
	Gold Nanosystem Preparation 
	Molecular Absorption Spectrophotometry 
	Raman Spectroscopy 
	Dynamic Light Scattering (DLS) 
	Zeta Potential ([scale=1]Definitions/pharmaceutics-1666363-i002.pdfP) 
	Estimation of miR Coated on Nanoparticles 
	Scanning Transmission Electronic Microscopy (STEM) 
	Cell Viability 
	Nanoparticle Cell Incorporation 
	miR Quantification 
	Proliferation Assay 
	Wound Healing Assay 
	VEGF Release 
	Endothelial Cell (EA.hy926) Proliferation with Conditioned Medium from EOC Cells 
	Clonogenic Assay 
	Cancer Tumoroid Model 

	Results 
	Nanoplatform Obtention and Characterization 
	Gold Nanoplatforms Do Not Affect Cell Viability and Selectively Interact with Ovarian Cancer Cells 
	GNPF-miR-145 Can Reach the Cells and Deliver miR-145 
	Cell Viability and Antiproliferative Effects 
	Nanoplatform Carrying miR-145 Inhibits Cell Migration 
	GNPF-miR-145 Inhibits VEGF Release from A2780 Cells 
	GNPF-miR-145 Effects on Anchor-Independent Growth and Tumoroid Formation 
	GNPF-miR-145 Induces Cell Damage on Formed Tumoroids 

	Discussion 
	Conclusions 
	References

