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Pro-apoptotic and size-reducing effects of protein
corona-modulating nano-architectures enclosing
platinum prodrug in in vivo oral carcinomat

Ana Katrina Mapanao, 1§ Patrizia Sarogni,§* Melissa Santi,§°> Michele Menicagli,©
Alessandra Gonnelli,>® Agata Zamborlin,®® Maria Laura Ermini® and
Valerio Voliani (2 *®

The selective and localized delivery of active agents to neoplasms is crucial to enhance the chemothera-
peutic efficacy while reducing the associated side effects. The encapsulation of chemotherapeutics in
nanoparticles decorated with targeting agents is a strategy of special interest to improve drug delivery.
However, serum protein adsorption often compromises the in vivo efficiency of targeting agents, leading
to protein corona formation that interferes with the targeting process. Here, the enhanced efficacy of
hybrid nano-architectures enclosing a platinum prodrug and decorated with a customized peptide (NAs-
cisPt-Tf2) is demonstrated by employing alternative in vivo models of oral carcinoma. The peptide binds
to transferrin and modulates the protein corona formation on NAs-cisPt-Tf2, supporting the identification
of its receptor. Optimized chorioallantoic membrane cancer models (CAMs) enabled a thorough assess-
ment of the tumor-suppressing effect of NAs-cisPt-Tf2 as well as the quantitative evaluation of angio-
genesis and cell cycle associated mechanisms. The treatment strategy resulted in a significant tumor
volume reduction coupled with anti-angiogenic and pro-apoptotic effects inferred from the downregula-
tion of the vascular endothelial growth factor gene and increased expression of cleaved caspase-3.
Overall, this study provides a potentially effective tumor-targeted approach for a non-invasive manage-

rsc.li/biomaterials-science ment of oral carcinoma.

1. Introduction

Chemotherapeutic agents interfere with several cellular
mechanisms and target essential biomolecules for cancer cell
proliferation. Chemotherapy is often combined with other
standards of care for cancer management, such as surgery and
radiotherapy, as a (neo)adjuvant or concomitant treatment."
Nonetheless, the administration of chemotherapeutics also

causes toxic effects to non-malignant tissues with proliferative
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cells, resulting in various side effects.”> Hence, the accurate
delivery of active agents is crucial in cancer management for
the reduction of adverse events to off-target organs.’

Molecular encapsulation in nanoparticles (NPs) is a strategy
in constant development, whose ultimate goal is to provide
enhanced and safer delivery of therapeutics. The improved
solubility and prolonged circulation time of the molecular pay-
loads are some of the advantages of this approach. These may
lead to an increased localization of NPs in the tumor sites,
also due to the enhanced permeability and retention (EPR)
effect demonstrated by certain neoplasms.”® The success of
passive NPs-mediated drug delivery approach has been conso-
lidated after the clinical approval of nanotherapeutics such as
the liposomal formulation of doxorubicin (Doxil®/Caelyx®)
and the nanoparticle albumin-bound (nab) paclitaxel
(Abraxane®) for the first-line treatment of Kaposi sarcoma and
metastatic breast cancer, respectively.® Nonetheless, the
increasing demand for more efficient and safer chemothera-
peutics further stimulated the development of advanced
approaches for active targeting.”®

Targeted therapy finds increasing clinical applications in
cancer management, especially using small molecules or

Biomater. Sci., 2022, 10, 6135-6145 | 6135


http://rsc.li/biomaterials-science
http://orcid.org/0000-0003-1311-3349
https://doi.org/10.1039/d2bm00994c
https://doi.org/10.1039/d2bm00994c
https://doi.org/10.1039/d2bm00994c
http://crossmark.crossref.org/dialog/?doi=10.1039/d2bm00994c&domain=pdf&date_stamp=2022-10-18
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm00994c
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM010021

Open Access Article. Published on 30 August 2022. Downloaded on 1/12/2026 8:29:05 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

monoclonal antibodies.>'® It is noteworthy that both che-
motherapeutic nano-encapsulation and targeted therapy have
been individually implemented in clinics, while most of the
systems providing their combined advantages are still at pre-
clinical research stage.*® Indeed, in physiological conditions,
serum proteins are adsorbed on the surface of nanomaterials
causing protein corona formation, which enables the reco-
gnition by phagocytic cells and leads to nanomaterial seques-
tration."’ Likewise, protein corona formation occurs on the
surface of nanomaterials decorated with targeting ligands,
concealing their specificity and leading to inefficient active
tumor targeting and cargo delivery.'*'® Nevertheless, revised
strategies to overcome the biological constrains have resulted
in the transition of some targeted nanotherapeutics to clinical
trials, with the transferrin receptor being one of the commonly
targeted biomarkers.™

The transferrin receptor (TfR) is a transmembrane protein
that enables the delivery of iron to proliferative cells, including
several types of cancers wherein higher TfR expression is
associated with a more aggressive phenotype."® Consequently,
the TfR is either targeted to interfere with cancer cell prolifer-
ation and metabolism or exploited as a biomarker for selective
drug delivery.'® Therapeutic agents conjugated with TfR-recog-
nizing ligands have been clinically evaluated for various forms
of neoplasm, like liposome (SGT-53) conjugated with a trans-
ferrin (TfN) antibody fragment to deliver a plasmid encoding
for wild type TP53."7'® However, the decoration of nano-
materials with TfN may still suffer from the masking effect of
the protein corona in physiological environment, as well as
from the competition with free TfN molecules for the receptor
site.'® In this regard, Santi et al. (2017) introduced a stealth
targeting strategy using a transferrin-binding peptide (Tf2;
sequence: HKYLRW) that re-modulates the protein corona
composition on gold nanoparticles in serum, and efficiently
binds to endogenous TfN without affecting its affinity with
iron ions or TfR, or interfering with transferrin internaliz-
ation.”® This targeting approach has been integrated with
hybrid nano-architectures (NAs), and the accumulation
efficiency has been evaluated on multicellular spheroids of
pancreatic ductal adenocarcinoma.>® NAs are biodegradable
ultrasmall-in-nano materials implemented for several oncolo-
gical and antimicrobial applications.>****® These nano-
materials are rationally designed to provide advantageous
medical effects as well as to avoid noble metal persistence
after their intended biological action.*****°

In this work, the targeting strategy based on the protein
corona-modulating Tf2 peptide is integrated with NAs contain-
ing a cisplatin prodrug (NAs-cisPt-Tf2) to improve the efficacy
of the nanomaterial-mediated chemotherapy for oral carci-
noma.?® The conventional clinical use of cisplatin in treating
oral cancer patients and the documented overexpression of the
transferrin receptor in oral tumors further highlight the rele-
vance of NAs-cisPt-Tf2.2”*® Indeed, NAs-cisPt-Tf2 addresses
the demand for a targeted and safe non-invasive treatment for
oral cancer, in which the conservation of nearby non-malig-
nant tissue is likewise essential.>® Evaluations were performed
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on SCC-25 cells, a human papillomavirus (HPV)-negative head
and neck squamous cell carcinoma (HNSCC). The usual treat-
ment responses in HPV-negative oral cancers are notably less
favorable, as documented in clinics and observed in our pre-
vious studies.?*° Hence, the identification of effective thera-
peutics for the treatment of HPV-negative tumors is pivotal.
Our previous findings on the treatment of SCC-25 spheroids
and tumor-grafted chorioallantoic membrane (CAM) have
already demonstrated a promising antitumor response with
non-targeted NAs.> The present study focuses on the exploita-
tion of the TfR overexpression in oral cancer cells to specifi-
cally deliver a clinically relevant drug through nanomaterials.
Treatment studies were performed on tumor-grafted chorioal-
lantoic membrane (CAMs), a highly vascularized in vivo system
that suitably represents the tumor and its microenvironment
(TME) and compliant with the European Parliament Directive
2010/63/EU.>* The comparison of the treatment efficacy with
cisplatin and non-target NAs demonstrated an enhanced
tumor volume reduction outcome together with anti-angio-
genic and pro-apoptotic effects of NAs-cisPt-Tf2.

2. Methods

2.1. Nano-architectures synthesis

Nano-architectures have been produced as reported in Note 17
and characterized with standard methods (Table S17).

2.2. 2D cell culture

Human Bronchial Epithelial cells HBEpC (Catalog No. 502-
05a) were purchased from Cell Applications Inc., and human-
derived squamous cell carcinoma SCC-25 (ATCC® CRL-1628"")
was purchased from American Type Culture Collection (ATCC).
HBEpC cells were cultured in bronchial/tracheal epithelial cell
growth medium (Cell Applications 511-500) supplemented
with 10% fetal bovine serum (FBS; Gibco 10500064), and
SCC-25 cells were cultured in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F12 (DMEM/F12; Gibco 11039-021),
supplemented with 10% FBS, 4 mM tr-glutamine (Gibco
A2916801), 1 mM sodium pyruvate (Gibco 11360070), 1x peni-
cillin-streptomycin (equivalent to 50 U mL™"; Gibco 15140-
122), and 400 ng mL~" of hydrocortisone (Sigma-Aldrich
HO0888). All indicated values correspond to the final concen-
trations of the supplements. The cells were maintained in an
incubator set at 37 °C and 5% CO.,.

2.3. Western blot analysis for transferrin receptor expression

A pellet of cells was minced in RIPA buffer solution (Pierce™
89901) supplemented with protease inhibitor and incubated in
ice for 30 minutes. The supernatant was collected after
30 minutes of centrifugation at 14 000 rpm. Bradford assay
was performed to estimate the protein concentration of the
lysates using a standard calibration curve generated from the
absorbance values of bovine serum albumin (BSA) solutions
with different known concentrations. A volume of the lysates
corresponding to 30-50 pg of proteins were mixed with gel

This journal is © The Royal Society of Chemistry 2022
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loading buffer, loaded in a polyacrylamide gel for SDS-PAGE,
and transferred to a nitrocellulose membrane. Then, the mem-
brane was treated with the blocking solution (1x TRIS-buffered
saline with 0.1% Tween-20 and 5% powdered milk; TBST-milk)
for 1 h at room temperature. Incubation of the membrane with
Anti-TFRC antibody (SAB4200398 Sigma-Aldrich) for TfR and
a-actin (A-3853 Sigma-Aldrich) was performed overnight at
4 °C. Following three washes in 1x TBS with 0.1% Tween-20
(TBST), the membrane was incubated with the corresponding
HRP-conjugated secondary antibodies for 1 h at room tempera-
ture. After further TBST washes of the membrane, the protein
bands were finally detected through enhanced chemilumines-
cence (ECL) kit (1705061 Biorad) and Image Quant LAS 4000
System.

2.4. Immunocytochemistry (ICC) for transferrin receptor

HBEpC and SCC-25 cells were seeded in a 24-well plate con-
taining circular glass slides. HBEpC cells were particularly
seeded on poly-L-lysine-coated glass slides (0.01% poly-t-
lysine). Upon reaching about 70 to 80% confluence, the cells
were fixed with 4% paraformaldehyde (PFA) for 20 minutes.
After aspirating PFA, the cells were washed three times with
phosphate-buffered saline (PBS; 1x) and permeabilized with
0.1% Triton-PBS for 10 minutes at room temperature. Cells
were then incubated with blocking solution (5% BSA in 1x
PBS) for 1 h to avoid unspecific signals. Cells can stay in the
blocking solution for few weeks if stored at 4 °C. For immuno-
cytochemical staining, the cells were incubated with Anti-
TFRC antibody (SAB4200398 Sigma-Aldrich) diluted 1:100 in
1% BSA in PBS overnight at 4° degrees in a humid chamber.
Then, the cells were washed thrice with PBS and incubated in
dark with the secondary antibody conjugated with AlexaFluor-
488 (diluted 1:100 in 1.5% BSA in PBS) for 1.5 to 2 h at room
temperature. After three washes with PBS, the cells were incu-
bated with Hoechst 33342 (Invitrogen H3570; diluted 1:100 in
PBS) for 15 minutes and then stained with cell membrane
marker CellMask® Deep Red (Invitrogen C10046; diluted 1:10
in PBS) for another 5 minutes at room temperature. The nega-
tive control was stained similarly except without incubation
with the TfR primary antibody.

2.5. Incubation and confocal imaging of 2D cell cultures

Cells were seeded in glass-bottom Petri dish (WillCo-dish
GWSt-3522) 24 hours before treatments to attach and reach
80-90% of confluence. Then, cells were treated with NAs-647-
Tf2 (maximum 30 pg of nanoparticles) and incubated for
2 hours at 37 °C. Cells were washed twice with PBS and ana-
lyzed with the Olympus Fluoview 1000 (Olympus, Melville, NY)
confocal microscope interfaced with a 488 nm argon laser, a
543 nm helium-neon laser, and a 633 nm diode laser. Glass-
bottom Petri dishes were mounted in a temperature-controlled
chamber, and all samples were viewed with a 40 x 1.42 NA oil
immersion objective. All images were analyzed using Image]
software version 1.48.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

2.6. Tumor grafting on chorioallantoic membrane

Chorioallantoic membrane (CAM) tumor grafting procedure
for SCC-25 has been previously optimized as reported in
Sarogni et al.>® Briefly, fertilized red Leghorn eggs were pur-
chased from a local supplier and were immediately stored at
4 °C upon delivery. The eggs were placed at room temperature
1 h prior to the start of incubation, cleaned with deionized
water, and placed in trays inserted in a fan-assisted incubator
(FIEM MG 140/200) set at 37.5 °C with ~47% humidity. The
date of the start of incubation was assigned as embryonic day
of development (EDD) 0. On EDD 3, the eggs were punctured
with a small hole on the tip, which was sealed with an
adhesive tape. The eggs were returned in the incubator at an
upright position. Grafting was performed on EDD 6. SCC-25
cells cultured in culture plates were detached using trypsin
and collected via centrifugation. After removing the super-
natant, the cells were counted using trypan blue (Countess cell
counter system). Cell suspension with known cell population
was placed in another sterile 50 mL conical tube, and spun to
separate and remove the supernatant. The cell pellet was then
resuspended in the grafting mix composed of 1:1 mixture of
serum-free medium and Matrigel (Corning 354234). Each egg
was grafted with 2 x 10° SCC-25 cells suspended on 25 pL of
grafting mix. The grafted eggs were carefully returned in the
incubator.

2.7. CAM tumor treatment and monitoring

Embryo vitality and tumor engraftment were assessed pre-treat-
ment. Once photographed using a portable digital microscope
(DinoLite AM7915MZT), eggs with visible tumor masses were
randomized among the treatment conditions: serum-free
culture medium (control) and NAs-cisPt-Tf2. Eggs treated with
NAs-cisPt-Tf2 received 0.7 mM cisplatin (~4 pg Pt per egg).
This concentration was equivalent to the administered amount
of cisplatin and NAs-cisPt in the previous investigations.”®
After spinning the aliquot of NAs-cisPt-Tf2, the supernatant
was removed, and the precipitate was resuspended in serum-
free medium. A solution of human transferrin (holo-
Transferrin, Sigma T4132-100MG) was added to the suspen-
sion, with the final TfN concentration equal to 5 pM. The sus-
pension was incubated at 37 °C for 30 minutes on an orbital
shaker to allow the binding of TfN to the Tf2 peptide to acti-
vate the NAs-cisPt-Tf2 targeting mechanism. The tumors were
treated topically with 30 pL of culture medium or TfN-bound
NAs-cisPt-Tf2, and then returned in the incubator.

The treated tumors were monitored and photographed on
EDD 12 and 14. After taking images on EDD 14, the eggs were
placed at 4 °C for at least 1 h to induce hypothermia on the
chick embryo and restrict movements. The tumors were
excised leaving as little membrane on the sides as possible,
and stored in —80 °C for further analyses. The eggs were
returned at 4 °C to euthanize the embryo. After 24 h, the
organs were collected and stored at —80 °C for further ana-
lyses. Tumor dimensions were measured using a complemen-
tary software (DinoCapture 2.0). The volumes were derived
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using the formula 1/2(length x width?®), where the length and
width correspond to the longer and shorter measurements,
respectively.®® The data and derived measurements were
further analyzed using GraphPad Prism 9, along with statisti-
cal analyses (Table S27).

2.8. Hematoxylin and Eosin (H&E) staining

Tissues were fixed in 10% buffered formalin. Sections of 4 pm
thickness were obtained from paraffin blocks using a micro-
tome (Leica RM2255 Germany) and stained with hematoxylin—
eosin (H&E). Samples were dewaxed with xylene and de-
hydrated with several graded ethanols and then stained with
hematoxylin for 5 min (Mayer hematoxylin, Diapath C0303),
stained with eosin for 1 min (Eosin G o Y alcoholic 0.5%
Diapath C0353) and re-immersed in alcohol and xylene. Slides
were mounted using a synthetic mounting media
(Thermoscientific, LAMPB/DPX).

2.9. Immunohistochemistry

Deparaffinized samples were treated 10 min with hydrogen
peroxide solution (3%) to stop peroxidase activity. Thereafter,
samples immersed in EDTA-based buffer (pH 8.0) (Leica
Biosystems RE7116-CE) were treated in a microwave oven
(10 min, 480 W) for antigen retrieval. Nonspecific staining was
prevented with blocking peptide (Abcam HRP/DAB, detection
kit, ab 64261). The primary antibodies for Ki67 (rabbit mono-
clonal Invitrogen MA5-14520, diluted 1:100) and cleaved
Caspase 3 (rabbit polyclonal Cell Signaling Technology, 9661;
diluted 1:200) were applied and left overnight at 4 °C. The
detection was performed using streptavidin-biotin technique
(Abcam HRP/DAB, detection kit, ab 64261). Finally, the chro-
mogen (diaminobenzidine) was used for IHC development
and Mayer’s hematoxylin for the counterstaining. A specific
algorithm in Aperio ImageScope software (Positive Pixel
Count) was used to quantitatively determine the protein
expression and IHC images were processed by averaging the
signal intensity of three different areas of the slide section.
Therefore, a scoring system was automatically assigned to
three different type of positive signal intensity, classifying
them into: weak, moderate and strong.

2.10. Reverse Transcription - qPCR

The harvested tumors were carefully minced into pieces using
a plastic pestle, and the RNA was extracted using Nucleospin
RNA plus kit (MACHEREY-NAGEL 740984.50) following manu-
facturer’s instructions. The extracted RNA samples were quan-
tified using a nanodrop instrument (UV5NANO Mettler-
Toledo), and were then immediately processed or stored at
—80 °C. The quality of RNA and efficiency of the extraction pro-
cedure was confirmed through agarose gel electrophoresis, to
anticipate potential problems during reverse transcription and
amplification of the target gene. An aliquot of RNA extract
(500 ng) was reverse transcribed for ¢cDNA synthesis using
iScript cDNA Synthesis Kit (Biorad 1708891). Then, 500 ng of
total cDNA was diluted to 1:10
Quantitative real-time PCR was performed with

in nuclease-free water.
iTaq™
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Universal SYBR® Green Supermix (Biorad 1725121). PCR
samples were prepared with a final volume of 20 pL, with
approximately 2.5 to 5 ng of ¢cDNA template (1-2 pL cDNA).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as housekeeping gene and served as loading control. The
sequences of forward and reverse primers are listed in the pre-
vious study.”® The amplification curves were visualized using
SYBR Green Analysis on Applied Biosystems Instrument
(7300). The recommended thermal cycling program for ampli-
fication is as follows: 95 °C for 10 minutes and 40 cycles at
95 °C for 15 seconds, 60 °C for 30 seconds and 72 °C for 30
seconds. Relative gene expression levels were calculated using
2744 method.>®

2.11. Inductively coupled plasma - mass spectrometry
(ICP-MS)

An aliquot of nano-architectures was placed in a pressure
vessel and dissolved in freshly prepared aqua regia (3 : 1 molar
ratio of ICP-MS grade hydrochloric acid and nitric acid). For
NAs-647(-Tf2) accumulation experiments on cell cultures, the
same number of cells (1 x 10° cells per well) was cultured on
12-well plates, treated with nanoparticles for 2 h, washed with
PBS and dissolved with aqua regia. The sealed vessels were
placed in CEM Discover SP-D for further digestion under
microwave irradiation at 200 °C for 15 minutes. For harvested
tumors and tissues, samples were dried overnight at 80 °C
until constant weight was obtained. The dried samples were
transferred to pressure vessels, added with ~3 mL nitric acid,
and heated up to 150 °C for 30 minutes. The acid was evapor-
ated before another round of acid digestion with freshly made
aqua regia. The samples were again heated at 150 °C for
30 minutes, until the aqua regia evaporated. The digested and
dried samples were then resuspended with 3% nitric acid solu-
tion, at a final volume of 5 mL for NAS samples, and 3 mL for
biological samples. The amounts of gold and/or platinum were
determined after analysis on Agilent 7700 ICP-MS, using stan-
dard calibration curves.

3. Results and discussion

3.1. Overexpression of TfR in SCC-25

Transferrin receptor-mediated endocytosis has been exten-
sively exploited to improve the internalization of clinically
approved drugs or experimental anticancer compounds in the
treatment of different types of carcinoma.'® Although most
oral cancer cells are known to overexpress the TfR,*® its elev-
ated expression in the SCC-25 line has been quantitatively
identified through western blot analysis (Fig. 1A). This result,
although not statistically significant, together with the
immunocytochemistry staining images (Fig. 1B), confirmed
the higher TfR expression in SCC-25 compared to normal epi-
thelial cell line HBEpC. The low TfR signals (green channel)
detected from HBEpC cells can be attributed to their prolifera-
tive potential.*® Some TfR signals co-localized with the nuclear
stain (blue channel), demonstrating the nuclear localization of

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Transferrin receptor (TfR) expression in SCC-25. (A) Western blot analysis demonstrating different TfR expression levels between normal cells
(HBEpC) and head and neck cancer cells (SCC-25). The a-actin antibody was used to normalize the amount of proteins loaded on the gel.
Densitometric analysis of the bands was performed using ImageJ, and the data is reported as the mean + SD of two independent experiments
(p-value > 0.05). (B) Representative images of immunocytochemistry staining further confirm the higher TfR signal intensity in SCC-25 cells com-
pared to HBEpC cells. The images also depict a considerable perinuclear localization of the TfR in SCC-25 cells. Blue = Hoechst 33342 (nuclei);
Green = Anti-TFRC antibody with AlexaFluor-488-conjugated secondary antibody; Red = CellMask™ Deep Red (cell membrane). Scale bars =

10 pm.

TfR in the perinuclear or juxtanuclear regions. Indeed, the
transferrin ligand-receptor complex is internalized through
clathrin-mediated endocytosis and delivered to the intracellu-
lar recycling endosome compartment located in proximity to
the nuclei.’®?*” Overall, the biomolecular analyses confirm the
suitability of TfR as a target to deliver payloads to SCC-25 and
validate the active targeting strategy exploited in this study.

3.2. Preferential accumulation of Tf2 decorated NAs in
SCC-25 cell cultures

In order to quantitatively investigate the internalization of the
Tf2 decorated nano-architectures, NAs enclosing AlexaFluor-
647 and functionalized on the surface with Tf2 peptide have
been produced as previously reported (ESI Note 11).>"*® NAs is
a group of ultrasmall-in-nano architectures with a diameter of
100-150 nm (Fig. 2A and B). The basic composition of NAs
includes 3 nm gold ultrasmall nanoparticles (USNPs) coated
with poly(sodium 4-styrene sulfonate) (PSS) that are electro-
statically aggregated using poly(i-lysine) (PL). The average per-
centage of gold in NAs (quantified by inductively coupled
plasma - mass spectrometry, ICP-MS) is 4.5%. The polymeric
aggregates are enclosed in a silica nanoshell produced by a
modified Stober process, which also permits the subsequent
surface modification. NAs surface is functionalized using a
molecular linker (silane-PEG-maleimide) that enables the
integration of the targeting peptide by a maleimide-thiol
reaction.?’

Cell internalization of NAs-647-Tf2 was compared with its
non-functionalized counterpart (NAs-647) and was qualitat-
ively assessed through confocal microscopy (Fig. 2C). The

This journal is © The Royal Society of Chemistry 2022

images demonstrated that the cells internalized both types of
NAs. The signals detected from NAs-647 are attributed to
passive internalization, as also observed in previous
investigations.>**' In order to quantitatively compare the
effect of the targeting strategy on the cell-internalization, a
fixed amount of cells was incubated with the nano-architec-
tures (30 pg; equivalent to ~1.5 pg of gold) with or without the
Tf2 peptide modification, and the amounts of gold accumu-
lated in the cells were measured through ICP-MS. At 2 h post-
treatment, the amount of gold collected from cells treated with
NAs-647-Tf2 was four times higher than the amount of gold
recovered from NAs-647-treated cells (p < 0.05) (Fig. 2D). It
should be noted that the NAs were delivered in serum-sup-
plemented medium, which contains 10-15x lower concen-
tration of TfN with respect to the physiological condition.?**°
Nonetheless, increasing the concentration of TfN may intro-
duce receptor-binding competition between free TfN and TfN-
bound NAs-647-Tf2. In the experimental setup, the amount of
TfN was not increased since the purpose of these experiments
was to compare the efficiency of the receptor interaction
between NAs-647 with and without Tf2.

3.3. NAs-cisPt-Tf2 efficacy on tumor-grafted chorioallantoic
membrane models

The effects of NAs-cisPt-Tf2, which contains 4.5% w/w gold
and 1.4% w/w platinum (%w/w = weight metal quantified by
ICP-MS per weight of dried NAs), were assessed on tumor-
grafted chorioallantoic membranes (CAMs) to take advantage
of the reliable representation of tumors and their microenvi-
ronment, along with the presence of innate blood flow essen-

Biomater. Sci, 2022, 10, 6135-6145 | 6139
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tial in the targeting approach.>” A standardized method tai-
lored for SCC-25 neoplasms was implemented to have a con-
sistent biological model and an effective comparison among
the different treatments (Fig. 3A).>*** The tumor grafting pro-
cedure results in a high survival rate of the embryos, which
permits the use of the system as a rough indicator of the treat-
ment toxicity. All the treatments did not significantly affect the
survival rates of the embryos on EDD 14 (Fig. S1Af).

The tumor volumes were analyzed by the measurement of
their length and width (Fig. 3B, S1B, and Table S27) to calcu-
late the tumor fold change (Fig. S1Ct).>® The comparison
between the conditions has been performed through the ana-

6140 | Biomater. Sci, 2022, 10, 6135-6145

lysis of the relative volume fold change (R-value) (Fig. 3C and
Table S31) in order to assess the effect of the treatments
regardless the differences of the initial tumor size. The tumors
treated with NAs-cisPt-Tf2 have 5x smaller volumes (0.08 =
0.06 on EDD 12 and 0.05 + 0.02 on EDD 14) compared to the
two other chemotherapy conditions (Table S4}). The enhanced
therapeutic effect of NAs-cisPt-Tf2 can be attributed to the tar-
geting strategy that elicited an increased delivery of the drug to
the neoplasm, as also corroborated by the amount of platinum
collected in harvested tumors (Fig. 4A). It should be noted that
the administered dose (%AD) of platinum corresponds to the
accumulation of the cisplatin (pro)drug at the harvesting day,

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Nano-chemotherapeutic evaluation on tumor-grafted CAM. (A)
Previously established procedure and schedule were followed to engraft
the CAMs of fertilized chicken eggs with SCC-25 cells. Tumor-grafted
CAM models were randomized, treated, and monitored until EDD 14. (B)
Images and measurements of tumors treated with serum-free cell
culture medium (Control) or NAs-cisPt-Tf2 were taken at different time
points. Scale bar = 2 mm. (C) The changes in volume of each tumor
were monitored and compared to the average volume change of
control tumors on EDD 12. The data are reported as mean + standard
deviation of two independent experiments, with at least 3 eggs per con-
dition on each experiment. Statistical analysis was performed by two-
way ANOVA (Tukey's multiple comparisons test) *p < 0.05; **p < 0.005.
No significant differences were observed among the different type of
chemotherapeutic systems (p > 0.05). The derivation and description of
the metrics using tumor dimensions are detailed in Table S1.

i.e. four days after the treatment. Therefore, these findings
indicate that NAs-cisPt-Tf2 sustained a long-term drug
accumulation compared to the untargeted NAs and the free
cisplatin, even in presence of a blood flow dynamic. No signifi-
cant differences were observed in the accumulation of plati-
num in the liver and the heart of the embryos between the
conditions (Two-way ANOVA; p > 0.1). The gold-to-platinum
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mass ratio within the nano-architectures ranges between 6.1 *
2.1. Hence, the higher %AD of gold detected in the harvested
tumors treated with NAs-cisPt-Tf2 can be associated to the tar-
geting strategy, likely the %AD trend in platinum (Fig. S1Dt).
This finding is of special interest for future developments
towards targeted combined chemo-radiotherapy, in which the
gold USNPs in NAs can act as radiosensitizers.*’

Further biomolecular investigations were performed to
identify the effects of the treatments on some cancer-related
mechanisms. Vascular endothelial growth factor-A (VEGF-A),
caspase-3, and proliferating cell nuclear antigen (PCNA) mRNA
expressions were measured in the harvested tumors to analyze
the influence of the treatment on angiogenesis, apoptotic
potential, and proliferation, respectively (Fig. 4B). Consistent
with the cisplatin and NAs-cisPt administration, tumors
treated with NAs-cisPt-Tf2 showed a downregulation of VEGF-A
mRNA expression (Fig. 4B, left) attributed to the platinum
drug. On the other hand, the addition of the Tf2 peptide on
NAs has slightly attenuated the downregulation of VEGF-A,
probably because the transferrin itself may have a role in pro-
moting angiogenesis.*' For instance, Carlevaro et al. observed
that the implantation of sponges containing transferrin of
various origins (apotransferrin from human or ovotransferrin
from chicken) stimulated the formation of new allantoic
vessels on the CAM after 12 days of incubation.*’ It should be
noted that the gold USNPs may also contribute to the VEGF-A
downregulation. In this regard, Zhang et al. observed that gold
nanoparticles stimulated the modification of the tumor micro-
environment and disrupted the crosstalk between the tumor
and endothelial cells in ovarian cancer.*? Another study attrib-
uted the anti-angiogenic properties of gold nanoparticles to
their selective interaction with the heparin-binding domain of
VEGF and basic fibroblast growth factor (bFGF), resulting in
the inhibition of VEGF signaling pathway.*® Altogether, the
VEGF-A mRNA expression results suggest that NAs-cisPt-Tf2
interferes with tumor angiogenesis.

Unexpected dynamics were observed on caspase-3 and pro-
liferating cell nuclear antigen (PCNA) mRNA levels (Fig. 4B),
wherein both were found to be upregulated in tumors treated
with NAs-cisPt-Tf2. Tumor cell proliferation and apoptosis
were further explored through immunohistochemistry (IHC)
using anti-Ki67 and cleaved caspase-3 antibodies (Fig. 4C).
IHC staining was of special interest for assessing the pro-apop-
totic potential, as caspase-3 protein needs to be cleaved before
proceeding with apoptosis.’* The extent of protein expression
in the IHC images were evaluated through a Positive Pixel
Count algorithm in the Aperio ImageScope software (Fig. S.27).
Taken together, the IHC images and the quantitative analysis
corroborate the gene expression evaluations, confirming the
higher protein expression of both Ki67 and cleaved caspase-3
on tumors treated with NAs-cisPt-Tf2, although with a weak
and moderate increase. Interestingly, the pro-apoptotic effect
of NAs-cisPt-Tf2 differ from cisplatin and NAs-cisPt treatments,
wherein the increased PCNA expression level was coupled with
a caspase-3 mRNA downregulation in the untargeted treat-
ments.>® This behavior can be associated to both the presence
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of the targeting agent (i.e., an improved accumulation of the
nano-architectures in the neoplasm), and to the possible
increase in intracellular iron accumulation that can lead to oxi-
dative stress and cell death.””™"” The elevated PCNA and Ki67
expression in the treated tumors may also be due to the tumor
re-population and may indicate an increased aggressiveness of
the surviving cancer cell fraction.>**® The contrasting impli-
cations of the upregulation of both PCNA/Ki67 and the acti-
vated form of caspase-3 demands additional investigations to
clarify whether the increased apoptotic potential of the cells
exceeds their propensity to proliferate, which may explain the
enhanced efficacy for tumor volume reduction. Nonetheless,
(neo)adjuvant treatments (e.g. radiotherapy) may be required
to constrain the surviving cancer cells and improve the tumor
management outcome.

Hematoxylin and eosin staining of the tumor samples
further confirmed the morphological damages in the tumor
sites caused by NAs-cisPt-Tf2. Few identifiable dispersed cellu-

6142 | Biomater. Sci,, 2022, 10, 6135-6145

lar foci were observed (Fig. 4C, left), as previously reported
after treatment with unconjugated NAs.>® Thus, the morpho-
logical impairments of the tumor masses underline the poss-
ible role of the nano-architectures in weakening the cell-cell
interaction in the tumor microenvironment, which is crucial
for both carcinogenesis and metastasis.

4. Conclusion

We have demonstrated that emerging nano-architectures con-
taining a metal-based prodrug show an enhanced antitumor
effect upon the conjugation with a protein corona modulating
peptide. The increased accumulation of NAs-cisPt-Tf2 in com-
parison to its unconjugated analogue has been quantitatively
confirmed on in vitro and in vivo SCC-25 oral cancer models,
which resulted in an enhanced tumor volume reduction effect.
Furthermore, the anti-angiogenic and pro-apoptotic effects of

This journal is © The Royal Society of Chemistry 2022
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NAs-cisPt-Tf2 treatment have been determined through the
downregulation of VEGF-A mRNA and increased expression of
the cleaved caspase-3 protein. Current endeavors are focused
on the employment of the gold USNPs within NAs-cisPt-Tf2 as
radiotherapy sensitizers in order to establish a platform that
can elicit a localized combined action. This strategy may
further constrain the remaining cancer cells after initial treat-
ment. Investigations of additional cancer-related pathways,
including genes and proteins involved in hypoxia and meta-
stasis, may provide a more comprehensive understanding of
the potential mechanisms involved in the treatment.

Notes

Data processed and graphs prepared by using GraphPad Prism
software (version 8.0). The raw and processed data required to
reproduce these findings are available on request to the
Authors. The graphical abstract was created with BioRender.
com.
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