Journal of Inorganic Biochemistry xxx (xxxx) 111433

LSEVIER

Contents lists available at ScienceDirect |ﬁ6‘}'§5;{ié‘
Biocheistry
Journal of Inorganic Biochemistry RER R

journal homepage: www.elsevier.com/locate/jinorgbio

Combinatorial delivery of doxorubicin and acridine orange by gold core silica
shell nanospheres functionalized with poly(ethylene glycol) and 4-
methoxybenzamide for cancer targeted therapy

Rafaela S. Guimardes?, Carolina F. Rodrigues ?, Natanael Fernandes?, Duarte de Melo-Diogo 2,
Paula Ferreira®, Ilidio J. Correia® ", André F. Moreira® -

2 CICS-UBI - Health Sciences Research Centre, Universidade da Beira Interior, Av. Infante D. Henrique, 6200-506 Covilhd, Portugal
Y CIEPQPF — Departamento de Engenharia Quimica, Universidade de Coimbra, Rua Silvio Lima, 3030-790 Coimbra, Portugal

ARTICLE INFO

Editor name: John Dawson

Keywords:

Cancer

Drug combination

Acridine orange

Doxorubicin

Gold core silica shell nanoparticles
PEG

Anisamide

ABSTRACT

Combinatorial therapies based on the simultaneous administration of multiple drugs can lead to synergistic
effects, increasing the efficacy of the cancer therapy. However, it is crucial to develop new delivery systems
that can increase the drugs' therapeutic selectivity and efficacy. Gold core silica shell (AuMSS) nanoparti-
cles present physicochemical properties that allow their simultaneous application as drug delivery and
imaging agents. Herein, poly(ethylene glycol) was modified with 4-methoxybenzamide and 3-
(triethoxysilyl)propyl isocyanate (TPANIS) to create a novel surface functionalization capable of improving
the colloidal stability and specificity of AuMSS nanospheres towards cancer cells. Moreover, a dual drug
combination based on Doxorubicin (DOX) and Acridine orange (AO) was characterized and administered
using the AuMSS-TPANIS nanospheres. The obtained results show that the DOX:AO drug combination can
mediate a synergistic therapeutic effect in both HeLa and MCF-7 cells, particularly at the 2:1, 1:1, and 1:2
ratios. Otherwise, the TPANIS functionalization increased the AuMSS nanospheres colloidal stability and se-
lectivity towards MCF-7 cancer cells (overexpressing sigma receptors). Such also resulted in an enhanced
cytotoxic effect against MCF-7 cells when administering the DOX:AO drug combination with the AuMSS-
TPANIS nanospheres. Overall, the obtained results confirm the therapeutic potential of the DOX:AO drug
combination as well as the targeting capacity of AuMSS-TPANIS, supporting its application in the cancer-
targeted combinatorial chemotherapy.

1. Introduction

tidrug resistance mechanisms and consequently increase the elimination
of cancer cells [9]. Additionally, such therapeutic modality allows the

Cancer is a major health problem worldwide and it is responsible for
millions of deaths every year [1,2]. Chemotherapy is one of the most
used anticancer therapies despite its low therapeutic efficacy and side
effects. Such can be explained by rapid degradation, low solubility and
selectivity of chemotherapeutic drugs to cancer cells [3,4]. Addition-
ally, cancer cells can develop resistance to multiple drugs, which high-
lights the demand for new and more effective anti-cancer approaches
[5,6]. Combinatorial therapies based on the simultaneous administra-
tion of multiple drugs can lead to synergistic effects, that increase the
therapeutic efficiency of chemotherapy [7,8]. The rationale underlying
the development/testing of drug combinations has been to co-
administer drugs that act on different targets to overcome the mul-

reduction of the drug doses and minimizes the drug-associated side-
effects [10-12]. However, the occurrence of antagonistic effects and
the different pharmacokinetic profiles of the drugs can lead to a de-
crease in the antitumoral efficacy of combinatorial therapies [4,13].
To further improve the selectivity and efficacy, while decreasing their
systemic toxicity, it is crucial to develop new delivery systems. Among
the drug delivery systems that have been developed so far, gold core sil-
ica shell (AuMSS) nanoparticles present excellent physicochemical and
biological properties that allow their simultaneous application in
chemotherapy and bioimaging [14-16]. In these nanomaterials, the
gold core can act as a contrast agent for bioimaging applications,
whereas the well-defined porous structure of mesoporous silica can act
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as a reservoir of different pharmaceutical agents (e.g. drugs, genes, an-
tibodies), for protecting them from premature degradation and avoid-
ing their interaction with healthy tissues [17-19]. Additionally, the sil-
ica shell possesses a high surface area that can be easily modified with
different polymers and molecules, to avoid the immune system recogni-
tion, promote the tumor targeting, and confer a stimuli-responsive be-
haviour [20,21].

In this work, a dual drug combination based on doxorubicin (DOX)
and acridine orange (AO) was encapsulated in AuMSS nanospheres.
DOX isan anthracycline drug widely used for the treatment of different
types of cancer, which interact with DNA by intercalation between
neighbouring base pairs through covalent and hydrogen bonds, thus
preventing DNA replication and ultimately the protein synthesis [22].
Additionally, DOX also inhibits the topoisomerase II (Top II), an en-
zyme that can regulate the DNA condensation, relaxing the accumu-
lated positive supercoils, as well as untangling the intertwined DNA
strands [23]. On the other hand, AO is a basic weak dye that is also
used as a pH indicator, photosensitizer, antitumoral drug, antibacterial
and antiparasitic agent [24-26]. AO has been recently applied in can-
cer therapy due to its preferential accumulation in acidic environments,
such as the cancer tissue, and due to its intercalation within the double
helix of DNA or by electrostatic attraction to the negatively charged
phosphate groups (DNA and RNA) [26-29]. Additionally, the AO low
molecular weight facilitates its diffusion into the cytoplasm of the cells
as well as binding to DNA, RNA, and acidic vesicles (e.g. lysosomes)
[24,25].

To create a novel surface functionalization for the AuMSS nanos-
pheres, poly(ethylene glycol) (PEG) was modified with 4-
Methoxybenzamide (ANIS) and 3-(triethoxysilyl)propyl isocyanate
(TESPIC). The ANIS was selected due to its specificity for sigma-1 re-
ceptors that are overexpressed in some cancers (e.g. melanoma, breast,
lung, and prostate cancer) [30-32]. Therefore, this ligand can improve
the nanoparticles' selectivity to cancer cells reducing the nonspecific
distribution. On the other hand, PEG was selected due to its amphiphilic
nature and high solubility, which reduce protein adsorption on
nanoparticles' surface, and consequently increase its blood circulation
time [33,34]. The functionalization of AuMSS nanospheres was
achieved through a post-synthesis methodology. Moreover, the thera-
peutic potential of the DOX:AO drug combination and AuMSS-TPANIS
nanospheres cancer-targeted combinatorial chemotherapy were char-
acterized in breast and cervical cancer cell lines.

2. Experimental section
2.1. Materials

Hydrogen tetrachloroaurate (III) hydrate (HAuCl4_99.9% (metals
basis), Au 49% min) was obtained from Alfa Aesar (Germany).
Tetraethyl orthosilicate (TEOS — purity >97%), tetrahydrofuran anhy-
drous (THF) stabilized with BHT, and hexadecyltrimethylammonium
bromide (CTAB - purity 98%) were acquired from Tokyo Chemical In-
dustry (Japan). Hydrochloric acid (HCI), methanol and ethanol (EtOH)
were obtained from VWR International (Carnaxide, Portugal). Dulbec-
co's Modified Eagle medium-high glucose (DMEM-HG), Dulbecco's
Modified Eagle Medium: Nutrient Mixture F-12 (DMEM-F12) re-
sazurin, formaldehyde (37 wt% in H,0), trypsin, AO (purity >98%),
fluorescein isothiocyanate (FITC), phosphate-buffered saline (PBS) so-
lution, TESPIC, PEG (Mw: 10 000 g/mol), dichloromethane anhydrous
(DCM - >99.8%), and ANIS (Mw: 151.16 g/mol) were purchased from
Sigma-Aldrich (Sintra, Portugal). Fetal bovine serum (FBS) was ac-
quired to Biochrom AG (Berlin, Germany). Primary Normal Human
Dermal Fibroblasts (FibH) cells were acquired from PromoCell (Lab-
clinics, S.A., Barcelona, Spain). Human negroid cervix epithelioid carci-
noma (HeLa, passage number 10-15) cells (ATCCs CCL-2 t) and Michi-
gan Cancer Foundation-7 (MCF-7, passage number 8-10) cells were
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purchased from ATCC (Middlesex, UK). Doxorubicin hydrochloride
(DOX - purity >98%) was obtained from Carbosynth (Berkshire, UK).
Cell culture t-flasks were obtained from Orange Scientific (Braine-
I'Alleud, Belgium). Cell imaging plates were acquired from Ibidi GmbH
(Munich, Germany).

2.2. Methods

2.2.1. Cytotoxic activity of DOX and AO in cell culture

The cytotoxicity profile of DOX and AO in HeLa and MCF-7 cells
was evaluated through a resazurin-based assay [14]. For that purpose,
HeLa or MCF-7 cells were seeded in 96-well culture plates with DMEM-
HG or DMEM-F12 culture medium, respectively, at a density of 10,000
cells/well. After 24 h, the cells were incubated with increasing drug
concentrations for 48 h. Then, the medium was replaced with the re-
sazurin solution and incubated 4 h at 37 °C and 5% CO,. The cell via-
bility was determined by measuring the resorufin fluorescence by using
a microwell plate reader (Spectramax Gemini XS, Molecular Devices
LLC, USA) at an excitation/emission wavelength of Aex = 560 nm and
Aem = 590 nm. Cells incubated with EtOH were used as a positive con-
trol (K*), whereas non-incubated cells were used as a negative control
(K-). Posteriorly, OriginLab software (trial version, OriginPro, Origin-
Lab Corporation, MA, USA) was used to trace the drugs' dose-response
curves and determine the DOX and AO inhibitory concentrations (ICs),
i.e., ICy, ICs0, and ICg (i.e., concentrations producing 20, 50, and 80%
reduction in cell viability) [35].

2.2.2. Screening of DOX:AO combinations

After calculating the ICs of DOX and AO, different DOX and AO
combination ratios (DOX:AO) were tested in HeLa cancer cells. Briefly,
the cells were seeded in 96-well culture plates at a density of 10,000
cells/well and cultured for 24 h at 37 °C and 5% CO,. After this period,
different drug ratios were incubated for 48 h. The overall tested drug
concentration was equivalent to the ICy, ICs, and ICgq calculated for
DOX (please see Table S1 of supporting information). Subsequently,
the 3 most promising drug ratios were selected and the dose-response
curves and ICy, ICsq, and ICgq values were determined for each drug ra-
tio (please see section 2.2.1.) in both HeLa and MCF-7 cancer cells. Ad-
ditionally, the Combination Index (CI) of the different drug ratios was
determined using the Chou-Talalay method at inhibition levels of 20,
50, and 80% [36,37]. Drug ratios with CI values lower than 1 were
considered synergistic, whereas CI values higher than 1 were considered
antagonistic.

2.2.3. Synthesis of AuMSS nanospheres

AuMSS nanospheres were synthesized through a method previously
described in the literature [38]. Initially, gold spherical cores were pro-
duced by adding 1 mL of formaldehyde (3.7%) and 0.8 mL of HAuCl,
(0.05 M) to a solution composed of 0.05 g of CTAB, 0.6 mL of NaOH
(0.5 M), and 24 mL of ultrapure water. After 10 min at 80 °C, 910 pL
of TEOS (33% v/v in methanol) were added to the previous solution
and reacted for 1 h. The AuMSS nanospheres were recovered by cen-
trifugation at 11000g and 25 °C. Posteriorly, the highly cytotoxic
CTAB surfactant template was removed from nanoparticles by adapt-
ing a solvent-based approach described in the literature [39]. Briefly,
several washing steps were performed by resuspending the AuMSS
nanorods in an HC1 (7.5% v/v in EtOH) solution, followed by sonication
for 5 min, and centrifugation (18,000 g, 20 min at 25 °C). Then, the pu-
rified AuMSS nanorods were recovered by centrifugation (18,000 g for
15 min) and resuspended in ultrapure water.

2.2.4. Synthesis of TESPIC-PEG-ANIS

The reaction of PEG and ANIS was performed by adapting an ap-
proach described in the literature [40]. PEG (0.5 mmol) was dissolved
in 3 mL of dry DCM under a nitrogen atmosphere and magnetic stir-
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ring. Then, 1,1’-carbonyldiimidazole (CDI) (89.1 mg) was added drop-
wise to the previous solution and allowed to react under nitrogen at-
mosphere for 6 h. Subsequently, ANIS (151.6 mg) was dissolved in
6 mL of EtOH (100% v/v) and added to the activated PEG. After 14 h,
the solvent was removed by evaporation (Rotavap®R-215, Biichi,
Switzerland) and the polymer (PANIS) was resuspended in ultrapure
water and freeze-dried. The PANIS polymer was also modified with
TESPIC through a hydrogen-transfer nucleophilic addition reaction to
allow their grafting to the surface of AuMSS nanospheres [14]. For
that purpose, PANIS (200 mg) was dissolved in 60 mL of THF under a
nitrogen atmosphere and magnetic stirring. After 6 h at 60 °C, 100 pL
of TESPIC were added to the mixture and left to react for 24 h. The PA-
NIS silane derivative (TPANIS) was recovered by evaporation (Ro-
tavap®R-215, Biichi, Switzerland), purified by dialysis in ultrapure
water, and freeze-dried. The successful synthesis of TPANIS was con-
firmed by using the Fourier-transform infrared spectroscopy (FTIR)
analysis using a Nicolet iS10 spectrometer (Thermo Scientific Inc., MA,
USA).

2.2.5. AuMSS functionalization

The TPANIS was chemically linked to the AuMSS surface by using a
post-synthesis grafting methodology as previously described in the lit-
erature [38]. For that purpose, a TPANIS solution (1 mg/mL in EtOH
33% v/v, at pH 4) was added to AuMSS nanospheres (polymer/nanos-
pheres ratio 3:1) and stirred for 24 h (Fig. S1). After this period,
AuMSS-TPANIS nanoparticles were centrifuged (6000 g for 25 min at
25 °C) and washed several times with ultrapure water to remove un-
linked polymer chains.

2.2.6. Characterization of the AuMSS nanoformulations'
physicochemical properties

The size and charge of AuMSS and AuMSS-TPANIS nanospheres
were determined using a ZetaSizer NanoZS (Malvern Instruments Ltd.,
United Kingdom). Further, preliminary stability assays were performed
by assessing the variation in the size distribution of nanospheres dis-
persed in ultrapure water for 24 h. In turn, the morphology and core-
shell organization of AuMSS and AuMSS-TPANIS nanospheres was
characterized by using Transmission Electron Microscope (TEM - Hi-
tachi-HT7700, Japan) operated at an accelerating voltage of 80 kV or
200 kV. FTIR spectroscopy was used to evaluate both the successful re-
moval of CTAB and the grafting of the TPANIS polymer. FTIR spectra
of AuMSS and AuMSS-TPANIS were acquired with a spectral resolu-
tion of 4 cm™! ranging from 4000 cm~! to 600 cm~! in a Nicolet iS10
spectrometer (Thermo Scientific Inc., USA). Moreover, the amount of
TPANIS grafted on the AuMSS nanospheres was measured by Thermo-
gravimetric analysis (TGA). Briefly, the weight losses AuMSS and
AuMSS-TPANIS nanospheres were recorded upon heating up to 600 °C
under an inert atmosphere on an SDT Q600 equipment (TA Instru-
ments, USA).

2.2.7. Drug loading

The DOX and AO loading in AuMSS and AuMSS-TPANIS nanos-
pheres was accomplished through an impregnation method [14]. For
that purpose, AuMSS and AuMSS-TPANIS nanospheres were resus-
pended in 10 mL of methanol containing DOX or AO (200 pg/mL) and
stirred for 48 h at room temperature. Then, the nanospheres were re-
covered by centrifugation (18,000 g for 20 min at 4 °C) and the super-
natant used to determine the loading of AO and DOX. Briefly, super-
natant absorbance at 485 nm for DOX and 489 nm for AO was mea-
sured using an Ultraviolet-visible (UV-vis) Spectrophotometer (Thermo
Scientific Evolution™ 201 Bio UV-Vis Spectrophotometer, Thermo
Fisher Scientific Inc., USA). The drug concentration was then calcu-
lated using a calibration curve (DOX - Abs = 0.0162C-0.001;
R2 = 0.999; AO - Abs = 0.1981C-0.0033; R%2 = 0.999). The encapsu-
lation efficiency (E.E) was calculated using Eq. (2):
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E.E. (%)

(Initial drug weight — Drug weight in the supernatant)

— - (2)
Initial drug weight

x 100

2.2.8. Evaluation of AuMSS nanoparticles' cytocompatibility

The cytocompatibility of AuMSS and AuMSS-TPANIS nanospheres
was evaluated on cancer (HeLa and MCF-7) and normal cells (FibH) us-
ing a resazurin-based assay [40]. Briefly, 96-well flat-bottom culture
plates were seeded with the different cell lines at a density of 10,000
cells/well and cultured for 24 h at 37 °C in an incubator with a humidi-
fied atmosphere containing 5% CO». Then, the culture medium was re-
placed, and the cells were incubated with different concentrations of
nanospheres, ranging from 25 to 200 pg/mL for 24, 48, and 72 h. At
each time point, the cells were incubated with a resazurin solution for
4 h at 37 °C and 5% CO». Then, the cells' viability was determined by
measuring the resorufin fluorescence, as described above. Cells incu-
bated with EtOH (99.9%) and cells only incubated with culture medium
were used as positive (K*) and negative (K-) controls, respectively.

2.2.9. Evaluation of nanoparticles' cellular uptake

The AuMSS and AuMSS-TPANIS nanospheres targeting capacity
and uptake by FibH, HeLa, and MCF-7 cells were determined by fluo-
rescence spectroscopy, through a method described by Reis and col-
leagues [38]. Briefly, 96-well flat-bottom culture plates were seeded
with the different cell lines and cultured for 24 h at 37 °C and 5% CO».
Then, the cells were incubated with the FTIC-labelled AuMSS or
AuMSS-TPANIS nanoparticles at 200 pg/mL for 4 h. Further, one of
the test groups was previously treated with free ANIS (10 pg/mL) for
3 h. Afterwards, the cells were washed with ice-cold Krebs Ringer
Buffer (KRB) to remove the non-internalized particles and lysed with
1% Triton X-100 in KRB for 30 min at 37 °C. The FITC fluorescence
was quantified with a spectrofluorometer (Spectramax Gemini XS,
Molecular Devices LLC, USA) at an excitation/emission wavelength of
Aex = 480 nm and Aem = 570 nm. Cells only incubated with KRB
were used as a negative control.

2.2.10. Characterization of 2D cell cytotoxicity profile AuMSS-TPANIS

The cytotoxic effect of the AO or DOX-loaded AuMSS-TPANIS
nanospheres was evaluated on HeLa and MCF-7 cells, through the re-
sazurin assay. For that purpose, HeLa or MCF-7 cancer cells were
seeded in 96-well flat-bottom culture plates at a density of 10,000
cells/well and cultured for 24 h at 37 °C and 5% CO,. After 24 h, cells
were incubated with AO or DOX-loaded AuMSS-TPANIS nanospheres
(200 pg/mL, with DOX/AO ratios of 2:1, 1:1, and 1:2) for 48 h. After-
wards, the viability of HeLa and MCF-7 cells was measured by using
the resazurin assay as previously described. Cells incubated with EtOH
(99.9%) and cells only incubated with culture medium were used as
positive (K*) and negative (K-) controls, respectively.

2.2.11. Statistical analysis

All data are presented as the mean *+ standard deviation (s.d.). The
statistical analysis was performed using One-way ANOVA test. A value
of p lower than 0.05 (p < 0.05) was considered statistically significant.
The statistical analysis was performed using GraphPad Prism v.7.0
software (GraphPad Software, USA).

3. Results and discussion
3.1. Evaluation of DOX:AO drug combination
To evaluate the effect of the DOX:AO combination towards cancer

cells, an initial screening of the DOX and AO therapeutic capacity was
performed in HeLa and MCF-7 cancer cells (Fig. 1). With that in mind,
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Fig. 1. Evaluation of the DOX and AO therapeutic capacity in HeLa and MCF-7 cancer cells. Dose-response curves of DOX (A) and AO (B) in HeLa Cells. Dose-

response curves of DOX (C) and AO (D) in MCF-7 cells.

the cancer cells were incubated 48 h with crescent drug concentrations
and the cancer cells' viability was determined. The obtained results
were used to calculate the dose-effect curves and IC values (i.e. ICy,
ICsg, ICgp). In Fig. 1, it is possible to observe that the DOX display a
higher cytotoxic effect in HeLa and MCF-7 cells than AO. In fact, the
ICso of DOX was about 6.8-times lower than that of AO in HeLa cells
(ICs0 (DOX) = 1.59 pM; ICs50 (AO) = 10.85 pM) and 19-times lower in
MCF-7 cells (ICSO (DOX) = 0.32 HM; IC50 (AO) = 6.12 ]J.M.

After determining the DOX and AO ICs values in HeLa and MCF-7
cancer cells, a preliminary screening of the DOX:AO therapeutic effi-
cacy was performed on HelLa cells (Fig. S2). For that purpose, HeLa
cancer cells were incubated with different DOX:AO ratios (5:1 to 1:5) at
a total drug concentration of 0.82, 1.59, and 3.06 pM, which corre-
spond to the IC»g, ICs0, and ICgy of DOX. Further, to compare the effect
of the DOX:AO drug combination, the HeLa cancer cells' response to
equivalent DOX concentrations (monotherapy) was also studied. The
obtained results show that a superior cytotoxic effect can be obtained
with the DOX:AO drug combination when compared to the single DOX
administration, principally at concentrations higher than the ICy
(0.82 pM). Moreover, considering the three tested concentrations in
general, the DOX:AO drug ratios of 2:1, 1:1, and 1:2 display the most
effective anticancer effect against the HeLa cancer cells, presenting the
lowest cell viability from the tested groups. These results show the ad-
vantage of the DOX:AO drug combination, allowing the application of
lower doses of DOX, which can decrease both the therapy cost and the
side effects (e.g cardiotoxicity, hepatotoxicity, and nephrotoxicity)
[22,41]. Afterwards, the HeLa and MCF-7 cells dose-response curves
were traced to determine the IC,, ICs5o, and ICgg of 2:1, 1:1, and 1:2
DOX:AO drug ratios (Fig. 2). As expected, the IC values of the DOX:AO
drug combinations were lower than those obtained for the single DOX
administration in both cell lines.

For example, the ICs for 2:1, 1:1, and 1:2 DOX:AO drug ratios in
HelLa cancer cells was 0.829, 0.741, and 0.937 pM, respectively,
whereas the value obtained for single DOX was 1.59 pM. Moreover, to
further evaluate the therapeutic potential of DOX:AO combinations,
the CI was calculated for 2:1, 1:1, and 1:2 DOX:AO drug ratios (Fig. 3)
[36,37]. The results obtained for HeLa cells revealed that all the
DOX:AO drug ratios induce a synergistic effect (CI values lower than
1). Otherwise, the 2:1 DOX:AO drug ratio presented an antagonistic ef-
fect in MCF-7 cells, whereas the 1:1 and 1:2 DOX:AO drug ratios re-
sulted in synergistic effects. In a therapeutic point-of-view, it is impor-
tant to highlight the possibility to tailor the DOX:AO drug combination
to mediate synergistic cytotoxic effects in both cancer cell lines, reduc-
ing the drug dose necessary to eradicate the tumor [10]. This synergism
may be related to DOX and AO simultaneous action over different cel-
lular targets. The DOX intercalation with the DNA base pairs inhibits
the action of type Il topoisomerase and the DNA replication, such stress
can lead to the breakage of DNA strands and consequent cell death
[22,23]. Additionally, the DOX can also mediate the formation of reac-
tive oxygen species that increase the cell oxidative stress, lipid peroxi-
dation, as well as the membrane and DNA damage [22,42]. In turn, the
AO and its derivatives can induce the expression and the stabilization of
p53 protein and consequently the cell death via activation of BAX [43].
Moreover, AO can also increase the production of reactive radicals,
particularly when exposed blue light (e.g., 488 nm) or low doses of X-
ray radiation [44].

3.2. Synthesis and characterization of TPANIS

After the selection of the DOX:AO drug combinations, the AuMSS-
TPANIS nanoparticles were produced to load the DOX and AO and de-
liver them to cancer cells. For that purpose, the ANIS was chemically
linked to PEG via a CDI-mediated coupling reaction [45,46]. Then, the
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resulting polymer was reacted with TESPIC (originating the TPANIS),
in a hydrogen-transfer nucleophilic addition reaction, to allow its sub-
sequent grafting to the AuMSS surface (Fig. S3 A). The TESPIC-PEG-
ANIS successful modification was followed step-by-step through FTIR
analysis (Fig. S3 B). The FTIR spectra of PEG present the characteristics
peaks around 2800 cm~! and 1000-1200 cm™! region corresponding to
the stretching vibrations of C—H and C—O, respectively [47]. Fur-
thermore, the FTIR spectrum of PANIS shows both the PEG characteris-
tic peaks and the ANIS C-O-C vibration peak in the 1500-1650 cm™! re-
gion. Otherwise, the TPANIS spectrum also showed the TESPIC charac-
teristic peaks at the 800 cm™! region attributed to Si-O-C and Si—C
bonds as well as the carbonyl stretches at the 1700 cm™! region. In this
way, this polymer can be explored to functionalize the AuMSS nanos-
pheres increasing its colloidal stability (i.e. PEG) as well as the targeting
towards cancer cells overexpressing sigma-1 receptors (ie. ANIS)
[32,34].

3.3. Synthesis and characterization of AuMSS nanospheres

The synthesis of AuMSS was performed by adapting a method pre-
viously described in the literature [38]. The AuMSS nanospheres pro-
duction can be divided into two main steps, the formation of spherical
gold cores and the coating with a mesoporous silica shell. Subsequently,
the surfactant (i.e., CTAB) is removed by a solvent extraction method
using HCI [48]. Then, the AuMSS nanospheres were functionalized by a
condensation reaction with the TPANIS. The morphology of function-
alized and non-functionalized AuMSS nanospheres was characterized
by TEM. The images confirmed the successful synthesis of spherical
AuMSS composed of a gold core (darker central region of the nanopar-
ticles) coated with a uniform mesoporous silica shell (Fig. 4 A and B)
Additionally, the size data (Fig. 4 C and D) shows that the AuMSS
nanospheres are homogeneous and present an average diameter of
117.2 = 1.7 nm, and after the functionalization with TPANIS the
AuMSS nanospheres overall size increased to 192.6 = 2.9 nm. On the
other side, the surface charge of AuMSS nanoformulations was also
measured to characterize the surface functionalization of the nanopar-
ticles (Fig. 5 A). The obtained results show that the non-coated AuMSS
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Fig. 4. Analysis of the morphology and size distribution of the AuMSS nanoformulations. TEM images of AuMSS (A) and AuMSS-TPANIS (B) nanos-
pheres. Size distribution of AuMSS (C) and AuMSS-TPANIS (D) nanospheres. Data are presented as mean * s.d., n = 3.

nanospheres display a zeta potential of - 28.1 + 0.6 mV, whereas the
AuMSS-TPANIS presents a slightly less negative surface charge, —
24.7 = 0.4 mV. These results indicate the successful grafting of TPA-
NIS on the surface of AuMSS nanospheres.

Further, it is important to notice that the obtained mean sizes are
still within the range considered ideal for application in blood circula-
tion, allowing the nanoparticles to take advantage of the EPR effect,
which consequently enables their passive accumulation in the tumor
tissue tumor [48]. Moreover, despite a neutral surface charge (zeta po-
tential of +£10 mV) often being considered the ideal for biological ap-
plications, slightly negative nanoparticles usually presented increased
blood circulation times, since their interactions with blood cellular
components and serum proteins are decreased [49,50].

The FTIR characterization of the AuMSS nanoformulations was
carried out for assessing the formation of the mesoporoussilica coating,
the efficacy of the purification procedure, and the successful function-
alization with TPANIS (Fig. 5 B). The FTIR spectra of AuMSS shows
three characteristic peaks of mesoporous silica in 1300 to 740 cm™! re-
gion that corresponds to Si-O-Si, Si-OH, and Si— O vibrations. Further,
the non-purified AuMSS also presents the characteristic peaks of CTAB,
namely the C—H stretching vibrations observed at 2923 and
2855 cm~L. After the purification procedure, the previous C—H peaks
attributed to CTAB completely disappeared, which indicates the com-
plete removal of the cytotoxic CTAB molecules. Otherwise, after the
grafting of TPANIS to the AuMSS nanospheres, it was possible to ob-
serve the presence of additional peaks corresponding to the TPANIS
polymer, such as the stretching vibrations of C—H at ~2800 cm~! and
C-O-C vibration peaks in the 1500-1650 cm™! region. Additionally, the
AuMSS-TPANIS polymeric content was determined by TGA, as shown
in Fig. 5 C. As expected, the weight losses registered for non-coated
AuMSS nanospheres were minimal (3-4%). Such is justified by the inor-
ganic nature of AuMSS nanospheres and this small weight change can

be attributed to the loss of the hydroxyl groups on the external surface
of the particles or the evaporation of water adsorbed in the interior re-
gion of the mesopores. On the other side, the AuMSS-TPANIS presented
a weight loss of 24% due to the polymer pyrolysis. To further assess the
advantages of the TPANIS coating, size analysis was performed to the
different AuMSS formulations after dispersion in water for different pe-
riods (Fig. 5 D). The obtained results demonstrate that the AuMSS-
TPANIS present a similar size and no signs of aggregation were de-
tected during the experiment. Contrarily, the non-coated AuMSS
nanospheres showed a significant size increase from ~115 to ~165 nm
after 24 h of incubation in water. Overall, the different physicochemi-
cal results corroborate the successful immobilization of TPANIS on the
AuMSS surface.

3.4. Drug loading capacity of AuMSS and AuMSS-TPANIS

The AuMSS capacity to encapsulate chemotherapeutic drugs was
characterized by measuring the E.E of DOX and AO. The loading was
promoted by resuspending the AuMSS nanospheres in the DOX or AO
solution for 48 h (Fig. 6 A). The obtained results showed that all the
AuMSS formulations can encapsulate the two drugs. The non-coated
AuMSS nanospheres presented an E.E of 92% for DOX and 48% for AO
(Fig. 6 B). Otherwise, the AuMSS-TPANIS nanospheres presented a
slightly higher E.E, 97% for DOX, and 53% for AO. The drug loading in
the AuMSS nanoparticles is mediated by the establishment of electro-
static and/or hydrophobic interactions betw een the drug molecules and
the silica mesopores. The increase in the E.E with the TPANIS function-
alization can be justified by the additional entrapment of drug mole-
cules at the particle surface promoted by the TPANIS polymer as re-
ported in the literature for similar strategies [14]. Furthermore, the re-
lease assays (Fig. S4) demonstrated that the drug release is independent
on the pH value of the outer media (i.e., 7.4 or 5.6). Moreover, the TPA-
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NIS functionalization results in a slower drug release from the AuMSS
nanospheres than the non-coated counterparts, ~45% and ~90% of
drug released at 48 h of incubation, respectively. Such can be attrib-
uted to the TPANIS outer layer on the functionalized AuMSS nanos-
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pheres, which provides an additional barrier delaying the drug diffu-
sion from the silica mesopores.

3.5. Nanoparticles cytocompatibility

The cytocompatibility of AuMSS and AuMSS-TPANIS nanospheres
was evaluated in HeLa, MCF-7, and FibH cells through the resazurin as-
say. For that purpose, the two different AuMSS formulations were in-
cubated with the cells for 24, 48, and 72 h, at concentrations ranging
from 25 to 200 pg/mL (Fig. 7).
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According to the ISO 10993-5, a material has a cytotoxic effect
when the cell viability suffers a reduction of more than 30% [51,52].
The obtained results reveal that both the AuMSS and AuMSS-TPANIS
nanospheres did not induce a cytotoxic effect in the three tested cell
lines, registering cell viabilities higher than 70%, even at the highest
concentration (200 pg/mL). These results are in agreement with the
data available in the literature for AuMSS-based nanosystems and the
safety profile of PEG (FDA-approved for biomedical applications)
[14,38,53].
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Fig. 7. Evaluation of AuMSS and AuMSS-TPANIS cytocompatibility in HeLa (A, B), MCF-7 (C, D) and FibH (E, F) at 24, 48, and 72 h. Positive control
(K*): cells treated with EtOH; Negative control (K~): cells without nanoparticles incubation. Data are presented as mean * s.d., n = 5.
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Fig. 8. Analysis of AuMSS and AuMSS-TPANIS therapeutic potential. (A) Fluorescence spectroscopy analysis of the AuMSS and AuMSS-TPANIS uptake by
FibH, HeLa, and MCF-7 cells with or without pre-treatment with ANIS. (B) Cytotoxic activity of AuMSS-TPANIS nanospheres at DOX:AO ratio of 2:1, 1:1,

and 1:2. Data are presented as mean * s.d., n = 5.
3.6. AuMSS spheres cellular uptake

After assessing the biocompatibility of AuMSS nanoformulations,
the nanoparticles' cellular uptake was evaluated by fluorescence spec-
troscopy. For that purpose, FITC-stained AuMSS and AuMSS-TPANIS
nanospheres were incubated with FibH (healthy cells with low expres-
sion of sigma receptors), HeLa (cancer cells with low expression of
sigma receptors), and MCF-7 (cancer cells overexpressing sigma recep-
tors) cells for 4 h (Fig. 8 A). These different cell lines were selected to
evaluate the ANIS targeting ability. The fluorescence spectroscopy
studies revealed that the AuMSS nanospheres functionalization with
TPANIS improves the nanoparticle uptake in MCF-7 cancer cells,
326 + 119% when compared to non-coated AuMSS nanospheres. Oth-
erwise, in HeLa and FibH cells, the AuMSS-TPANIS presented an up-
take similar to non-coated AuMSS nanospheres. This enhanced
AuMSS-TPANIS uptake in MCF-7 cells indicates that the nanoparticle
internalization may be mediated by the ANIS interaction with the
sigma receptors overexpressed in this cell line. With that in mind, the
uptake experiments were repeated by performing the pre-treatment of
FibH, HeLa, and MCF-7 cells with free ANIS for 3 h before the
nanoparticle incubation. The obtained data demonstrated that the pre-
treatment with ANIS reverts the AuMSS-TPANIS increased uptake by
MCF-7 cells, registering a similar fluorescence value in the 3 tested cell
lines. Therefore, this experiment demonstrated that the introduction of
TPANIS in the AuMSS nanospheres confer to the nanoparticles an in-
creased selectivity towards cancer cells overexpressing the sigma recep-
tors, such as breast cancer, melanoma, and prostate cancer, as observed
in the literature in different nanomaterials [31,54,55].

3.7. Cytotoxic effect of loaded AuMSS-TPANIS spheres

The anti-cancer potential of DOX or AO loaded AuMSS-TPANIS
nanospheres was evaluated both in HeLa and MCF-7 cells. For that pur-
pose, the cancer cells were incubated with different ratios of drug-
loaded AuMSS-TPANIS nanospheres (maximum nanoparticle concen-
tration of 200 pg/mL corresponding to DOX:AO drug ratios of 2:1, 1:1,
and 1:2) for 48 h. The obtained results (Fig. 8 B) show that the AuMSS-
TPANIS nanospheres have a superior cytotoxic effect on MCF-7 cells,
49%, 45%, and 41% of viable cells for the DOX:AO ratio of 2:1, 1:1, and
1:2, respectively. In contrast, the HeLa cells presented viabilities around
90% after the treatment with drug-loaded AuMSS-TPANIS nanos-
pheres. However, when compared to the data obtained with the free
DOX:AO (Fig. 2), the drug-loaded AuMSS-TPANIS presented lower cy-

totoxicity. Such can be justified by the release profile, only 45% of
AuMSS-TPANIS drug content is released in the 48 h of the study. Addi-
tionally, the differences observed between the AuMSS-TPANIS nanos-
pheres' cytotoxicity in HeLa and MCF-7 cells corroborate the efficacy
of the ANIS-mediated active targeting towards sigma receptors MCF-7
cancer cells. The preferential and faster nanoparticle uptake in the
MCF-7 cells maximize the drug dose that reaches the cell cytoplasm and
consequently enhance the therapeutic potential of AuMSS-TPANIS
nanospheres.

4. Conclusion

Currently, chemotherapy is one of the most explored anticancer ap-
proachesin clinical practice. Nevertheless, chemotherapeutic drugs pre-
sent several disadvantages that affect their therapeutic outcome. Thus,
there is a huge demand to develop novel and more effective therapeutic
approaches that are able to improve the efficacy of anticancer treat-
ments. Combinatorial therapies based on the simultaneous administra-
tion of multiple drugs intend to overcome the limitations of conven-
tional chemotherapy by targeting simultaneously different metabolic
pathways or administering complementary drugs to create additive or
synergetic effects that potentiate the therapeutic efficacy even at
smaller drug doses. In this work, a dual drug combination (DOX and
AO) was explored to be encapsulated in AuMSS nanospheres. More-
over, a novel AuMSS surface modification based on TPANIS was devel-
oped to improve nanoparticles' blood circulation time and specificity to
cancer cells, namely those overexpressing sigma receptors. The ob-
tained results demonstrated that the DOX:AO drug combination can
mediate a synergistic therapeutic effect in both HeLa and MCF-7 cells,
particularly at the 2:1, 1:1, and 1:2 ratios. Otherwise, AuMSS nanopar-
ticles' functionalization with the TPANIS promoted a slight increase in
the nanoparticles' size and colloidal stability. Additionally, both the
DOX and AO were successfully encapsulated on the AuMSS-TPANIS
nanospheres. Moreover, the AuMSS nanospheres functionalization
with TPANIS significantly increased their internalization by MCF-7
cells (cells overexpressing sigma receptors). This selectivity towards
MCF-7 cells also resulted in an enhanced cytotoxic effect. Overall, the
obtained results demonstrated the therapeutic potential of the DOX:AO
drug combination as well as the targeting capacity of AuMSS-TPANIS
nanospheres, which supports its development for anti-cancer or other
biomedical applications.
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