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Introduction: Breast cancer has the highest mortality rate among cancers in women.
Patients suffering from certain breast cancers, such as triple-negative breast cancer
(TNBC), lack effective treatments. This represents a clinical concern due to the associated
poor prognosis and high mortality. As an approach to succeed over conventional therapy
limitations, we present herein the design and evaluation of a novel nanodevice based on
enzyme-functionalized gold nanoparticles to efficiently perform enzyme prodrug therapy
(EPT) in breast cancer cells.

Results: In particular, the enzyme horseradish peroxidase (HRP) — which oxidizes the
prodrug indole-3-acetic acid (IAA) to release toxic oxidative species — is incorporated on
gold nanoconjugates (HRP-AuNCs), obtaining an efficient nanoplatform for EPT. The
nanodevice is biocompatible and effectively internalized by breast cancer cell lines.
Remarkably, co-treatment with HRP-AuNCs and IAA (HRP-AuNCs/IAA) reduces the
viability of breast cancer cells below 5%. Interestingly, 3D tumor models (multicellular
tumor spheroid-like cultures) co-treated with HRP-AuNCs/IAA exhibit a 74% reduction of
cell viability, whereas the free formulated components (HRP, IAA) have no effect.
Conclusion: Altogether, our results demonstrate that the designed HRP-AuNCs nanofor-
mulation shows a remarkable therapeutic performance. These findings might help to bypass
the clinical limitations of current tumor enzyme therapies and advance towards the use of
nanoformulations for EPT in breast cancer.

Keywords: gold nanoconjugates, horseradish peroxidase, indole-3-acetic acid, enzyme
prodrug therapy, breast cancer

Introduction

Breast cancer is the most commonly diagnosed cancer and the leading cause of
death among women worldwide, accounting for 24% of total cancer cases with 15%
of related mortality."? Currently, main treatment strategies are surgery, radiother-
apy, chemotherapy, and hormone therapy.> A significant shortcoming associated
with those therapies is the lack of specificity, which leads to reduced efficacy and
dose-limiting side effects (i.e., nausea, fatigue, infertility, cardiac dysfunction,
etc.).* In this scenario, nanoparticle-based therapies for controlled release and
tumor-targeted delivery of these drugs represent an essential technology to improve
treatment outcomes. The use of nanoparticles provides many potential benefits;
including increased drug solubility, decrease degradation during circulation, and

targeting to the desired locations. Moreover, nanocarriers present the advantage of
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accumulating preferentially in solid tumors, through the
EPR effect.>® This unique phenomenon is considered the
landmark of nanoparticle passive targeting, which is trans-
lated into the therapeutic improvement derived from treat-
the ability of
nanotechnology to improve the pharmacologic profile of

ment with nanomaterials.’” Overall,
a drug promises to increase efficacy while decreasing
unwanted side effects.®

On the other hand, enzymes have been investigated as
effective agents for cancer treatment.”'® Particularly,
enzyme prodrug therapy (EPT) emerged as a novel therapeu-
tic approach, where enzymes catalyze the activation of pro-
drugs to produce toxic drugs at targeted locations.'' The
principle of EPT for oncological treatment relies on the
specific prodrug activation in the tumor site for the efficient
elimination of cancer cells, while sparing healthy tissues.'?
However, poor enzyme/prodrug stability, potential immuno-
genicity and limited delivery to target areas are critical limit-
ing factors hampering EPT.'*'* Consequently, advances in
the development of efficient delivery systems that circum-
vent these issues could be of importance. Within this context,
directed enzyme prodrug therapy (DEPT) has been proposed,

14,15

which mainly relies on the use of antibodies and

1617 a5 enzyme vehicles. However, these approaches

viruses
are still limited — their clinical application is mainly hindered
by the potential immunogenicity and the risk of mutation of
the viral vectors.'*'®

Another possible approach to overcome the limitations
of conventional DEPT is to use abiotic nanoparticles as
delivery systems. Several studies have focused on conjugat-
ing therapeutic enzymes on different nanomaterials, such as

1920 holymers, !> iron oxide nanoparticles,”*~*

liposomes,
and silica nanoparticles.”>** Among inorganic nanomater-
ials, gold nanoparticles (AuNPs) present unique chemical,
physical and biological properties that make them ideal
scaffolds to be exploited for biomedical applications.
Their biocompatibility has been demonstrated in vitro®”*®
and in vivo.?’>° Moreover, their synthesis is straightfor-
ward with tunable size (1-200 nm)*'~>?

spherical, rods, star nanoparticles, etc.).** Further versati-

and shape (ie,

lity is given by ready surface functionalization with biomo-

such as enzymes,>~° 37,38

39,40 drugs,4l413

lecules, oligonucleotides,

proteins, and its potential incorporation in

Janus-like ensembles for advanced applications.**™’ In

turn, gold nanoparticles hold special interest as enzyme
nanocarriers. Enzyme conjugation with AuNPs has demon-

48,49

strated to increase the enzyme stability, as well as the

enzyme affinity for the substrate.’®>' As a consequence,

enzyme nanoformulation in gold nanoparticles is presented
as a plausible solution for the handicap of poor stability
associated with enzyme therapy, which could improve
enzyme effectivity and therapeutic effect in the tumor.
However, despite their numerous advantages, the utility of
AuNPs for EPT applications in cancer treatment has still not
been explored as far as we know.

In this work, we present the design and evaluation of
enzyme-functionalized AuNPs conjugates (AuNCs) as
a novel nano-bio-platform to perform EPT in breast cancer
tumor cells. We chose the enzyme-prodrug system consist-
ing of the enzyme horseradish peroxidase (HRP) and the
prodrug indole-3-acetic acid (IAA). Horseradish peroxidase
(HRP; EC 1.11.1.7) is a redox glycoenzyme with an acces-
sible ferroprotoporphyrin group at the active site, which is
naturally found in horseradish roots.’® From a biomedical
point of view, HRP presents numerous advantageous fea-
tures, namely, biocompatibility, high stability at 37 °C, high
catalytic activity at neutral pH, and the possibility of con-
jugation to nanoparticles and antibodies.”” In recent years,
HRP has gained remarkable attention in cancer research,
since in combination with IAA, has demonstrated antitumor
3455 and in vivo.>*®7 On the other hand,

indole-3-acetic acid is a naturally occurring plant growth

activity in vitro

phytohormone™® that can be used as a non-toxic prodrug as
it is well-tolerated by humans.>**° Horseradish peroxidase
catalyzes the oxidation of IAA to release free radicals (ie:
indolyl, skatolyl, peroxyl radicals) and reactive oxygen
species (ROS) (ie, O 5, and H,0,), which induce oxidative
stress and cell death by activating apoptotic pathways.®**?
Based on the above, we report herein the preparation of
AuNPs decorated with HRP (HRP-AuNCs) and its biologi-
cal evaluation for EPT applications in combination with the
prodrug indole-3-acetic acid (IAA). Our results demon-
strate that HRP-AuNCs is biocompatible and shows
remarkable antitumoral activity in breast cancer cell cul-
tures and in 3D tumor spheroid models. As far as we know,
our report herein describes the first use of AuNCs as an
enzyme carrier system for breast cancer EPT.

Materials and Methods
Synthesis of Gold Nanoparticles (AuNPs)

Gold nanoparticles were synthesized based on the
Turkevich—Frens method.®*** Briefly, 100 mL of 0.34 mM
HAuCl,-3H,O0 solution was brought to 100 °C under stir-
ring and refluxing. Then, 1.5 mL of a 1% sodium citrate
solution was added to

synthesize 20 nm gold
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nanoparticles. The initially faint yellow color turns to
blue-black and finally red wine in 10 min. After this, the
colloidal suspension was let cool at room temperature.

Synthesis of HRP-Functionalized Gold
Nanoconjugates (HRP- AuNCs)

Twenty milliliters of the 20 nm colloidal suspension of
AuNPs were mixed with 20 uL of 3-mercaptopropionic
acid (3-MPA) and stirred for 1 h. The red wine solution
turns to a blue-black color due to the formation of nano-
conjugates. After 1 h, the solid (3-MPA)-AuNPs were
isolated by centrifugation at 9500 rpm for 20 min. Then,
the nanoparticles were washed with ethanol by centrifuga-
tion-washing cycles of 5 min at 12,500 rpm. In the next
step, the (3-MPA)-AuNPs were reacted with 1 mg of
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC)
and 1 mg of N- hydroxysuccinimide (NHS) under stirring
for 30 min. Finally, 2 mg of HRP (type VI) were added to
the mixture and stirred overnight at 4 °C. The final HRP-
AuNCs were isolated by centrifugation-washing cycles of
5 min at 12,500 rpm in PBS buffer.

Standard Characterization Procedures of
HRP-AuNCs

Transmission electron microscopy coupled with energy-
dispersive X-ray spectroscopy (TEM-EDX) and ultravio-
let-visible (UV-Vis) spectrophotometry, dynamic light
scattering (DLS), and { potential were employed for the
nanomaterial characterization. TEM-EDX imaging was
carried out using a JEM-2100 LaB6 electron microscope
(from JEOL Ldt. Japan), working at 200 kV accelerating
voltage and equipped with an Oxford Instruments INCA
x-sight (Si(Li) detector) and a Zeiss SESAM microscope
(200 kV) equipped with an energy dispersive X-ray (EDX)
spectroscopy system (from ThermoFisher, USA) UV-
visible spectra were recorded with a V-650 UV-VIS
Spectrophotometer (from JASCO, Germany). The DLS
studies determined particle size were conducted at 25 °C
in a Zetasizer Nano ZS instrument (Malvern Panalytica,
UK). The { potential was calculated from the particle
mobility values by applying the Smoluchowski model.
All the measurements were taken in triplicate. FTIR mea-
surements were performed using a Tensor 27 Spectrometer
(from Bruker, USA). The total amount of HRP attached to
the AuNCs was determined following the Pierce BCA
Protein Assay Kit.

HRP Activity Assay

The method we used to determine HRP activity was based
on the enzymatic oxidation of 2,2'-Azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) diammonium salt (ABTS)
according to Sigma Aldrich instructions.®>*® HRP cata-
lyzes a redox reaction with ABTS and H,O, as substrates.
The ABTS is oxidized to produce the ABTS cation radical,
which can be measured as a color change at 405 nm. The
H,0, is reduced to yield H,O.

H,0, + ABTS — 2H,0 + oxidized ABTS

In order to measure the activity of the free HRP and
HRP-AuNCs a reaction mixture was prepared as follows:
966.7 uL of 9.1 mM of ABTS (8.7 mM), 33.3 pL of 0.3%
(w/w) of H,O, (0.01% w/w), and 10 puL of 1 mg/mL of HRP-
AuNCs (0.01 mg/mL) or 16.6 uL of 1 x 10°® mg/mL free
HRP (1.66 x 107'° mg/mL). The peroxidase-like activity of
the starting AuNPs was also evaluated at the same conditions
of HPR-AuNCs. The absorbance was monitored at 405 nm
as a function of time for 2 min. The ABTS solution was
prepared in 100 mM phosphate buffer (pH 5) and the free
HRP was dissolved in 40mM phosphate buffer (pH 6.8).

Peroxidase activity of free HRP was estimated by
applying the equation:

Enzyme units (A—ABlank) X VT xFp

mg eaTs XLX Virp
The peroxidase activity of HRP-AuNCs and AuNPs

required slightly variations in the equation:

_ (A_ABlank) ><VT
mg eaBTS XL X VHRP _AuNCs

Enzyme units

Where, A is the slope of the graph (minﬁl), ARlank 18 the
slope of the graph for the blank (min™'), Vy is the total
volume in the cuvette, Fp is the dilution factor of enzyme,
€apTs 1S the molar extinction of oxidized ABTS™ at 405
nm (36.8 mM ' cm "), L is the optical path in the cuvette
(1 cm), Vygrp is the volume of enzyme added (mL) and
VHRrp-auncs 18 the volume of nanoconjugates added (mL).

Cell Culture Conditions

Triple-negative breast cancer cells (MDA-MB-231) and
Hormone receptor-positive MCF-7 cells were purchased
from ATCC. Cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM)-high glucose supplemented with
10% fetal bovine serum (FBS) and incubated at 37 °C in
a 5% CO, atmosphere and 95% air. Cells were periodi-
cally detached with trypsin-EDTA (0.25% w/w), diluted,
and incubated with fresh culture media.
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Biocompatibility Studies with
HRP-AuNCs

The biocompatibility of HRP-AuNCs was assessed in
MDA-MB-231 and MCF-7. The cytotoxic effect was eval-
uated by WST-1 assay. MDA-MB-231 (10,000 cells/well)
and MCF-7 (7500 cells/well) were seeded on 96-well
plates overnight. The cells were treated with HRP-
AuNCs at different concentrations (0, 100, 200, 500, and
750 pg/mL) for 48 h. After that incubation time, WST-1
(10 pL/well) was added and incubated for 1 h. The absor-
bance was recorded at 450 nm at Wallace 1420 worksta-
tion (from PerkinElmer, USA).

Cellular Uptake Studies

The cellular internalisation of HRP-AuNCs was studied in
MDA-MB-231 and MCF-7 by TEM. MDA-MB-231
(50,000 cells/well) and MCF-7 (35,000 cells/well) were
seeded on 8-well chamber slide (ThermoFisher Scientific
177445) the day before treatment. The cells were treated
with HRP-AuNCs at 50 pg/mL. After 6 h of incubation
with the nanoconjugates, the cells were carefully washed
with PBS and incubated with 3% glutaraldehyde prepared
in PBS at 37 °C for 10 min. Then, the glutaraldehyde was
replaced with fresh 3% glutaraldehyde, and cells were
incubated for 2 h at room temperature. Finally, the cells
were washed 5 times with PBS and keep at 4 °C for further
TEM visualization. The fixed cell samples were further
in the TEM
Investigacion Principe Felipe and finally, the images

processed service of the Centro de
were acquired using a microscope FEI Tecnai Spirit G2
operating at 80 kV with a digital camera (Soft Image
System, Morada).

HRP-AuNCs for EPT in Breast Cancer
Cells

Enzyme prodrug therapy carried out by the starting
AuNPs, HRP-AuNCs, and free HRP was evaluated in
MDA-MB-231 (10,000 cells/well) and MCF-7 (7500
cells/well) cell lines. The cells were seeded on 96-well
plates one day before treatment. The cytotoxic effect of
EPT was assessed after treatment with AuNPs, HRP-
AuNCs, or free HRP in the absence or presence of IAA
at a concentration of 500 uM for 48 h. AuNPs were used
at different concentrations (200, 300 and 400 pg/mL).
HRP-AuNCs were used at the enzyme activity of 7.85 x
10 U/mL (equivalent to 0.85 pg of HRP). Free HRP
in the

were used at the enzyme activity found

nanoparticles (Free HRP EgAct) at 7.85 x 102 U/mL
(equivalent to 2.88 x 107" ug of HRP) in combination
with IAA to compare the efficacy of our system. Besides,
free HRP at the standard dose reported in the bibliography
(Free HRP) corresponding to 1.2 pg/mL (equivalent to
324 x 10* U/mL) in combination with IAA was also
used as positive control to ensure the cytotoxic effect
derived from the HRP-AuNCs/IAA system. Untreated
cells and single-agent treatment, ie, AuNPs, HRP-
AuNCs, Free HRP EqAct, free HRP, or IAA alone, were
used as controls. After 48 h of incubation, WST-1 (10 puL/
well) was added and incubated for 1 h. The absorbance
was recorded at 450 nm at Wallace 1420 workstation.

Reactive Oxygen Species Measurement
To confirm the oxidative stress induced by the HRP-
AuNCs and TAA treatment was measured using the CM-
H2DCFDA stain (Ref C6827 from ThermoFisher) as
a general ROS indicator. For this purpose, EPT therapy
was mimicked by incubating HRP-AuNPs or free HRP in
the absence or presence of IAA on a 96-well plate as
described above. Free HRP was used in equivalent activity
to HRP attached to the nanoparticles (Free HRP EqAct at
7.85 x 1072 U/mL, equivalent to 2.88 x 10"’ ug of HRP)
orat 1.2 pg/mL (3.24 x 10* U/mL), as the established dose
in previous reports (positive control) in combination with
IAA to compare the ROS generation. Besides, H,O, was
used as a positive control of the fluorescence probe. Then,
CM-H2DCF was added at 5 pM and fluorescent was
monitored for 2 h on Wallace 1420 workstation.

HRP-AuNCs for EPT in Triple-Negative
Breast Cancer 3D Tumor Spheroid
Models

Multicellular tumors spheroids-like cultures were prepared
according to the literature with slight modifications.®”-**
Briefly, 1.5% of agarose was added to PBS and autoclaved.
Next, 50 pL/well of hot (80-90 °C) solution were added to
a 96-well plate (flat bottom) under sterile conditions. After
agarose solidification, a concave non-adherent bottom was
obtained. The MDA-MB-231 cells grown as a monolayer
were detached with trypsin to generate a single-cell suspen-
sion. Then, cells were seeded at 5000 cells/well in a final
volume of 200 pL/well and centrifuged at 1000 rpm for 10
min. Matrigel thawed at 4 °C overnight was added a final
concentration of 2.5% with ice-cold pipette tips to each
well. The plates were incubated under standard cell culture

4 I 2 https:
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conditions (37 °C, 5% CO., in a humidified incubator) for 3
days. Afterward, the spheroid-like culture was treated with
the HRP-AuNCs at 0.15 U/mL (equivalent to 1.62 ug of
HRP) in the absence or presence of IAA at a concentration
of 250 uM. Free HRP were used at the enzyme activity
found in the nanoparticles (Free HRP EqAct) at 0.15 U/mL
(equivalent to 5.55 x 1077 ug of HRP), and at the standard
dose reported in the bibliography (Free HRP) correspond-
ing to 1.2 pg/mL (equivalent to 3.24 x 10% U/mL).
Untreated and single-agent treated cells (ie, HRP-AuNCs,
Free HRP EqAct, free HRP, or [AA alone) were employed
as controls. After 48 h of incubation, the cell viability was
determined by WST-1 assay. WST-1 reagent (20 uL/well)
was added to each well and incubated for 4 h. Finally, the
absorbance was measured at 450 in a Wallace 1420
workstation.

Results and Discussion

Synthesis and Characterization of
HRP-AuNCs

To prepare the nanodevice, we first synthetized AuNPs by

. 1T
reduction of Au

with sodium citrate, according to the
Turkevich-Frens method.®*** The resulting AuNPs were
functionalized with 3-mercaptopropionic acid (3-MPA) to
obtain the nanoconjugates termed as (3-MPA)-AuNCs. The
carboxylic group of (3-MPA)-AuNCs was activated by EDC/
NHS reaction and then reacted with amino groups of the
HRP enzyme. This resulted in the final gold nanoconjugate
decorated with covalently attached HRP through amide
bonds (HRP-AuNCs) (Figure 1A and Figure S1). The pre-
pared nanoparticles were expected to be internalized by
breast cancer cells and produce free radical species upon
treatment with the prodrug IAA. Free radicals are known to
induce apoptotic cell death by regulating intracellular signal
transduction pathways (Figure 1B).*%7°

The prepared nanodevices were characterized using
TEM imaging, TEM coupled with energy-dispersive
X-ray spectroscopy (TEM-EDX), ultraviolet-visible (UV-
Vis) spectrophotometry, FTIR spectrometry, dynamic light
scattering (DLS) and { potential. TEM images of HRP-
AuNCs at low magnification showed multiple spherical
gold nanoparticles with an average size of 19 = 4 nm
(N = 134) (Figure S2). Moreover, TEM-EDX mapping
(Figure 2A) showed the presence of Au atoms from the
gold scaffold, S atoms from 3-MPA, and N atoms from the
enzyme. Furthermore, UV-Vis measurements (Figure 2B)
of the starting AuNPs showed a single absorption band at

524 nm, characteristic of the surface plasmon resonance of
spherically shaped nanospheres with an approximately 20
nm diameter. In the HRP-AuNCs, the 524 nm band was
broadened and displaced to longer wavelengths which
suggested the formation of nanoconjugates via aggregation
of single nanoparticles. The FT-IR spectrum showed the
absorption bands associated with the different functionali-
zation processes carried out in the synthesis of the final
nanodevices (Figure S3). The presence of the citrate car-
boxyl groups that stabilize the colloidal AuNPs was
observed at 1690 cm '. Moreover, the functionalization
with the 3-MPA ligand was confirmed by the appearance
of distinct peaks at 2914 and 2845 cm ' related to the
vibrations of the -CH, groups, while the characteristic
band of the terminal carboxyl groups appeared at
1700 cm™'.
AuNCs surface was also demonstrated by the characteris-

Finally, the HRP immobilization on the

tic amide absorption bands of proteins, assigned to the
vibrational stretches of C=0O and CN bonds and the bend-
ing of NH bond at 1650, 1058 and 1550 cmfl, respec-
tively. In addition, the hydroxyl groups of the enzyme
were also observed at 3290 cm™'. We also monitored the
preparation process of the final nanodevices measuring the
DLS and the { potential. The hydrodynamic diameter
increased after each preparation step (Figure 2B). The
starting gold colloid showed a hydrodynamic diameter of
25.7 £ 0.2 nm. The functionalization of the AuNPs with
3-MPA to obtain (3-MPA)-AuNCs increased the hydrody-
namic size to 222 + 17 nm, which indicated the formation
of the nanoconjugates of AuNPs. The subsequent HRP
yielded the HRP-AuNCs with
a hydrodynamic diameter of 376 = 29 nm. In relation to
€ potential (Figure 2C), functionalization with 3-MPA
increased the { potential to —35 = 4 mV. Further functio-
nalization with HRP resulted in a { potential of —15 + 2
mV, which indicated the correct incorporation of the posi-

attachment

tively charged enzyme to the nanoconjugate’s surface.

Enzyme Activity and Stability of
HRP-AuNCs

Enzyme immobilization may result in alterations of the
enzyme properties.”' Thus, it is critical to check the
enzyme activity after enzyme conjugation with the nanos-
caffold. This was carried out by measuring the specific
peroxidase activity of HRP-AuNCs following a standard
activity assay based on the ABTS oxidation (see materials
and methods section). One unit (U) of HRP is defined as
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Figure | Representation of the design and synergistic therapeutic performance of HRP- AuNCs for EPT. A) lllustration of different steps for the assembly of
HRP-AuNC:s. Firstly, gold nanoparticles (AuNPs) are synthesised and functionalised with 3-MPA. Next, the carboxylic group in the gold nanoconjugates (3-MPA)-AuNCs was
activated by EDC/NHS reaction. Afterwards, HRP was grafted through amide bond formation between the carboxylic group of the 3-MPA and the amine residues of the
enzyme. B) Schematic representation of the enhanced therapeutic effect of HRP-AuNCs. HRP conjugated on the AuNCs leads to higher enzyme protection and
internalization by endocytosis by cells (1,2). Then, the HRP oxidises the exogenous prodrug IAAleading to the production of IAA-derived free radicals and ROS (3),
which induce tumour cell death by apoptosis. C) Detailed illustration of the enhanced catalytic activity provided by the enzyme on the Au s urface (3) and which produces a
significant transformation of IAA into toxic radicals (4). HRP-AuNCs transforms IAA into indolyl and peroxyl radicals that lead to ROS generation and subsequent cell death
by activation of apoptosis.
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the amount of enzyme that oxidizes 1.0 pmol of ABTS
per minute at pH 5.0 at 25 °C [i.e., H,O, + ABTS — 2H,
O + oxidized ABTS]. Based on this, the HRP activity on
HRP-AuNCs was determined as 0.25 U per mg of nano-
particles. Besides, we determined the total amount of HRP
onto AuNCs by BCA assay, resulting in a value of 25 pg
of HRP per mg of nanoparticles. These results confirmed
the proper conjugation of the enzyme to AuNCs while
maintaining its activity.

Since the recent discovery that metal nanoparticles
present intrinsic enzyme-mimetic activity similar to nat-
ural peroxidases,’” increasing attention has been paid to
inorganic peroxidase mimetics.”>’* For this reason, we
aimed to determine whether AuNPs presented intrinsic
peroxidase activity by the ABTS oxidation assay.
Nevertheless, negligible peroxidase mimetic activity was
detected (Figure S4), which might be explained because of
the lower affinity of AuNPs for H,O, and ABTS compared
to HRP.”®> Consequently, we confirmed that the peroxidase
activity of HRP-AuNCs can be attributed exclusively to
the presence of the enzyme.

Biocompatibility and Cellular Uptake of
HRP-AuNCs

Breast cancer is a complex disease, recognized as a set of
diseases affecting the same anatomical structure but charac-
terized by great heterogeneity within patients. Molecular
expression of a variety of biomarkers led to breast cancer
classification into subtypes.”® Among them, we explored the
EPT efficacy in luminal A (the most common subtype of
breast cancer) and TNBC (breast cancer subtype showing
the poorest prognosis) cell lines (MCF-7 and MDA-MB-231
cells, respectively). In the first step, the biocompatibility of
the nanodevice was tested. MDA-MB-231 and MCF-7 cell
lines were incubated in presence of HRP-AuNC:s at different
concentrations (0—750 pg/mL). The results showed that
HRP-AuNCs were well tolerated by both cell lines after 48
h of treatment (Figure 3A and B). Only the highest concen-
tration of HRP-AuNCs showed certain toxicity in MDA-MB
-231 cells. Therefore, the non-toxic range of 200400 pug/
mL of HPR-AuNCs was selected to perform further cell
viability assays, for EPT therapy, corresponding to an
equivalent amount of 0.85 pg of HRP (enzymatic activity
of 7.85 x 102 U/mL).

We also analyzed the internalization of the nanoconju-
gates as a critical previous step to conduct targeted EPT.
To accomplish this aim, the breast cancer cell lines were
incubated with HRP-AuNCs for 6 h before visualization
by TEM. TEM images showed that HRP-AuNCs was
successfully internalized by MDA-MB-231 (Figure 3C)
and MCF-7 cells (Figure 3D). HRP-AuNCs were prefer-
entially localized in endocytosis vesicles identified as sec-
ondary lysosomes. This data is consistent with previous
studies, which indicated that gold nanoparticles are
sequestered in lysosomes after following an endocytic
pathway.”’ In addition, previous reports employing pro-
tein-functionalized gold nanoconjugates found that they
remain stable in biological media (DMEM and BSA) for
at least 2 weeks.”®’”? It has also been demonstrated that
enzyme-immobilization onto nanoparticles prevents their
denaturation and enhances long-term activity.*>®' In our
case, the high nanoparticle internalization was expected to
favor prodrug activation by HRP inside the tumor cells
and thus enhancing the EPT therapeutic effect.

HRP-AuNCs for EPT in Breast Cancer
Cells

As a next step, we set out to evaluate the utility of HRP-
AuNCs in combination with IAA (HRP-AuNCs/IAA) to
induce breast tumor cell death through an oxidative stress
mechanism. The efficiency of HRP-AuNCs/IAA for EPT
was explored in both, luminal A and TNBC cell lines. MDA-
MB-231 and MCF-7 cells were treated with HRP-AuNCs at
7.85 x 1072 U/mL (equivalent to 0.85 png of HRP) in the
absence or presence of [AA at 500 puM. After 48 h of incuba-
tion, cell viability was evaluated by WST-1 assay.
A significant reduction in cell viability was observed in
MDA-MB-231 (Figure 4A) and MCF-7 upon HRP-AuNCs
/TAA treatment (Figure 4B), whereas no cell death was
detected when cells were treated with HRP-AuNCs or [AA
alone. We also evaluated the EPT efficiency using the free
HRP at the equivalent enzyme activity (free HRP EqAct) to
that found in the nanoparticles, being at 7.85 x 102 U/mL
(equivalent to 2.88 x 1077 pg of HRP). Remarkably, free
HRP EqAct/IAA treatment did not reduce the cell viability.
Furthermore, free HRP at 1.2 pg/mL (free HRP) was used as
a positive control of EPT according to the standard dose
reported in the bibliography for cancer therapy, correspond-
ing to 3.24 x 10* U/mL. Although free HRP/IAA at this high
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Figure 2 Characterisation of HRP-AuNCs. (A) TEM-EDX mapping of single HRP-AuNCs showing the presence of Au (from the gold scaffold), S (from the 3-MPA), and
N (from the HRP). (B) UV-Vis spectra of AuNPs (red) and HRP-AuNCs (black). (C) Hydrodynamic size determined by dynamic light scattering and { potential of AuNPs,

(3-MPA)-AuNCs and HRP-AuNCs. Data represent mean + SD (n = 3).

concentration significantly reduced cell viability, it did not
reach the remarkable therapeutic effect achieved with HRP-
AuNCs.

Besides, we further evaluated the ability of AuNPs to
perform EPT in combination with IAA (AuNPs/IAA)
(Figure S5). As expected, and in concordance with
ABTS oxidation assay (vide ante), neither AuNPs alone
nor AuNPs/IAA treatments reduced the viability in the
breast cancer cell lines.

On the other hand, considering the enhanced thera-
peutic effect observed by EPT mediated by HRP-AuNCs
in breast cancer cells, the generation of ROS was deter-
mined for each treatment using a fluorescent oxidative
(CM-H2DCFDA) 4C).
Fluorescence analysis confirmed the superiority of HRP-

stress  indicator (Figure
AuNCs to catalyze the oxidation of IAA to release free
radicals and ROS, compared to the free enzyme.
Although HRP used at the standard reported dose (free

HRP) exhibited a significant oxidative stress, when free

HRP was used at equivalent nanoconjugates’ enzyme
activity (free HRP EqAct), not significant effect was
observed. This enhanced activity of the nanoconjugates
could be potentially ascribed to the higher internaliza-
tion of HRP when conjugated on AuNCs and to the
previously described ability of AuNPs acting as electron
acceptor or electron donor, which results in the restoring
of the oxidized form of the reactive centre of reduced
HRP and thus increasing their reactivity.”' Taken all the
experiments together, on the one hand, ABTS oxidation
assay demonstrated the peroxidase activity of the HRP-
AuNCs whereas negligible activity was observed for the
bare AuNPs. On the other hand, cell experiments
demonstrated that HRP-AuNCs showed higher perfor-
mance (cell death, ROS production) than the free
enzyme towards IAA. Thus, there is a synergistic effect
from the HRP-AuNCs combination: conjugation on the
nanoparticle leads to a higher enzyme internalization in
cells and the catalytic activity provided by the enzyme
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studied by WST-1 assay in presence of different nanoparticle dosages after 48 h of incubation. Data represent means £ SEM (n = 3). Statistically significance was determined
by one-way ANOVA and Dunnett post-test (***p < 0.001). TEM images demonstrating HRP-AuNCs uptake by (C) MDA-MB-231 and (D) MCF-7 after 6 h of incubation with

50 pg/mL of nanoconjugates.

on the Au surface produces a significant transformation
of IAA. Then, as depicted in the schematic mechanism
in Figure 1C, HRP-AuNCs transforms IAA into indolyl
and peroxyl radicals that lead to ROS generation and
subsequent cell death by activation of apoptosis.
Considering the increased therapeutic effect and ROS
production of HRP-AuNCs, HRP attachment onto gold
nanoconjugates is presented as a crucial step to enhance
therapeutic activity. HRP-AuNCs nanoformulation is
a powerful strategy to increase the therapeutic applica-
tions of HRP/IAA systems.

HRP-AuNCs for EPT in Breast Cancer

3D Tumor Spheroid Models

Multicellular tumor spheroid cultures (MCTS) are 3D
culture systems regarded as a more representative model
on which to perform in vitro experiments. 3D cell cultures
replicate in vivo-like behavior better than their two-
dimensional (2D) counterparts, due to recreating more of
the characteristic traits of the native tumor microenviron-
ment (such as cell—cell interactions, hypoxia, drug pene-
tration, drug response, and resis‘[ance).82 Furthermore,
MCTS represent a relevant physiological model as they
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Figure 4 HRP-AuNCs for EPT in breast cancer cells. Cell viability assessment in (A) MDA-MB-231 and (B) MCF-7 treated with HRP-AuNCs at 7.85% 102 U/mL (equivalent
to 0.85 ug of HRP), free HRP EqAct at 7.85 x 1072 U/mL (equivalent to 2.88%10™7 ug of HRP) or free HRP at 1.2 pg/mL (equivalent to 3.24 x 10* U/mL of HRP) in the
absence or presence of IAA (500 uM). Cell viability was determined after 48 h of incubation by WST-1 assay. Data represent means + SEM (n = 3). Statistically significance
was determined by one-way ANOVA; Dunns post-test for MDA-MB-231 and Tuckey post-test for MCF-7 (*¥p < 0.025, ***p < 0.001). (C) ROS induction with the different
combinations of HRP-AuNCs (7.85x102 U/mL, equivalent to 0.85 g of HRP), free HRP EqAct (7.85 x 102 U/mL, equivalent to 2.88 x 107 pg of HRP) or free HRP (1.2 ug/
mL, equivalent to 3.24 x 10* U/mL of HRP) in the absence or presence of IAA (IAA 500 uM) using the CM-H2DCFDA probe as an oxidative stress indicator.

are enriched with cancer stem cells (CSC) or show stem
cell-like features. Therefore, MCTS would predict in vivo
tumor response more accurately than 2D cultures, and they
constitute a more precise model in which to study tumor
response to novel therapeutic agents.

Consequently, as a further step in the evaluation of the
nanoconjugates, we studied the ability of HRP-AuNCs
/TAA to induce cell death in multicellular tumor spheroid-
like cultures. To carry out this study, we first created the

3D tumor spheroids from MDA-MB-231 cells using non-
adhered culture plates (Figure S6). The spheroid-like cul-
tures were incubated with HRP-AuNCs at 0.15 U/mL
(equivalent to 1.62 pg of HRP) in the absence or presence
of TAA at a concentration of 250 pM for 48 h. While
single treatments using HRP-AuNCs or IAA alone did
not affect cell viability, the co-treatment using HRP-
AuNCs and [AA-induced spheroid cell death, by signifi-
cantly reducing the cell viability down to 26% (Figure 5).
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0.15 U/mL (equivalent to 5.55%107 pg of HRP) or free HRP at 1.2 pug/mL (equiva-
lent to 3.24 x 10* U/mL) in the absence or presence of IAA at 250 uM. Cell viability
was determined after 48 h of incubation by WST-1 assay. Data represent means *
SEM (n = 3). Significant differences were compared to control according to one-way
ANOVA and Dunns post-test (***p < 0.001).

On the other hand, either free HRP EqAct (0.15 U/mL,
equivalent to 5.55 x 10”7 ug of HRP) or free HRP (1.2 pg/
mL, equivalent to 3.24 x 10* U/mL) combined with TAA
did not induce any significant effect on viability.

The obtained favorable data evidence that the use of
HRP-AuNC:s is a powerful strategy to expand the applica-
tions of enzyme prodrug therapy based on HRP/IAA sys-
tem. The results obtained along the present work show
AuNPs as a feasible scaffold for the development of novel
nanodevices with advanced applications, as they possess
several advantages including well-established, fast, and
relative low-cost synthesis, easy stabilization by surface
coating, and biocompatibility. In accordance with our
results, previous studies with silica nanoparticles showed
the ability of encapsulated HRP to transform IAA into free
radicals to perform prodrug tumor therapy in colon® and
cervix cancer.®**® Horseradish peroxidase has also been
nanoformulated using polymeric chitosan nanoparticles to
induce cell death in a breast cancer cellular model.®
Differential studies would shed light on the most appro-
priate nanoformulation for HRP in terms of reproducibility
of synthesis, enzyme stability and activity, in vivo biodis-

tribution, safety, antitumor efficacy, etc.

14,15 16,17

Currently, antibodies and viruses as enzyme

vehicles are the most advanced in clinical trials.

However, these approaches do not completely accomplish
the therapeutic needs. Their clinical application has been
mainly hindered by the potential immunogenicity and the
risk of mutation of the viral vectors.'*'® As
a consequence, the development of novel abiotic enzyme
nanocarriers are a promising alternative to advance
enzyme prodrug therapy toward application in patients.
Gold-based nanomaterials have not been approved for
clinical use, but several clinical trials in early phases
(ClinicalTrials.gov Identifier: NCT03020017,
NCT01270139, NCT02837094, and NCT04081714) are
studying their application for the treatment of cancer and
other ailments. Further investigations would promote the
incorporation of gold nanoparticles in cancer treatment,
where enzyme prodrug therapy represent an encouraging
strategy to increase the specificity and efficiency of con-

ventional tumor therapies.

Conclusion

In summary, we report here the design, preparation, char-
acterization, and evaluation of a nanodevice based on gold
nanoparticles decorated with the enzyme horseradish per-
oxidase (HRP-AuNCs) to perform EPT in breast cancer
cells. Gold conjugates are synthesized using gold nanopar-
ticles as starting materials, which are first functionalized
with 3-mercaptopropionic acid to yield (3-MPA)-AuNCs,
which are further equipped with HRP (HRP-AuNCs). The
proper formation and enzyme activity of the nanodevice
are determined by TEM-EDX, UV-Vis spectrophotometry,
FT-IR spectrometry, DLS, { potential, and peroxidase
activity assays. Biocompatibility experiments demonstrate
that HRP-AuNCs is well tolerated by breast cancer cell
lines (i.e., luminal A and TN subtypes). Moreover, TEM
visualization of both breast cancer cell treated with HRP-
AuNCs reveals that nanoparticles are successfully interna-
lized and located in secondary lysosomes. Furthermore,
the co-treatment with HRP-AuNCs and TAA efficiently
triggers cell death induced by oxidative stress, whereas
free HRP at the equivalent enzyme activity in combination
with TAA have no effect. Moreover, a larger therapeutic
effect is achieved with HRP-AuNCs compared with the
free HRP used at the standard dose reported in the
bibliography.

Taking together, these results demonstrate that HRP
nanoformulation is a promising tool to boost the therapeu-
tic effect of HRP/IAA enzyme prodrug system. The
increased therapeutic effect reached with HRP-AuNCs
could be explained because of the high internalization
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efficiency of the nanoconjugates by tumor cells and the
localized ROS production within cells that leads to
increased toxicity. Additionally, the conjugation of
enzymes with gold nanoparticles, as previously proved,
can improve enzyme stability and activity. The presented
findings could help to bypass enzyme therapy limiting
factors and help advance towards therapeutic applications

including breast cancer treatment.
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