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1. Abstract

Triple-negative breast cancer (TNBC) refers to a specific type of tumor with a high level
of aggressiveness and a poor prognosis. TNBCs are treated with multimodal therapies
such as surgery, chemotherapy and irradiation (IR). The unfavorable clinical outcome
of the disease can be attributed to both the normal tissue toxicity induced by IR and
the presence of tumor cells that are resistant to radiation. To overcome radiation
resistance, | analyzed the radiosensitizing potential of functionalized hybrid Gold (Au)-
iron oxide (Fesz04) nanoparticles (FeEAuNPs). The presence of stress-inducible heat
shock protein 70 (Hsp70) on the plasma membrane of highly aggressive tumor cells,
including TNBCs, is widely acknowledged, whereas normal cells express Hsp70 only
in the cytosol but not on the cell surface. Therefore, membrane-bound Hsp70 (mHsp70)
acts as a tumor-specific target that might facilitate binding and internalization of
FeAuNPs into tumor cells. In my thesis | functionalized FeAuNPs either with the
Hsp70-specific, Tumor Penetrating Peptide TPP (TPP-PEG4-FeAuNPs) or a
scrambled peptide as a control and compared the tumor targeting and uptake of these
nanoparticles into mHsp70 positive tumor cells. | demonstrated a superior uptake of
the TPP-functionalized FeAuNPs in both mHsp70 positive TNBC cell lines 4T1 (mouse)
and MDA-MB-231 (human). | demonstrated that the TPP-functionalized FeAuNPs had
a better uptake in both mHsp70-positive TNBC cell lines, 4T1 (mouse) and MDA-MB-
231 (human). Moreover, a significant radiosensitizing effect could be achieved after

incubation (24 h) with only the TPP-functionalized FeAuNPs, but not the FeAuNPs



functionalized with a non-specific scrambled peptide (NGL) or the non-conjugated
FeAuNPs. The nanogold shell induces the releases of secondary electrons (Auger-
electrons) as a result of IR and thereby breaks radioresistance. In vivo, the Fe304 core
of the nanoparticles can act as a contrast agent, facilitating magnetic resonance
imaging (MRI) of the tumor. When combined with irradiation, the TPP functionalized
hybrid nanoparticles cause cell cycle arrest at the G2/M phase, enhance the production
of reactive oxygen species (ROS), and consequently induce DNA double-strand
breaks and apoptosis. Since the radiosensitizing effect was eliminated when co-
incubated with the ROS inhibitor N-acetyl-L-cysteine (NAC), it is assumed that ROS
mediated apoptosis is the reason for the increased apoptosis induced by TPP-PEG4-

FeAuNPs.



2. Abbreviations

2D Two-dimensional

3D Three-dimensional

Ag Silver

Au Gold

APS Ammonium Persulfate

BCA Bicinchoninic acid

CD8a+ Cluster of differentiation 8a+
CeO2 Cerium oxide

CFA Colongenic formation assay

CT Computed tomography

DAPI 4’ 6-diamidino-2-phenylindole
DCFDA 2’,7’-dichlorofluorescin diacetate
ddH20 Double-distilled water

DMSO Dimethyl sulfoxide

DSBs Double stranded breaks

EDTA Ethylenediamine tetra acetic acid
ER Estrogen receptor

FACS Fluorescence-activated cell sorting
F-actin Filamentous actin

FCS Fetal calf serum

Fe304 Iron (ll, 111) oxide




FITC

Fluorescein isothiocyanate

Gd Gadolinium

Gy Gray

H2AX H2A histone family member X
H202 Hydrogen peroxide

HO. Hydroxyl radical

HCL Hydrochloric acid

HER2 Human epidermal growth factor receptor 2
HIF1 Hypoxia-inducible factor 1
Hsp70 Heat shock protein 70

IL-5 Interleukin-5

IMRT Intensity-modulated radiation therapy
IR lonizing radiation

JNK C-Jun N-terminal kinase

LDL Low-density lipoprotein

LEEs Low-energy electrons

LET Linear energy transfer
mHsp70 Membrane-bound Hsp70

MRI Magnetic resonance imaging
NAC N-acetyl-I-cysteine

NC Nitrocellulose

NF-kB Nuclear transcription factor-kB
NP Nanoparticle




NR

Nanorod

NSCLC Non-small cell lung cancer

0OS Overall survival

PBS Phosphate buffered saline

PBL Peripheral blood lymphocytes

Pd Palladium

PEG Polyethylene glycol

PFA Paraformaldehyde

Pl Propidium iodide

PR Progesterone receptor

RNase Ribonuclease

RO. Alkoxyl

ROO. Peroxyl

ROS Reactive oxygen species

RT Room temperature

SD Standard deviation

SDS-PAGE Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
TBST Tris-buffered saline with Tween20
TEMED Tetramethylethylenediamine
TNBC Triple-negative breast cancer
TNF Tumor necrosis factor

TPP Tumor Penetrating Hsp70 Peptide
Zr Zirconium




3. Introduction

3.1 Breast cancer

Breast cancer is the most frequent occurring malignant tumor in women globally. It
accounts for approximately 24.5 % of all female malignant tumor and causes a
mortality-to-incidence rate of 15.5 %. Breast cancer incidences were positive
correlated with human development levels in different countries and area. In sub-
Saharan Africa breast cancer incidences in females are estimated to be 30/100,000,
whereas in Western Europe and North America, the incidence is 70/100,000 (Sung et
al., 2021). In the United States and the European Union, the median age at diagnosis
of breast cancer is around 40 years, which is 10 years later than in China (Song et al.,
2014). An earlier onset of menarche and a later onset of menopause, a greater height,
smoking and family history amplifies the probability of developing breast cancer (F.
Chen et al., 2022; R. Qiu, Zhong, Hu, & Wu, 2022). On the other hand, breastfeeding
decreased the risk of breast cancer (Bothou et al., 2022). The annual incidence of
breast cancer in females aged 20-29 years increases by approximately 2 % each year,
resulting in a higher proportion of breast cancer cases among young women (Miller et
al., 2020), and patients with breast cancer at an age <25 usually have a worse

prognosis (L. Li et al., 2021).

3.2 Triple-negative breast cancer (TNBC)

As a special subtype of breast cancer, TNBC refers to lack of estrogen receptor (ER),
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progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2)

expression. TNBC represents approximately 10 % to 20 % of all breast cancer

subtypes (Bareche et al., 2020). For ER, two main subtypes, ER-a and ER-3 exist

(Mashat, Zielinska, Holly, & Perks, 2021). ER-a regulates oncogenes like cyclin D1

and c-Myc to promote breast cancer cells proliferation (Mawson et al., 2005). Low-

density lipoprotein (LDL) is a risk factor of breast cancer and targeting of ER- can

reduce the impact of LDL in breast cancer patients (Mashat et al., 2021). PR is involved

in the female menstrual cycle by binding to progesterone (Taraborrelli, 2015). Its

synthesis is regulated by estrogen in both, normal and cancer cells (Silva et al., 1983).

As a receptor tyrosine kinase, HER2 is expressed on the cell surface and is a member

of the ErbB protein family. (Erickson, Zeybek, Santin, & Fader, 2020). Cancers with

HER?2 overexpression are often treated with a HER2-targeting therapy (Tsurutani et al.,

2020).

Compared with other types of breast cancer at an equivalent T/N/M stage, patients

with TNBC have significantly lower overall survival (OS) (X. Li et al., 2017). TNBC often

migrates to brain and visceral organs due its high aggressivity, with metastatic patients

having a median survival of only 13.3 months (Bardia et al., 2021; Lin et al., 2008).

Due to the absence of targeting receptors, TNBC is unresponsive to therapies that rely

on molecular or endocrine mechanisms(Yin, Duan, Bian, & Yu, 2020). Although

ionizing radiation (IR) is a standard component of multimodal therapy for the vast

majority of TNBC patients, the presence of radiation-resistant tumor cells and the risk

of off-target toxicities often hinder the success of treatment outcomes (He et al., 2018).
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Therefore, a high medical need exists for more targeted and effective radiation
methods that minimize toxicity to normal tissues and increase the radiosensitivity of

tumor cells.

3.3 Heat shock protein 70

The efficacy of targeted therapies in cancers depends on targets which is highly
expressed in tumor cells and specifically presented on membrane. Heat shock proteins
(HSPs) satisfy these criteria and can be effective and precise targets for therapy.
(Bashiri Dezfouli et al., 2021; Dezfouli et al., 2022; Weidle, Maisel, Klostermann,
Schiller, & Weiss, 2011). Following stress, cells significantly increase the synthesis of
HSPs, whereas the synthesis of other proteins is generally downregulated. HSPs are
classified into various families, such as Hsp40, Hsp60, Hsp70, Hsp90, and Hsp110,
based on their estimated molecular weights (Vulczak, Catalao, Freitas, & Rocha, 2019).
The 72 kDa Hsp70, also known as Hsp70-1, HspA1A, #3303, is highly conserved in
evolution(Kimm et al., 2020) and frequently overexpressed in multiple cancer types,
including breast cancer. Contrary to normal cells, many types of tumor cells, exhibit
abundant expression of Hsp70 on their plasma membrane, making it a specific target
for the tumor. Elevated levels of Hsp70 expression, both on the plasma membrane and
in the cytoplasm, have been found to be positively associated with increased tumor
aggressiveness(Multhoff et al., 1995; Stangl, Tontcheva, et al., 2018). Hsp70 can
protect cancer cells from apoptosis (C. Zhang, Li, & Zhao, 2022), supports folding and

unfolding of proteins and their transport across membranes. It was shown that Hsp70
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protects tumor cells from apoptosis by an interference with members of the tumor
necrosis factor (TNF) family (Giri et al., 2021). Hsp70 mediates promotion of
angiogenesis which is crucial for tumor proliferation and migration (Kabakov & Gabai,
2021). Hsp70 is essential for the activation of Hypoxia-inducible factor 1 (HIF1). The
knockdown of Hsp70 blocks HIF-1 induction upon hypoxia and finally suppresses the
expression of vascular endothelial growth factor (VEGF) (Colvin et al., 2014).
Interleukin-5 (IL-5) is another angiogenic activator. IL-5-induced angiogenic responses
are associated with a dysfunction in HSP70-1 in knockout mice (Park et al., 2017).

Compared to HER-2, the turnover rate of membrane-bound Hsp70 (mHsp70)
increases from hour range to minute range as it moves from the membrane into the
cytosol. It is expected that nanoparticles designed to target mHsp70 will be rapidly
internalized (Stangl, Gehrmann, Riegger, et al.,, 2011). Furthermore, following
therapeutic interventions including radiochemotherapy, mHsp70 expression increases
on various types of tumor cells but not on normal tissues (Gehrmann et al., 2014). Due
to this stress-inducible, tumor-specific mHsp70 expression and its quick turnover rate
(Stangl, Gehrmann, Riegger, et al., 2011) it appears that mHsp70 to be an optimal
target for the internalization of NPs functionalized with an Hsp70-targeting agent like

the monoclonal antibody cmHsp70.1 or Hsp70-targeting peptides.

3.4 Gold nanoparticles

The functional properties of gold nanoparticles depend on their size, surface chemistry

and aggregation status (Enea et al., 2021; X. Li et al., 2021). AuNPs are quite inert,
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show a low toxicity and a high stability, and can easily be conjugated to biomolecules.
These properties qualify AUNPs as widely used tools in radiotherapy, immuno-therapy,
drug delivery and imaging (Hassanen, Korany, & Bakeer, 2021; Oumano et al., 2021;
Qin et al., 2021). Biogenetic gold nanoparticles (Au@MC38) combined with a local
irradiation increases the proportion of cluster of differentiation 8a+ (CD8a+) dendritic
cells and induces immunogenic cell death in MC38 tumor-bearing mice (Qin et al.,
2021). AuNP—cisplatin conjugates improves the distribution of cisplatin in hepatic
tumors and reduces the renal toxicity induced by cisplatin (Hassanen et al., 2021).
Compared with traditional computed tomography (CT) contrast agent iodine, gold has
a higher k-edge than iodine (80.7 keV to 33 keV), and therefore AuNPs provide an
optimal image contrast at 120 kVp (Oumano et al., 2021).

Recently, the effectiveness of the cmHsp70.1 antibody in directing AuNPs to tumors
was demonstrated through the enhanced accumulation and uniform distribution of NPs
conjugated with cmHsp70.1 in mHsp70-positive tumor cells (Kimm et al., 2020). The
radiosensitizing activities of AuNPs on tumor cells through secondary Auger electrons
is well established (Huwaidi et al., 2021). The low energy of Auger electrons, which
causes a high linear energy transfer (LET) over short distances (hnm range), results in
the formation of DNA double strand breaks (DSBs) and lethal damage in tumor cells(Ku,
Facca, Cai, & Reilly, 2019). However, the average dose deposited by AuNPs is highly
dependent on the distance from the DNA (Garnica-Garza, 2013). Additionally, the
radiosensitizing effect of AUNPs is greatly influenced by their size. The effectiveness

of AUNPs as a radiosensitizer depended on their size, smaller size providing a greater
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increase in the mean dose linear energy, 2 nm nanoparticles can increase it up to 100 %

while 100 nm nanoparticles can only increase it up to 40 % (Garnica-Garza, 2013).

3.5 Hybrid Gold Nanoparticles

The field of nanotechnology has made great progress with the creation of hybrid gold
nanosystems, such as those made from combinations of gadolinium (Gd)-Au, silver
(Ag)-Au, palladium (Pd)-Au, cerium oxide (CeO2)-Au, and iron oxide (FesOa.)-Au
nanoparticles which have undergone both in vitro and in preclinical models (Akasaka,
Nishi, & Niidome, 2021; Bhagat et al., 2018; R. Chen et al., 2021; Durand et al., 2021).
"The field of nanotechnology has seen a new advancement with the creation of hybrid
gold nanosystems, such as those made from combinations of gadolinium and gold,
silver and gold, palladium and gold, cerium oxide and gold, and iron oxide and gold.”
These nanoparticles have been tested both in vitro and preclinical testing. Up to date
FesOs-Au nanoparticles are among the most thoroughly researched hybrid
nanoparticles with their physical characteristics and biocompatibility, these NP
compositions are superior to other compositions(Cai, Miao, Li, & Fan, 2018). In vivo,
the Fe304-AuNPs' Fe304 core is a contrast agent that enhances the magnetic
resonance imaging (MRI) of tumors (Kang et al., 2019) and the gold shell has the
capacity to improve the sensitivity of tumor cells to radiation therapy through the
emission of secondary Auger electrons (Ngwa, Makrigiorgos, & Berbeco, 2012).

In 4T1 cells, FesO4-Au nanoparticles induced apoptosis through a p53 independent

pathway. But in HCT116 and HUH7 cells apoptosis was induced through the p53/bcl-
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2/casp-3 pathway (Katifelis et al., 2020). Fe3sOs-Au nanoparticles were used as a signal
indicator/multiplier and magnetic separator which can detect ochratoxin A with a high
sensitivity and specificity (C. Wang et al., 2016). Gold nanorods (Au NRs) and Fe3;O4
hybrid NPs increased the temperature by about 35 °C after 10 min exposure time with
the NIR 808 nm laser They also show a high contrast enhancement in MRI and CT

imaging (Feng et al., 2015).

3.6 Reactive oxygen species (ROS)

ROS include hydroxyl radical (HO.), superoxide (O.2°), alkoxyl (RO.), peroxyl (ROO.)
and hydrogen peroxide (H202) which were involved in the free radical chain reactions
(Riley, 1994). The redox homeostasis in cancer cells is distinct from that of normal cells.
High levels of ROS can be cytotoxic to cancer cells despite of they are pro-tumorigenic
properties (Reczek et al., 2017). Hyperoside, one of the flavonoid glycosides, induces
apoptosis in 4T1 cells via the ROS-mediated nuclear transcription factor-kB (NF-kB)
Signaling Pathway (J. Qiu et al., 2019). ROS/c-Jun N-terminal kinase (JNK) pathway
is another important pathway involved in ROS mediated apoptosis mechanisms in
cancer cells (Z. Zhang, Zhang, et al., 2021).

AuNPs, similar to other high-Z nanoparticle materials, have the potential to significantly
enhance the absorption of ionizing radiation by tumors, potentially increasing it up to
100-fold. The occurrence of this could result in alterations to both the quantity and type
of highly reactive molecules, such as ROS (Huwaidi et al., 2021; Kuncic & Lacombe,

2018) which play a role in many critical signaling pathways (Jin, Wang, Deng, Liu, &
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Liang, 2021; Weng et al., 2021), and the induction of DSBs (Yuan et al., 2020). Earlier
research has shown that IR alone triggers the generation of ROS production, which
causes oxidative stress and DNA damage(Y. Xu et al., 2021; Yalcin, Tekin, & Tigli Aydin,
2022). Furthermore, the combination of ionizing radiation and gold nanoparticles can

enhance ROS production and DNA damage (Qin et al., 2021).

3.7 Hybrid Fe304-AuNPs functionalized with the Hsp70-peptide TPP

In this study, hybrid Fe304-Gold NPs functionalized with Hsp70-peptide TPP named
TPP-PEG4-FeAuNP was developed. The aim of its development was to specifically
eliminate the mHsp70 positive highly malignant TNBC cells. TPP is a 14-mer peptide
which was originated from the C-terminal domain of Hsp70. It has the ability to bind to
mHsp70-positive tumor cells with a comparable affinity to the full-length Hsp70
antibody cmHsp70.1, due to its similar binding characteristics to the oligomerization
domain of Hsp70. Upon binding to mHsp70, the peptide is internalized and then
accumulates within the cells (Stangl, Tei, et al., 2018). The targeting formulations are
integrated with polyethylene glycol (PEG), a 4-mer chain to improve its stability by
preventing self-aggregation of the TPP peptide (Hamidi, Rafiei, & Azadi, 2008). The
TPP peptide-based PET tracer TPP-PEG24-DFO [#°Zr] was demonstrated to bind with
high specificity to mHsp70-positive tumor cells [13]. In this study, TPP peptide
functionalized hybrid TPP-PEG4-FeAuNPs binding and uptake capacity, as well as
their potential to enhance radiation sensitivity in TNBC cell lines 4T1(murine) and

MDA-MB-231(human) are tested.
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4. Materials

4.1 Equipments

Name

Model

Supplier

Mechanical pipette,

1-channel, variable

Research plus

Eppendorf AG, Hamburg, DE

0.1-10 pL

2-20 pL

20-200 pL

100-1000 pL

Mechanical pipette,

8-channel, variable

Research plus

Eppendorf AG, Hamburg, DE

10-100 pL
30-300 pL
Stripettor Ultra 0.5-100 mL Corning Inc., NY, US
COs: Incubator Heracell 240i Thermo Fisher Scientific, MA, US

Biological Safety | ENVAIR eco safe | ENVAIR Technology, Emmendingen,
Cabinets Comfort Plus DE

Microcentrifuge Fresco 21 Thermo Fisher Scientific, MA, US
General Purpose | Megafuge16 Thermo Fisher Scientific, MA, US
Centrifuge

Irradiation machine

Gulmay RS225A

Gulamy Medical Ltd., Cambereley, UK
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Absorbance

Microplate Reader

ELx800

BioTek, Winooski, VT, US

Freezer Herafreeze HFU | Thermo Fisher Scientific, MA, US
586 Basic, -86 °C,
510 Liter
Microscopy ZEISS Primovert | Carl Zeiss AG, Oberkochen, DE
Microscopy Leica, THUNDER | Leica Microsystems GmbH, Wetzlar,
Imager DMi8, DE
Microplate reader 2030  Multilabel | PerkinElmer Inc.Waltham, MA, US
Reader
Vortex mixer Vortex-Genie 2 Scientific Industries, Inc., NY, US
Intelli-Mixer RM-2L ELMI, Riga, LV
Magnetic Stirrers IKARCT basic IKA®-Werke GmbH & Co. KG, Staufen,
DE
Scale Ohaus precision | OHAUS Corporation, NJ, US

balance Pioneer

PX224
Electrophoresis EPS 301 Amersham Pharmicia Biotech,
Power Supply Amersham, UK
Trans-Blot Turbo | Trans-Blot® Bio-Rad Laboratories, Inc., CA, US

Transfer System

Turbo™ Transfer

System
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ChemiDoc System

ChemiDoc MP

Bio-Rad Laboratories, Inc., CA, US

Flow cytometer

FACS

Calibur/Calibur

BD Biosciences, NJ, US

Flow cytometer MACSQuant Miltenyi Biotec, Bergisch Gladbach,
Analyzer 9 North Rhine-Westphalia, DE
4.2 Consumables
Name Model Supplier
Cell culture bottles TC bottle, T75 Sarstedt, Numbrecht, DE

TC bottle, T175

Cell culture dishes 60 mm TPP Techno Plastic Products
AG, Trasadingen, CH
Cell Culture Test Plates 6-well TPP Techno Plastic Products
AG, Trasadingen, CH
12-well
96-well

Cell Scraper

Rotatable, 20 mm TPP Techno Plastic Products

AG, Trasadingen, CH

star foot

Slide A-Lyzer™ Dialysis Thermo Fisher Scientific, MA,
Cassettes us
Tube Racks 40 x cryo tubes with | TPP Techno Plastic Products

AG, Trasadingen, CH
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10 x 50 mL

Cryo Tubes Grad. max 1.5 TPP Techno Plastic Products
AG, Trasadingen, CH
Cryo Boxes 81x2.0mL TPP Techno Plastic Products

AG, Trasadingen, CH

Pipetman Diamond Tips

D10 Tips 10 pL

Gilson Inc., Middleton, WI,

us
D200 Tips 200 pL
D300 Tips 300 yL
D1000 Tips 1000 pL
Cellstar Serological Pipette | 5 mL Greiner bio-one,
Kremsmdunster, AT
10 mL
25 mL
50 mL
Microreactiontube 1.5mL Eppendorf AG, Hamburg, DE
2.0 mL
Greiner centrifuge tubes 15 mL Greiner bio-one,
Kremsmdunster, AT
50 mL
FACS Tube Round Bottom | Corning Inc., Corning, NY,
Polypropylene Tube | US
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Slide A-Lyzer™ Dialysis | 0.1-0.5 mL Thermo Fisher Scientific, MA,

Cassettes us

Nitrocellulose membrane 0.45 pm, 30 cm x 3.5 | Thermo Fisher Scientific, MA,
m us

4.3 Cells

MDA-MB-231 cells HTB-26™, ATCC, VA, US

4T1 cells CRL-2539™ ATCC, VA, US

PBL Klinikum rechts der Isar, TUM

4.4 Hybrid Fe3O4-Au Nanoparticles

The hybrid nanoparticles are synthesized by Nanopartz Inc. Loveland CO, US. They
are 4 nm in diameter. The hybrid nanoparticles are kept at a temperature of 4°Cina 5
mM  citrate  buffer for storage. Fe3Os Au-CYS-NHS-PEG4-MAL-PEP
(CNGLTLKNDFSRLEG) (Lot#K7312, NGL-PEG4-FeAuNPs, 2.7 mg/mL); FesOs Au-
CYS-NHS-PEG4-MAL (Lot#K7310, PEG4-FeAuNPs, 2.5 mg/mL); Fe3O4 Au-CYS-
NHS-PEG4-MAL-PEP (CTKDNNLLGRFELSG) (Lot#K7311, TPP-PEG4-FeAuNPs,
2.3 mg/mL). The sublethal concentration of the different peptides conjugated and
unconjugated NP formulations was determined by Alicia Hernandez-Schnelzer with
colony formation assay. MDA-MB-231 cells are exposed to TPP-PEG4-FeAuNPs at
concentrations ranging from 0 to 20 pyg/mL (Figure 1 A). There were no significant

differences in tumor cell viability observed between the conjugated and unconjugated
22



AuNPs up to a concentration of 2.5 yg/mL. MDA-MB-231 cells show a significantly
lower survival rate when the concentration of both TPP-PEG4-FeAuNPs and NGL-
PEG4-FeAuNPs reached 5.0 ug/mL. TPP-PEG4-FeAuNPs and NGL-PEG4-FeAuNPs
up to 2.5 pg/mL also show no toxicity to 4T1 cells (Figure 1 B). For all NP formulations

a concentration of 2.5 pg/mL are used for my experiments.

MDA-MB-231 4T

- NGL-PEG4-FeAuNPs
—+ TPP-PEG4-FeAuNPs

10
-# NGL-PEG4-FeAuNPs

-4+ TPP-PEG4-FeAuNPs

Survival Fraction
1

Survival Fraction

0.1 0.1

T T T T T T T T T
& & & @
Qq\@ Qo"\« Q‘s& Qq\& QQ\& Qq\ QQ\ Qq\ Qq\ bQQ\ Qq\ Qq\
ST RS 27 D42 N P ST PT RS 4P
A B

Figure 1. The survival fraction of MDA-MB-231(A) and 4T1(B) cells was assessed
after exposure to NGL-PEG4-FeAuNPs and TPP-PEG4-FeAuNPs at varying
concentrations. Data from Alicia Hernandez-Schnelzer. The results are presented as

the mean values = SD of 3 independent experiments.

4.5 Reagent
Reagent Supplier
Phosphate Buffered Saline (PBS) Sigma Aldrich, St. Louis, MO, US
Trypsin-EDTA solution Sigma Aldrich, St. Louis, MO, US
RPMI 1640 medium Sigma Aldrich, St. Louis, MO, US
Penicillin-streptomycin GIBCO, Life Technologies, Carlsbad, US
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FCS

GIBCO, Life Technologies, Carlsbad, US

L-glutamine

Sigma Aldrich, St. Louis, MO, US

Sodium pyruvate

Sigma Aldrich, St. Louis, MO, US

DMSO

Sigma-Aldrich, St. Louis, MO, US

Trypan Blue solution

Sigma Aldrich, St. Louis, MO, US

Ethanol Supelco, Inc., PA, US

2-propanol Otto Fischar GmbH & Co. KG,
Saarbrucken, DE

Methanol Supelco, Inc., PA, US

Ponceau S Bio-Trend Chemikalien GmbH, Kdln, DE

Propidium iodide

Merck KGaA, Darmstat, DE

Tris Carl Roth, Karlsruhe, DE

Glycin Carl Roth, Karlsruhe, DE

HCI Sigma Aldrich, St. Louis, MO, US
Acrylamide/Bis-acrylamide, 30 % | Sigma Aldrich, St. Louis, MO, US
solution

SDS Carl Roth, Karlsruhe, DE

APS Sigma Aldrich, St. Louis, MO, US
TEMED Carl Roth, Karlsruhe, DE

Powdered Milk

Carl Roth, Karlsruhe, DE

Tween 20 Detergent

Merck KGaA, Darmstat, DE

Sodium azide

Sigma Aldrich, St. Louis, MO, US
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RNase A

New England Biolabs, Frankfurt am Main,

DE

Paraformaldehyde (PFA)

Thermo Fisher Scientific, MA, US

Rhodamine Phalloidin

Thermo Fisher Scientific, MA, US

Sodium carbonate buffer

Merck, KGaA, Darmstat, DE

Sodium azide

Sigma-Aldrich, St. Louis, MO, US

Fluorescein isothiocyanate isomer |

Sigma-Aldrich, St. Louis, MO, US

DAPI

Sigma-Aldrich, St. Louis, MO, US

D- (+)-Glucose

Sigma-Aldrich, St. Louis, MO, US

BD FACS Flow™ carrier fluid

BD Biosciences, NJ, US

N-Acetyl-L-cysteine

Abcam, Cambridge, UK

MG-132

Abcam, Cambridge, UK

4.6 Antibody

Anti-beta Actin antibody

Sigma-Aldrich, St. Louis, MO, US

Anti-gamma H2A.X (phospho S139)

antibody

Abcam, Cambridge, UK

Anti-cmHsp70.1 antibody

multimmune GmbH, Munich, DE

FITC-labeled mouse IgG1

BD Biosciences, Heidelberg, DE

4.7 Kits

Kit

Catalogue No, Supplier
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TACS Annexin V-FITC Apoptosis Detection

Kit

4830-250-K, R&D Systems, Inc.,

MN, US

DCFDA/H2DCFDA-Cellular ROS Assay Kit

ab113851, Abcam, Cambridge, UK

Pierce BCA Protein Assay Kit

23227, Thermo Fisher Scientific, MA,

us

Pierce ECL Western Blotting Substrate Kit

32106, Thermo Fisher Scientific, MA,

us

4.8 Buffer

Buffer

Contents

Cell culture medium

500 mL RPMI 1640 medium

50 mL FCS

5 mL Penicillin/streptomycin

Cell frozen medium

90 % (v/v) cell culture medium

10 % (v/iv) DMSO

FACS buffer

90 % (v/v) PBS

10 % (v/v) FCS

Western Blot Running Buffer

25 mM Tris

192 mM glycine

0.1 % SDS

Western Blot Transfer Buffer

25 mM Tris,

192 mM glycine,
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10 % methanol

TBST

20 mM Tris

137 mM NaCl

pH 7.6 (with HCI)

0.1 % (v/v) Tween 20

Western Blot Blocking buffer

TBST

5 % (w/v) Milk

Annexin V FITC buffer (100 yL/sample)

ddH20 78 pL

10X Binding Buffer 10 yL

PI 10 pL

Annexin V FITC 2 yL

4.9 Software

Software

Supplier

CellQuest Pro 6.0

BD Biosciences, Heidelberg, DE

Leica LAS X software 3.7.4

Leica Microsystems GmbH, Wetzlar, DE

GraphPad Prism 9

GraphPad Software, San Diego, CA, US

Image J 1.53a

National Institutes of Health, Maryland,

us
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5. Methods

5.1 Cell Culture

Two TNBC cell lines, 4T1 and MDA-MB-231, are used in present research. Both kinds
of cells are cultured in complete medium prepared with RPMI 1640 medium, 10 % v/v
heat-inactivated fetal calf serum (FCS) and 1 % v/v penicillin-streptomycin. Peripheral
blood lymphocytes (PBL) are obtained from healthy donors' EDTA blood through
density gradient centrifugation and cultured in RPMI-1640 medium supplemented with
1 mM sodium pyruvate and 2 mM L-glutamine. The Institutional Ethical Review Board
of the Klinikum rechts der Isar granted approval for the blood taking procedure, and all
volunteers provided written informed consent. All the cells are cultured at 37°C with 5 %

v/v CO2 and 95 % vl/v relative humidity.

5.1.1 Thawing of cells

Before thawing cells, the water bath is preheated to 37°C first. Afterwards, frozen cells
(stored in liquid nitrogen at -180°C) are taken out and quickly thawed in the preheated
water bath. Subsequently, cell suspension is pipetted into a 15 mL falcon tube
containing 4 mL cold complete medium and centrifuged at 500 rcf for 5 min at 4°C.
Next, the supernatant is discarded and cells are resuspended with complete medium.

Lastly, resuspended cell suspension is transferred into a fresh cell culture flask.

5.1.2 Passaging of cells

4T1 and MDA-MB-231 cells were passaged at a confluency of 80-90 %. All media and
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buffer solutions are pre-warmed at room temperature for 30min. To detach cells, cells
are washed with phosphate buffered saline (PBS) once before adding 0.15 % Trypsin-
EDTA. Then cells are incubated with 0.15 % Trypsin-EDTA for 1-3 min at 37°C. Three
volumes of FCS containing cell culture medium are added to cells to stop the effect of
trypsin. Cells are transferred to a 15 mL Falcon tube and counted in a counting
chamber. Before counting, cells were mixed with equal volume trypan blue, 10uL of
the cell suspension mixer were transferred to counting chamber. Cells were counted
with a 10x objective Zissis microscope. Trypan blue stained cells are considered as
dead cells and are excluded. The final cell number per mL is determined by the
average number of cells per large square and multiplied by 2 * 10*. For passaging, 0.5

x 10° cells are transferred into new cell culture flask (T25) for culture.

5.1.3 Freezing of cells

Cells are detached with 0.15 % Trypsin-EDTA as described above. The cell pellets are
resuspended in FCS and Dimethyl sulfoxide (DMSO) (20 % in RPMI) medium (1:1)
and transferred into CryoTube. CryoTube are kept in a pre-cold freezing container and
stored at -80°C over night. After 24 to 48 hours, CryoTubes are moved to liquid nitrogen

for preservation over an extended period.

5.2 Assessment of mHsp70 on TNBC Cells

FACS buffer is used to wash single cell suspensions. Afterward, cells are incubated
under dark conditions and on ice, for a duration of 30 minutes with the FITC-conjugated

cmHsp70.1 mAb. A FITC-labeled mouse IgG1 is used as an isotype-matched control.
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After incubation, the cells are washed twice with flow cytometry buffer. The cells are
resuspended again in 300 uL of flow cytometry buffer. Directly before measuring on a
FACS Calibur instrument, 3 uL 0.02 mg/mL propidium-iodide (Pl) was added to
samples. Only viable cells and negative for Pl staining were gated and analyzed. Data

analysis was performed using CellQuest Pro 6.0 software.

5.3 Clonogenic Colony Formation Assay (CFA)

A 12-well cell culture plate is used to seed single cell suspensions containing 500 cells,
which are then cultured overnight with 1 mL of cell culture medium. Then cells are
incubated with 2.5 pg/mL hybrid nanoparticles for 24 hours, after which they are
subjected to X-ray irradiation at 0, 2, 4, and 6 Gray (Gy) (Gulmay RS225A irradiation
machine; 200 kV, 10 mA, dose rate 1 Gy/min). When colonies contain more than 50
cells, they are washed with PBS first. Next, pipet 1ml ice-cold methanol into each well
to fix the cells for 10 min, and subsequently load 1ml 0.1 % crystal violet to stain the
cells with for 10 min. Colony counting is performed for all colonies that has more than
50 cells. Each radiation dose's survival fraction was adjusted to that of the control
group without nanoparticles, which is also exposed to a sham-irradiated dose of 0 Gy.
The survival curves are fitted to the linear quadratic model performed with GraphPad

Prism 9 software.

5.4 Nanoparticles labeled with FITC

The nanoparticles are diluted to 1 mg/mL with PBS before labelling. Add 1 M Sodium

carbonate buffer to diluted Nanoparticles at a ratio of 1:10 v/v followed by 50 mL of
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Fluorescein isothiocyanate (FITC) (10 mg/mL in 0.1 M Sodium carbonate buffer). The
mixtures are incubated in the dark with gentle shaking at 4 °C for an overnight period.
After incubation, conduct dialysis using Slide A-Lyzer™ Dialysis Cassettes. The
nanoparticles concentration and dye/ nanopatrticles ratio are calculated with microplate

reader. Finally add 0.02 % w/v sodium azide to the mixer and keep them at 4°C.

5.5 Evaluation of Cellular Uptake of Nanoparticles Functionalized with TPP

The uptake of the nanoparticles mediated by mHsp70 was determined by using cancer
cells (MDA-MB-231) that are positive for mHsp70 and normal cells (PBL) that are
negative for mHsp70. Cells are seeded in a 6 well plate then cultured overnight with 2
mL of cell culture medium. On the next day, FITC-labeled NP formulations are added
to the cells. After incubating with FITC-labeled NP formulations for 24 h, cells are
measurements by flow cytometry. The uptake of hybrid nanoparticles was quantified

by flow cytometry using a MACSQuant Analyzer 9.

5.6 Imaging the Cellular Uptake of Nanoparticles Functionalized with TPP

The visualize of nanoparticle internalization mediated by mHsp70 is determined by
using cancer cells (MDA-MB-231) that are positive for mHsp70 and normal cells (PBL)
that are negative for mHsp70. Cells are seeded and incubated overnight. The next day,
the medium is changed with the one containing FITC-labeled TPP-PEG4-FeAuNPs
(2.5 pg/mL). After 24 h incubation, the cells underwent twice washing with cold PBS,
followed by fixation using paraformaldehyde (PFA) solution in PBS with a

concentration of 4 % w/v at room temperature for 15 minutes. Following another
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washing step, rhodamine-phalloidin (1 pg/mL) is used for filamentous actin (F-actin)
and 4',6-diamidino-2-phenylindole (DAPI) (2 ug/mL) is used for the nucleus of cells.
They are incubated for 1 h at RT in the dark. Three-dimensional (3D) images are
obtained with a fluorescence microscope (Leica, THUNDER Imager DMi8, Germany)

with 63x objective. Leica LAS X software is used for image acquisition and processing.

5.7 Cell Cycle Analysis

The experiment involves seeding 4T1 and MDA-MB-231 cells in 6 well plates and
allowing them to incubate overnight. After that, the cells are treated with After that, the
cells are treated with different chemicals as shown in the paper for 24 h. Following that
cells are irradiated with the Gulmay RS225A irradiation machine at 0 and 6 Gy. After
24 hours of irradiation, 500,000 cells were harvested through trypsinization. Afterwards,
the cells are fixed in an ice-cold solution of 70 % methanol for an overnight period at
4°C. After being washed with FACS buffer, the cells are treated with the Pl staining
solution (50 yL RNAse A (0.2 mg/mL), 425 pL 0.1 % glucose/PBS) for a 30-minute
incubation at 37°C. Prior to analysis, 25 pL Pl (1 mg/mL) is added. The FACS Calibur
instrument was used to determine the percentage of cell cycle distribution. Data

analysis was performed using CellQuest Pro 6.0 software.

5.8 Analysis of Apoptosis with Flow Cytometry

The experiment involves seeding 4T1 and MDA-MB-231 cells in 6 well plates and
allowing them to incubate overnight. After that, the cells are treated with different

chemicals as shown in the paper for 24 h. Following that cells are irradiated with the
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Gulmay RS225A irradiation machine at 0 and 6 Gy. After 24 hours of irradiation,

200,000 cells are harvested through trypsinization. After being washed with PBS, cells

are mixed gently and incubated with Annexin V-FITC/PI buffer (100 uL/sample) in the

dark for 15 min. Direct before analysis, 400 uL 1 * binding buffer are added. The FACS

Calibur instrument is used to determine the percentage of apoptotic and necrotic cells.

Data analysis is performed using CellQuest Pro 6.0 software.

5.9 Cellular Reactive Oxygen Species (ROS) Assay

The experiment involves seeding MDA-MB-231 cells in 6 well plates and allowing them

to incubate overnight. After that, the cells are treated with different chemicals as shown

in the paper for 24 h. Following the cells are irradiated with the Gulmay RS225A

irradiation machine at 0 and 6 Gy. 24 h post irradiation, 200,000 cells are harvested

through trypsinization. Cells are washed with PBS then incubated with 20 yM DCFDA

for a 30-minute incubation at 37°C. Directly before analysis, 300 yL 1 * binding buffer

are added. The FACS Calibur instrument is used to determine the ROS production.

Data analysis is performed using CellQuest Pro 6.0 software.

5.10 Western Blot

After 1 hour of irradiation, cells are washed with ice-cold PBS for 1 time. From now on,

all steps are performed on ice or at 4°C. Next, cells are treated with lysis buffer that

included a protease inhibitor for 5 min. Cell scrapers are used to detach cells, after

which the samples are transferred to 1.5 mL microtubes. The microtubes are kept on

ice and vortexed for 3-times at 5-minute intervals. Afterward, the sample was
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centrifuged at 13,000 rpm at 4°C for a duration of 15 minutes. Supernatant are kept as

protein and the concentrations are determined with BCA kit. All the proteins are diluted

with lysis buffer to 2.5 pg/pL. Next, 5 uL 5 * loading buffer is added to 20 pL supernatant.

The mixer is heated at 95°C for 15 min and store at -20°C when finished.

Equal amount of protein solutions (50 pg/well) are pipetted into a 15 % SDS-PAGE gel

and further resolved with a voltage of 80V. Successfully resolved proteins was

transferred onto Nitrocellulose membrane (0.45 ym) via semi-dry transfer system with

a voltage of 25 V and electric current of 1.0 A. The Nitrocellulose membrane are treated

with a blocking solution with gentle shaking for 1 h at room temperature. All the

antibodies are diluted with TBST containing 5 % nonfat milk. The primary antibodies

are incubated with membrane overnight at 4°C with gentle shaking. The monoclonal

anti-B-actin antibody is used as a loading control. The next day, the membranes

undergo three times of washing with 1 * TBST, each lasting for 10 minutes. Protein

bands are developed with ECL chemiluminescence substrate. Image J software is

used for the band intensities analysis.

5.11 Statistical analysis

Data are presented as mean + Standard deviation (SD) of n = experiments, with x

indicating the number of independent experiments performed. GraphPad Prism 9

software was used for statistical analysis. The statistical significance was determined

using t-tests with the normally distributed data. Results with p<0.05 were considered

statistically significant.
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6. Results

6.1 TNBC cells with high mHsp70-positive phenotype

In this study, FeAuNPs were functionalized either with the Hsp70-specific, Tumor
Penetrating Peptide TPP (TPP-PEG4-FeAuNPs) or a scrambled peptide as an internal
control. Before comparing the tumor targeting and uptake of these nanoparticle
formulations, FITC-conjugated cmHsp70.1 antibody was used to determine the Hsp70
membrane status of TNBC cells by flow cytometry. The TNB cancer cells, 4T1 and
MDA-MB-231 cells showed a mHsp70-positive phenotype on 63.1 £ 5.68 % (Figure 2
A) and 61.94 + 7.88 % (Figure 2 B), respectively. Compared with TNBC cells, normal
cells PBL showed a much lower mHsp70-positivity (3.25 + 0.49 %; Figure 2 C). It is
expected that Hsp70 peptide TPP-conjugated NPs target mHsp70 tumor cells with a
similar high affinity like cmHsp70.1 antibody and that the fast turn-over rate of mHsp70
(Stangl, Gehrmann, Riegger, et al., 2011) will promote the specific uptake of FEAuNPs

into TNBC cells.
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Figure 2. The mHsp70 statues of TNBC cells and PBL. FITC-labeled cmHsp70.1
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antibody (represented by a green line) and an FITC-labeled mouse IgG1 control
antibody (represented by a black line) are used to conduct flow cytometric analysis of
4T1 (A), MDA-MB-231 (B), and PBL (C), and the representative histograms are shown.
The mean values + SD from three independent experiments is presented in the upper

right corner of each graph.

6.2 TPP Peptide Increases TNBCs Affinity to FEAuNPs

Based on Figure 1, it can be inferred that 2.5 ug/mL hybrid nanoparticles show no
toxicity in TNBC cells. | also tested the toxic effects induced by the different FeAuNPs
formulations in normal cells (PBL) by CCK-8 assay. NGL-PEG4-FeAuNPs and TPP-

PEG4-FeAuNPs at a concentration of 2.5 pg/mL doesn’t induce cell death in PBL

(Figure 3).
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Figure 3. Hybrid nanoparticles show no toxic effects to PBL. NGL-PEG4-FeAuNPs
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and TPP-PEG4-FeAuNPs are administered in concentration from 0 to 2.5 pyg/mL for
the treatment of PBL. The survival fraction of PBL is determined by CCK-8 assay.

Results represent the mean values + SD of 3 independent experiments.

It is expected that Hsp70 peptide TPP-conjugated NPs target mHsp70 on tumor cells
with a high affinity like cmHsp70.1 antibody and the rapid turn-over rate of mHsp70
(Stangl, Gehrmann, Riegger, et al., 2011) will promote the specific uptake efficiency of
hybrid nanoparticles by TNBC cells. To prove this hypothesis, the uptake capacity of
the different nanoparticle formulations (NGL-PEG4-FeAuNPs, PEG4-FeAuNPs, TPP-
PEG4-FeAuNPs) was analyzed comparatively in MDA-MB-231 cells by microscopy.
As illustrated in Figure 4, after 24 h incubation, compared to other formulations, TPP-
PEG4-FeAuNPs demonstrated the highest internalization and most homogeneous

distribution in MDA-MB-231 cells, particularly around the nucleus.
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NGL-PEG4-FeAuNPs

PEG4-FeAuNPs TPP-PEG4-FeAuNPs

Figure 4. Representative images of MDA-MB-231 cells undergo sham or different
nanoparticle formulations (NGL-PEG4-FeAuNPs, PEG4-FeAuNPs and TPP-PEG4-
FeAuNPs, 2.5 ug/mL for 24 h) treatment. The presence of NPs accumulation within

the MDA-MB-231 cells is indicated by black arrows.

As shown in Figure 2, 63.1 £ 5.68 % of MDA-MB-231 cells were found to be mHsp70-
positive, while only 3.25 + 0.49 % of PBL cells were mHsp70-positive, therefore they
were considered as mHsp70-negative. FITC-labeled FeAuNPs were administered to
both MDA-MB-231 cells and PBL to demonstrate that the internalization of TPP-PEG4-
FeAuNPs into MDA-MB-231 tumor cells was mediated by mHsp70. After 24 h
incubation, uptake of TPP-PEG4-FeAuNPs into the different cells was acquired by

fluorescence microscopy (Figure 5 A, B). MDA-MB-231cells but not PBL showed a
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significant uptake of TPP-PEG4-FeAuNPs. To quantify uptake of the different NP-
formulations in cancer cells (MDA-MB-231) and normal cells (PBL), flow cytometry was
used to determine FITC signal in the cells incubated with FITC- labeled FeAuNPs. As
shown in Figure 5 C, TPP-PEG4-FeAuNPs were internalized only in mHsp70 positive
MDA-MB-231 tumor cells, while NGL-PEG4-FeAuNPs were not taken up to a
significant degree. In mHsp70 negative PBL, neither mHsp70-specific NPs (TPP-

PEG4-FeAuNPs) nor non-specific control NPs (NGL-PEG4-FeAuNPs) were taken up.
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Figure 5. Uptake of TPP-PEG4-FeAuNPs by TNBC cells. (A, B) Fluorescence images
demonstrate that mHsp70-positive MDA-MB-231 cancer cells specific uptake TPP-
PEG4-FeAuNPs, whereas mHsp70-negative normal cells (PBL) do not show this effect.
(B) Using fluorescence microscopy to acquire 3D images showing the uptake status of
TPP-PEG4-FeAuNPs in MDA-MB-231 cells and PBL. (C) The results of flow cytometry

assay quantified the uptake of TPP-PEG4-FeAuNPs and NGL-PEG4-FeAuNPs into
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MDA-MB-231 cells and PBL. Experiments were repeated twice and representative

data are presented.
6.3 TPP-PEG4-FeAuNPs Inhibit TNBCs proliferation by Radiosensitization effect

As shown in Figure 4 and Figure 5, mHsp70-specific NPs (TPP-PEG4-FeAuNPs) were
significantly taken up by MDA-MB-231 cells. To prove the radiosensitization effect of
TPP-PEG4-FeAuNPs after uptake colony formation assays were performed. All NP
formulations were used at a concertation of 2.5 pg/mL. After incubating 4T1 (Figure
6A) and MDA-MB-231 (Figure 6B) cells with different NPs (TPP-PEG4-FeAuNPs,
NGL-PEG4-FeAuNPs, and PEG4-FeAuNPs) for 24 hours, they were irradiated with
doses of 0, 2, 4, and 6 Gy. When exposed to different radiation doses, only cells treated
with TPP-PEG4-FeAuNPs exhibited lower survival. In another two NP formulations, no
change in cell survival was found at all doses compared to cells of the sham group.
These results suggest that TPP peptide targets mHsp70 on TNBC cells and thereby
facilitates the internalization and accumulation TPP-PEG4-FeAuNPs into 4T1 and
MDA-MB-231 tumor cells. When TPP-PEG4-FeAuNPs were taken up by TNBC cells,
their proximity to the nucleus makes tumor cells more sensitive to ionizing radiation.
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Figure 6. The survival fractions of TNBC cells 4T1(A) and MDA-MB-231 (B) are
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determined by colony formation assays. Cells are treated with NGL-PEG4-FeAuNPs,
PEG4-FeAuNPs, and TPP-PEG4-FeAuNPs (2.5 ug/mL for 24 h) or a sham treatment
and followed by exposure to different dose of irradiation (0, 2, 4, 6 Gy). Significant
differences are detected between the cells undergo sham treatment and TPP-PEG4-
FeAuNPs treatment. Significance: *p<0.05, **p<0.01, ***p<0.01; results represent the

mean values £ SD of 3 independent experiments.

6.4 TPP-PEG4-FeAuNPs Induce Cell Cycle Arrest at G2/M in TNBCs

Radiation is well known to cause cell cycle arrest at the G2/M checkpoint (D. Xu et al.,
2020). The radiosensitizing effect of hybrid Au-NPs on the cell cycle distribution was
studied by flow cytometry. All NPs were used at a concertation of 2.5 pg/mL because
this was defined as a non-lethal concentration. The NPs were added to 4T1 (Figure 7
A, B) and MDA-MB-231 (Figure 7 C, D) cells and left to incubate for 24 h before being
exposed to a radiation dose of 6 Gy. As shown in Figure 7 A, B, 4T1 cells showed
13.65 + 2.83 % G2/M phase ratio before any treatment. After irradiation with 6 Gy, the
G2/M ratio increased to 23.95 + 2.43 %. After being incubated with TPP-PEG4-
FeAuNPs for 24 h followed by irradiation, the G2/M ratio of 4T1 cells increased to 31.14
t+ 0.44 %. In contrast, 4T1 cells incubated with NGL-PEG4-FeAuNPs and PEG4-
FeAuNPs showed no significant increase in the G2/M ratio, with 23.21 £ 2.40 % and
23.50 £ 1.93 %, respectively. In MDA-MB-231 cell (Figure 7 C, D), the same treatment
was performed and similar results were achieved. The G2/M ratio rose from 14.31 +

4.58 % to 26.36 + 1.95 % as a result of 6 Gy irradiation. After being incubated with

41



TPP-PEG4-FeAuNPs for 24 h followed by irradiation, the G2/M ratio was 33.11 +
1.24 %. When MDA-MB-231 cells were incubated with NGL-PEG4-FeAuNPs and
PEG4-FeAuNPs before irradiation, the G2/M ratio remained at 26.44 + 1.63 % and
24 .81 £ 1.36 %, respectively. No NP-induced cell cycle arrest occurred in the absence
of ionizing radiation in 4T1 and MDA-MB-231 cells. The results are consistent with the

findings from the colony formation assay (Figure 6).
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Figure 7. TPP-PEG4-FeAuNPs induce TNBC cells cell cycle arrest as a radiosensitizer.
The 4T1 (A, B) and MDA-MB-231 (C, D) cells were subjected to cell cycle analysis
after being exposed to NGL-PEG4-FeAuNPs, PEG4-FeAuNPs, and TPP-PEG4-
FeAuNPs, each at a concentration of 2.5 ug/mL for 24 h or left untreated (sham) before
being irradiated with 6 Gy. Permeabilized cells are analyzed using flow cytometry to
determine the cell cycle distribution. Significance: *p<0.05, **p<0.01, results represent

mean values £ SD of 3 independent experiments.

42



6.5 TPP-PEG4-FeAuNPs Induce Apoptosis in TNBCs

According to the data presented in Figure 7, TNBC cells treated with irradiation display
cell cycle arrest at G2/M, and this effect is enhanced by TPP-PEG4-FeAuNPs. There
is a positive correlation observed between cell cycle arrest at G2/M and apoptosis in
breast cancer cells that has been exposed to irradiation (Liu et al., 2013). Next,
Annexin V/P| assay by flow cytometry is used to determine the apoptosis in TNBC cells.
4T1 cells were incubated with NPs for 24 prior to irradiation. As shown in Figure 8 A,
B, the 4T1 cells did not show any increase in apoptosis response when exposed to
NPs (PEG4-FeAuNPs, TPP-PEG4-FeAuNPs and NGL-PEG4-FeAuNPs) only. When
4T1 cells exposed to Irradiation (6 Gy), the proportion of apoptotic cells increased to
1.39 + 0.15-fold. A pre-incubation with NGL-PEG4-FeAuNPs and PEG4-FeAuNPs
before Irradiation (6 Gy) didn’t change apoptotic cells proportion, they are 1.41 + 0.19-
fold and 1.41 £ 0.21-fold, respectively. When TPP-PEG4-FeAuNPs were incubated
with 4T1 cell before irradiation (6 Gy), the proportion of apoptotic cells was 2.02 + 0.03-
fold.

The Annexin V/PI assay result of MDA-MB-231 cells was shown is Figure 8 C, D. An
incubation with NPs did not induce apoptosis of MDA-MB-231 cells. When MDA-MB-
231 cells exposed to Irradiation (6 Gy), the proportion of apoptotic cells increased to
1.68 + 0.31-fold. A pre-incubation with NGL-PEG4-FeAuNPs and PEG4-FeAuNPs
before Irradiation (6 Gy) didn’t change apoptotic cells proportion, they are 1.70 + 0.37-
fold and 1.69 £ 0.33-fold, respectively. When TPP-PEG4-FeAuNPs were incubated

with MDA-MB-231 cells before irradiation (6 Gy), the proportion of apoptotic cells was
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2.39 = 0.09-fold.
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Figure 8. TPP-PEG4-FeAuNPs induce TNBC cells apoptosis as a radiosensitizer.

4T1(A, B) and MDA-MB-231 (C, D) cells were incubated with TPP-PEG4-FeAuNPs,
NGL-PEG4-FeAuNPs and PEG4-FeAuNPs (2.5 ug/mL for 24 h) or sham treatment for
24h followed by an irradiation (6 Gy). Cells were analyzed for apoptosis using flow
cytometry with Annexin V-FITC/PI staining. Significance: *p<0.05, **p<0.01; results

show the mean values = SD of 3 in-dependent experiments.

6.6 TPP-PEG4-FeAuNPs Induce Oxidative Stress in TNBCs

To investigate the oxidative stress induced by TPP-PEG4-FeAuNPs as a
radiosensitizer, MDA-MB-231 cells were subjected to DCFDA staining by flow
cytometry. NAC acts as a scavenger for ROS, protecting the activity of antioxidant
enzymes and inhibiting the production of ROS (J. Liu et al., 2021). The proteasome

inhibitor, MG132, induces cell apoptosis by increasing the production of ROS (Han,
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Yang, Kim, & Park, 2010). The anti-ROS activity of NAC can be counteracted by a
direct binding of MG132 to NAC (Halasi et al., 2013). The concentration of NAC used
in the following experiments was 5 mM and for MG132 is 300 nM. As illustrated in
Figure 9, the values of all data were standardized to the 0 Gy sham group. The ROS
production increased to 1.32 + 0.15-fold upon irradiation (6Gy) in MDA-MB-231 cells.
A pre-incubation with TPP-PEG4-FeAuNPs (2.5 ug/ mL) followed by irradiation leads
to an increase in ROS production to 2.48 + 0.18-fold. When NAC was used in
combination with TPP-PEG4-FeAuNPs, the ROS production was reversed (1.61 +
0.49-fold). The highest ROS production, measuring 3.32 + 0.23-fold, was observed
when TPP-PEG4-FeAuNPs was used in combination with MG132. When MG132 was
combined with NAC, the increased ROS production could be reversed and decreased

to 2.50 + 0.23-fold.
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Figure 9. Analysis of the ROS production in TNBC cells. TPP-PEG4-FeAuNPs (2.5
Mg/ mL), NAC (5 mM) and MG132 (300 nM) were administered alone or in combination
to MDA-MB-231 cells prior to irradiation (6 Gy). 24h after irradiation, DCFDA staining

was used to determine the level of ROS production by flow cytometry. Abbreviations:
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IR, irradiation; TPP, TPP-PEG4-FeAuNPs; NAC, N-Acetyl-L-cysteine; MG132, Z-Leu-

Leu-Leu-al. Significance: *p<0.05, **p<0.01, ***p<0.001. Results represent the mean

values + SD of 3 independent experiments.

In order to explore the connection between ROS generation and the radiosensitizing

effect of TPP-PEG4-FeAuNPs, MDA-MB-231 cells were subjected to the same

treatments depicted in Figure 9 to assess the distribution of cell cycle and apoptosis.

s shown in Figure 10 A, B, irradiation increased G2/M cell distribution from 12.05 +

4.34 % (0Gy) to 25.00 + 1.08 % (6 Gy). Before irradiation, a pre-incubation with TPP-

PEG4-FeAuNPs for 24 h increased the ratio of cells in G2/M phase up t0 33.38 £ 2.71 %

(Figure 10 A, B). When NAC was used to block ROS production which is induced by

TPP-PEG4-FeAuNPs, the ratio of cells in G2/M phase decreased to 23.63 + 2.19 %.

In contrast, when MG132 was used to induce ROS production, the ratio of cells in

G2/M phase increased to 42.93 £ 1.50 %. When both reagents MG132 and NAC were

used, the G2/M ratio was 30.22 + 0.53 % indicating that MG132 interacts with NAC.

When MDA-MB-231 cells (Figure 10 C, D) exposed to Irradiation (6 Gy), the apoptotic

proportion was 2.11 £ 0.64-fold. When TPP-PEG4-FeAuNPs were incubated with

MDA-MB-231 cells before irradiation (6 Gy), the apoptotic proportion was 3.30 + 0.28-

fold. When NAC was co-incubated with TPP-PEG4-FeAuNPs before irradiation (6 Gy),

cell apoptotic proportion dropped to 2.07 + 0.48-fold. When ROS production was

increased by MG132 before irradiation of NP treated cells, cell apoptotic proportion

reached 4.81 + 0.59-fold. When NAC was used to bind MG132 and block its activity,
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cell apoptotic proportion dropped to 2.31 £ 0.45-fold. A comparison of the ROS
production (Figure 9), cell cycle arrest (Figure 10 A, B), apoptosis analysis (Figure 10
C,D) revealed that all events followed the same trend. Taken together, these findings
suggest that radiosensitizing effect induced by TPP-PEG4-FeAuNPs might depend on

an increased oxidative stress and a G2/M checkpoint arrest.
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Figure 10. Cell cycle arrest and apoptosis induced by TPP-PEG4-FeAuNPs as a
radiosensitizer are related with ROS production in MDA-MB-231 cells. MDA-MB-231
cells were administered with the same treatment as described in Figure 9. Cell cycle
(A, B) and Annexin V-FITC/PI staining (C, D) were measured with flow cytometry.

Significance: *p<0.05, **p<0.01, ***p< 0.001. Results show the mean + SD of 3
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independent experiments.

6.7 TPP-PEG4-FeAuNPs Induce DNA Double Strand Breaks in TNBCs

lonizing irradiation is known to cause DNA double-strand breaks (Wen, Han, & Vyas,
2020). To investigate TPP-PEG4-FeAuNPs radiosensitizing effect on DNA damage,
western blotting was performed to detect y-H2AX in MDA-MB-231 cells. The
treatments illustrated in Figure 11 were administered to MDA-MB-231 cells and the
cells were harvest for Western blot analysis one hour after irradiation. When MDA-MB-
231 cells were irradiated, y-H2AX increased to 2.08 £ 0.26-fold. When cells were
incubated with TPP-PEG4-FeAuNPs for 24h before irradiation result in a 3.11 £ 0.37-
fold increase in the y-H2AX levels. When NAC was used to block ROS production, the
y-H2AX expression was 1.52 + 0.79-fold. When ROS production was increased by
MG132 before irradiation of TPP-PEG4-FeAuNPs treated cells, the y-H2AX levels
meet the highest levels (6.24 + 0.14-fold). When NAC was introduced to block MG132,
the y-H2AX levels dropped down to 2.55 £+ 0.98-fold. In summary, the production of
ROS is associated with the induction of DNA double-strand breaks by the

radiosensitizing effect of TPP-PEG4-FeAuNPs
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Figure 11. DNA DSBs induced by TPP-PEG4-FeAuNPs in MDA-MB-231 cells are
dependent on the ROS production. MDA-MB-231 cells were subjected to treatment as
described in Fig. 7. One hour after being exposed to irradiation, Cells are harvested
for western blotting. y-H2AX is used as a marker of DNA DSBs. 3-actin is employed
as a loading control. Significance: *p<0.05, **p<0.01, ***p< 0.001; results represent the

mean values £+ SD of 3 independent experiments.
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7. Discussion

7.1 Radiotherapy on TNBC

Radiotherapy was widely used in TNBC but considering the side effects caused by off-

target toxicity, its clinical effect is greatly limited(He et al., 2018). Patients with TNBC

who underwent surgery followed by radiotherapy experienced significant benefits from

breast cancer-specific survival and overall survival (Yao, Chu, Xu, Hu, & Song, 2019).

To be precise, T3—4N1 and T1-4N2-3 stage TNBC patients achieved a better 3-year

breast cancer-specific survival but not those with stage T1-2N1 (L. Zhang et al., 2020).

Irradiation techniques had advanced from 2D to 3D-Conformal RT and to Intensity-

Modulated Radiation Therapy (IMRT) to minimize side effects from radiotherapy

(Bradley & Mendenhall, 2018). Unfortunately, side effects still exit in heart, lung,

lymphoma, even secondary malignancy (Brown, Mutter, & Halyard, 2015).

Cardiotoxicity is the major side effects of radiotherapy to TNBC patients. Patients were

at heightened likelihood of developing coronary heart disease within the first decade

of treatment and increased risk of cardiac mortality beginning in the second decade

(Cheng et al., 2017).

7.2 Conjugation of TPP to hybrid FeAuNPs enhanced the cellular uptake of the

nanoparticles in TNBC cells

To minimize the side effects of radiation on healthy tissues, particularly the lung and

heart (Abdeltawab, Ali, Mostafa, & Hassan, 2021; Marteinsdottir et al., 2021), high-Z

metal nanoparticles are used in combination with ionizing irradiation for tumor
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therapies (Deng et al., 2018). Especially iron, silver, iodine and gold are frequently
used for the production of high-Z metal nanoparticles (Bhattarai, Mackeyev,
Venkatesulu, Krishnan, & Singh, 2021; Hainfeld, Ridwan, Stanishevskiy, & Smilowitz,
2020; Oei et al., 2019; Sears et al., 2021). AuNPs were found to improve the
effectiveness of radiotherapy for squamous cell carcinoma (Hainfeld et al., 2010) and
mammary carcinoma (Hainfeld, Slatkin, & Smilowitz, 2004) in mice and have a high
clearance capacity through the kidneys (Hainfeld et al., 2004). To enhance
nanoparticle-mediated techniques, hybrid nanoparticles were synthesized by
combining the favorable biophysical properties and functions of different materials.
Fes04-Au hybrid nanoparticles are widely researched due to the crucial role of the
Fes04 core as a magnetic resonance imaging (MRI) contrast enhancer while the gold
shell has the ability to act as a radiosensitizer through the emission of secondary Auger
electrons (Efremova et al., 2018). Improving the targeting capability of nanoparticles
can be achieved by linking agents that can target tumors, such as peptides or
antibodies. Nanoparticles functionalized with human mesenchymal stem cells
(Pullambhatla et al., 2020), peptide (Vilchis-Juarez et al., 2014) and antibody (Lu et al.,
2021) demonstrated a strong attraction to tumors in mice. The current study employed
TPP, a 14-mer peptide, to specifically target highly aggressive TNBC cells that express
mHsp70. The conjugation of TPP to FeAuNPs facilitated a better uptake by TNBC cells.
After NPs entered the cells, the distribution of NPs around the tumor cell nucleus was
more homogenous. Absence of mHsp70 expression in normal cells reduced their

likelihood of internalizing TPP-functionalized nanoparticles. TPP peptide exhibits a
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notable tendency to self-aggregate, likely due to its similarity in sequence to the Hsp70

oligomerization domain (Stangl, Tei, et al., 2018). To enhance the stability, solubility,

and distribution rate of hybrid nanopatrticles, PEG, a 4-mer chain, was introduced into

the TPP moiety with binding activity to avoid its self-aggregation(Francis, Delgado,

Fisher, Malik, & Agrawal, 1996; Hamidi et al., 2008). FeAuNPs that have been

functionalized with TPP have a diameter of 4 nm in this study. Study showed that the

efficiency of NPs penetrating the nucleus is related to its size, with smaller NPs having

a higher effectiveness (Fan et al., 2020). Another two hybrid FeAuNPs were developed

as internal controls, one with PEG4 linker and a 14-mer nonspecific peptide (NGL-

PEG4-FeAuNPs) and another with PEG4 linker but not any peptide (PEG4-FeAuNPs).

7.3 TNBC cells with high mHsp70 expression

The expression of mHsp70 on cells determined whether TPP functionalized hybrid

nanoparticles can be taken up by cells. The membrane Hsp70 status of TNBC cells

4T1 and MDA-MB-231 were checked before treating TNBC with hybrid nanoparticles.

As expected, both 4T1 and MDA-MB-231, which are highly aggressive tumor cells,

showed strong mHsp70 expression, making them eligible for Hsp70 target therapy. In

contrast to TNBC cells, the expression of mHsp70 in normal cell PBL was very low. In

previous studies, Hsp70-targeting probes like TPP peptide (Stangl, Tei, et al., 2018)

and cmHsp70.1 antibody (Stangl, Gehrmann, Dressel, et al., 2011) showed rapid

internalization into tumor cells with mHsp70-positive. Compared with control NPs,

AuNPs functionalized with cmHsp70.1 antibody showed a significant enrichment in
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tumor cells (Kimm et al., 2020).

7.4 mHsp70-targeting peptide TPP increase tumor affinity and radiosensitizing

effects of FeAuNPs

When MDA-MB-231 cells were incubated with different NP formulations, only TPP-
PEG4-FeAuNPs demonstrated a significant increase in enrichment within MDA-MB-
231 cells. But the relationship between Hsp70 membrane status and tumor affinity to
TPP was remained unclear. So, the mHsp70 negative normal cells (PBL) were used in
the further experiments. Whereas neither TPP-PEG4-FeAuNPs nor NGL-PEG4-
FeAuNPs showed enrichment in PBL. Among different NP formulations, TPP-PEG4-
FeAuNPs are more homogeneously distributed around the nucleus of MDA-MB-231
cells. The targeting of AuNPs to the nucleus of tumor cells markedly increases their
sensitivity to radiation. Previous study showed AuNPs target the tumor cells nucleus
and significantly enhance their radiosensitivity (Ozcelik & Pratx, 2020) due to the Auger
electrons’ short range (2-500 nm) (Kassis & Adelstein, 2005). Proximity of TPP-PEG4-
FeAuNPs to the nucleus is crucial for inducing DNA damage in tumor cells following
irradiation. The initial evaluation of whether TPP-PEG4-FeAuNPs exhibit
radiosensitizing effects involved testing them in a colony formation assay. In both 4T1
and MDA-MB-231 cells, the clonogenic cell survival decreased in a manner that
depended on the irradiation dose. While pre-treatment with TPP-PEG4-FeAuNPs
significantly enhanced the ability to kill tumor cells upon irradiation, treatment with
NGL-PEG4-FeAuNPs and PEG4-FeAuNPs did not demonstrate any significant effects.

The colony formation assays demonstrate that the mHsp70-targeting peptide TPP
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improved the affinity and uptake of FeAuNPs, and FeAuNPs also increased the

radiosensitivity of TNBC cells.

7.5 TPP functionalized FeAuNPs induce G2/M cell cycle arrest and apoptosis

followed by irradiation.

G2/M arrest following irradiation is essential for tumor cells to prevent mitosis in DNA-
damaged cells (Peng et al., 2020). In breast cancer cells, miR-21 expression
compromised cell cycle progression to induce radiation resistance (Anastasov et al.,
2012). In previous study, radiation induces TNBC cells 4T1 and MDA-MB-231 was
confirmed that cell cycle arrest occurred at the radiosensitive G2/M phase (Masoudi-
Khoram et al., 2020). In this study, cell cycle analysis by flow cytometer was used for
the G2/M checkpoint arrest study. 4T1 and MDA-MB-231 cells were culture with or
without different formations of FeAuNPs followed with irradiation. A single irradiation (6
Gy) induced G2/M arrest as expected in both cell lines. The combination of TPP-PEG4-
FeAuNPs, but not other formations of FeAuNPs, with irradiation resulted in a more
pronounced G2/M arrest compared to irradiation alone. The G2/M arrest increased
NPs internalization efficiency (Kim, Aberg, Salvati, & Dawson, 2011) and nuclear
uptake (L. Li, Sun, Zhang, & Huang, 2016). Cell cycle distribution is closely related to
apoptosis, disruption of the cell cycle is a powerful inducer of apoptosis(Evan, Brown,
Whyte, & Harrington, 1995). The phosphorylated anti-apoptotic Bcl-2 protein was
observed in G2/M phase but not in other cell cycle phases(L. Li, Yang, Wang, &
Kopecek, 2019). The findings of this study were validated in cells of both 4T1 and

MDA-MB-231, thus confirming the previously reported result. The proportion of
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apoptotic cells is highest in TNBCs treated with TPP-PEG4-FeAuNPs followed by
irradiation. Other formations of FeAuNPs showed no significant impact on cell

apoptosis followed by irradiation.

7.6 TPP-PEGA4-FeAuNPs radiosensitizing effect is related with an increased ROS

production

ROS are constantly produced within the mitochondria through the process of electron
transport chain(Zhao, Jiang, Zhang, & Yu, 2019). It has a crucial role in multiple
signaling pathways, such as cell cycle arrest and apoptosis (Kuczler, Olseen, Pienta,
& Amend, 2021; F. Wang et al., 2021). Irradiation can increase ROS production in
various types of cancer cells (Hasegawa et al., 2020; Z. Zhang, Lu, et al., 2021). ROS
production induced by irradiation occurs through the sensing of Ca2+ channels is
associated with a dysfunction in the salivary gland in mice (Liu, Subedi, Zheng, &
Ambudkar, 2021). DCFDA/H.DCFDA staining was chose to determine ROS
production level in this study. DCFDA/H2DCFDA serves as a general indicator of
various types of ROS, rather than a specific detector for a certain ROS type (Setsukinai,
Urano, Kakinuma, Majima, & Nagano, 2003). My experiments showed that irradiation
leads to a rise of ROS production in TNBC cells. The exposure to irradiation (6 Gy)
triggered the generation of ROS, and the co-treatment with TPP-PEG4-FeAuNPs led
to a greater increase in ROS production compared to irradiation alone. To explore the
link between the radiosensitizing effect and ROS production, the ROS inhibitor NAC
was applied. In MDA-MB-231 cells, the findings demonstrated that NAC suppressed

the generation of ROS triggered by both irradiation and TPP-PEG4-FeAuNPs. In the
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further study, the relationship between ROS and cell apoptosis was explored. The
results indicated a consistent pattern between the increase in ROS production and
apoptosis. Furthermore, inhibition of ROS also led to a decrease in apoptosis. The
occurrence of cell apoptosis is reliant on the arrest of G2/M cell cycle and elevated

ROS generation.

7.7 DNA double strands breaks related with ROS production

DNA double strand breaks are strongly associated with high levels of ROS produced
by irradiation (Yalcin et al., 2022). In Qin’s study, biogenetic gold nanoparticles followed
by irradiation strengthened the ROS generation and DNA damage(Qin et al., 2021). y-
H2AX is one of the most reliable markers of DNA DSBs (Wanotayan et al., 2022). The
relationship between elevated levels of ROS and an increase in frequency of DNA
DSBs, as evidenced by higher expression of y-H2AX, was demonstrated using
Western blot. The results showed that in MDA-MB-231 cells, an increased y-H2AX
expression follow by irradiation and pre-treatment with TPP-PEG4-AuNPs was closely
associated with elevated ROS production. The effect of DNA damage was intensified
by the addition of the proteasome inhibitor MG132, but completely mitigated by NAC.
The effectiveness of irradiation in anticancer was not compromised by the presence of
NAC, which prevented ROS in MDA-MB-231 cells(H. Wang & Zhang, 2019). The
Auger electrons emitted by AUNPs under X-ray exposure have a limited effective range
of 2-500nm (Kassis & Adelstein, 2005). Therefore, the accumulation of TPP-PEG4-

FeAuNPs adjacent to the nucleus in tumor cells was shown to enhance radiosensitivity.

56



However, the mechanism by which the TPP peptide assists in the transport of NPs to

the tumor cell nucleus remains to be elucidated.

57



8. Conclusion

In my study, the radiosensitizing effect of the novel Fe304-Au nanoparticles
functionalized with the TPP peptide targeting mHsp70-positive TNBCs is investigated.
TPP peptide boosted the affinity and uptake of FesOs-Au hybrid nanoparticles by
TNBCs. TPP-PEG4-FeAuNPs, unlike the control hybrid FeAuNPs, remarkably
enhance the radiosensitivity of TNBCs by inducing a G2/M checkpoint arrest,
producing more ROS, and thus causing DNA damage. The DNA damage has been
found to depend on the increased ROS production. Further in vivo studies are
necessary to explore the effects of TPP functionalized hybrid FeAuNPs in mouse

models to study their radiosensitizing effect in vivo.
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