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Abstract

The treatment of glioblastoma (GB) and neuroblastoma (NB) remains a challenge, as current
chemotherapies are plagued with systemic toxicity, drug resistance, and inadequate blood—brain
barrier (BBB) penetration. Therefore, novel therapeutic strategies with high specificity and the
capacity to bypass the BBB are required. Chlorotoxin (CTX) selectively targets gliomas and
neuroectodermal tumors, hence the use of CTX-targeted nanoparticles (NPs) represents a promising
therapeutic approach for nervous system (NS) cancers. Bimetallic NPs composed of two metals such
as gold-platinum NPs (AuPtNPs) exhibit enhanced anticancer properties compared to single-metal
NPs, however their application in studying NS tumors has been relatively limited. CTX-functionalized
monometallic gold NPs (CTX-AuNPs) and bimetallic gold-platinum NPs (CTX-AuPtNPs) were
synthesized in this study. The NPs were characterized by Ultraviolet-Visible Spectroscopy (UV—-vis),
Dynamic Light Scattering (DLS), Transmission Electron Microscopy (TEM) and Fourier Transform
Infra-Red Spectroscopy (FTIR). Cytotoxicity of NPs was investigated in cancer (U87 and SH-SY5Y)
and non-cancer (KMST-6) cells using the water-soluble tetrazolium (WST)-1 assay. The CTX-AuNPs
and CTX-AuPtNPs had a core size of ~5 nm. The CTX-AuPtNPs showed significant anticancer
activity in U87 cells possibly due to the synergistic effects of combined metals. Findings obtained from
this study demonstrated that CTX can be used to target NS cancers and that bimetallic NPs could be
effective in their treatment. More studies are required to investigate the mechanisms of NPs toxicity,
and further explore the hyperthermia treatment of NS cancer using the CTX-AuPtNPs.

1. Introduction

GB multiforme is the deadliest primary brain tumor diagnosed in adults, at the time of diagnosis, it has a poor
median survival time of 12—15 months and a 5-year survival rate of less than 7% [ 1]. NBs are the most diagnosed
solid extra-cranial brain tumors in children and remains one of the major challenges in pediatric oncology. NBs
have a 5-year survival rate for patients presenting with high-risk NB tumors below 50% [2]. Despite the medical
advances in the management of these tumors, their current treatment options are unsatisfactory and there has
been little significant improvement in the current therapeutic strategies. Standard chemotherapeutic drugs and
radiation treatments are plagued with systemic toxicity, drug resistance, and poor targeted delivery efficiency
[2, 3]. Additionally, the special pathological and physiological characteristics of the BBB diminish the
therapeutic value of most chemotherapeutic drugs for brain tumors [4].

Tumor progression is associated with the overexpression of certain cell surface proteins, including matrix
metalloproteinases-2 (MMP-2) [5, 6], annexin A2 [7, 8] and chloride ion channel 3 (CIC-3), which are
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implicated in NS cancer. MMP-2 cell surface proteins are active contributors to the progression of advanced
stage GB and NB through cell proliferation, migration, invasion, and angiogenesis [5, 6]. Annexin A2 isa
calcium-binding cytoskeletal protein localized at the extracellular surface of GB and NB cells, and involved in
tumor progression through cell migration and invasion [7, 8]. Additionally, overexpression of annexin A2 was
also reported to enhance multi-drug resistance in NB [9]. CIC-3 is specifically upregulated in human GB and is
involved in cell cytoskeleton rearrangement and cell shape movements during cell migration [10]. Therefore,
taking into consideration the functions of these differential expressed surface proteins, they may provide an
alternative method for the development of targeted treatments for malignant NS tumors.

CTX, apeptide derived from Leiurus quinquestriatus (scorpion) venom, has strong affinity for a range of
tumors of neuroectodermal origin and demonstrated the highest binding affinity to multiple glioma targets [11].
MMP-2 and CIC-3 form a protein complex located in the same membrane domain which is targeted by CTX
and consequently leads to the inhibition of cancer cell migration and invasion in gliomas [12]. Annexin A2 was
also identified as a receptor for CTX in human cancer cell lines [13]. The most recently identified potential
targets for CTX are estrogen receptor alpha [14] and neuropilin-1 [15]. CTX has also been shown in both animal
models and humans to permeate intact BBBs, targeting GB cells with no noticeable cytotoxic effects on normal
glial cells and neurons [11]. Thus, CTX presents a potential NS tumor-targeting ligand that can be used for GB
and NB targeted therapeutic strategies [16].

NS therapy is mostly challenged by drug solubility and the inability to pass through the BBB, which can be
overcome by using CTX-targeted nanobased therapy. Nanotechnology has achieved great success as diagnostic
and therapeutic agents in the fight against cancer. Importantly, NPs ranging from 5-200 nm have been reported
to cross the BBB [17], which can promote entry through small membrane passageways and increase drug
bioavailability. Due to their larger surface area, which allows for increased NP surface loading, multiple
biomolecules can be attached to them. PEGylation, the process of attaching polyethylene glycol (PEG) chains to
NPs, have been used to improve the biophysical and chemical properties of NPs. This allows NPs to avoid
phagocytosis and prolonging their systemic circulation times iz vivo [ 18]. PEGylation can significantly affect NP
interactions with serum proteins, cellular uptake, and biological distribution. PEGylation modifies NP surface
properties, reducing opsonization and enhancing NP circulation time by creating a steric barrier against serum
proteins [19]. This ‘stealth effect’ prevents rapid NP clearance by the immune system [20]. However, PEGylation
can influence NP renal clearance, with larger PEGylated NPs being retained longer in the body compared to
smaller unmodified ones. PEGylated NPs exhibit enhanced accumulation in tumours due to the enhanced
permeation retention (EPR) effect, improving drug delivery efficacy while reducing systemic toxicity [21].
Furthermore, it also affects cellular uptake by decreasing non-specific interactions with cell membranes by
acting as a linking molecule to conjugate targeted ligands or peptides on its terminal endings thereby promoting
targeted internalization via receptor-mediated endocytosis [19]. Active targeting will facilitate targeted drug
delivery by recognition of cancer cell surface receptors [22], reduce toxicity towards normal cells, and enhance
anticancer activity in diseased cells. Thus, targeted therapy has the potential to address the lack of specificity
associated with current cancer treatments, while protecting drugs from biodegradation and increasing their
circulation time [23]. Peptides, when compared to antibodies are more attractive targeting molecules due to
their smaller size, lower immunogenicity, lower production cost, similar binding affinities to monoclonal
antibodies, ease of synthesis and modification [24].

The cancer-targeting and BBB-penetrating properties of CTX were explored to develop more effective
multifunctional cancer-targeting nanosystems for NS tumors. In recent years, a variety of different types of
CTX-conjugated NPs with imaging and therapeutic functionalities have been developed and studied mostly in
GB tumors [25, 26]. Several CTX-NP drug formulations are on clinical trials and have yielded promising results
[27]. While some studies reported on the synthesis CTX-conjugated to AuNPs and silver NPs for applications in
cancer diagnosis and treatment [28, 29]; there are no reports for the synthesis of CTX-bimetallic NPs
constructed from Au and Pt noble metals.

Monometallic NPs such as AuNPs and platinum NPs (PtNPs) have been widely studied and have found
applications for cancer in various areas such as imaging [30, 31], drug delivery [32, 33], and NP-mediated
hyperthermia treatment [34—36]. Bimetallic AuPtNPs have been reported to exhibit more pronounced
anticancer effects when compared to their monometallic counterparts, as a result of the synergistic effects of the
combined metal atoms [37-40]. Although monometallic NPs showed promise as a therapeutic choice for
various cancers, there remains a discrepancy between preclinical results and clinical outcomes. Given that
human tumors are intrinsically heterogeneous, bimetallic NPs such as AuPtNPs may be more effective for
cancer due to synergistic effects, which may also be further exploited for hyperthermia treatments [40—42].
Non-invasive targeted radiofrequency (RF) thermal ablation of cancer using bimetallic NPs may be more
effective than the commonly used photothermal therapy using gold nanorods, as RF waves can penetrate tumors
more deeply [43]. Thus, AuPtNPs have immense potential in RF-induced hyperthermia treatment for NS
tumors [16, 44].
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2. Materials and methods

2.1. Materials

Gold (IIT) chloride trihydrate (=399.9% trace metals basis), chloroplatinic acid hydrate (>399.9% trace metals
basis), sodium citrate, sodium borohydride (ReagentPlus®, 99%), streptavidin and Fluoroshield™ with DAPI
were acquired from Sigma-Aldrich (St. Louis, Missouri, USA). The PEG molecules: 2-{2-[2-(2-{2-[2-(1-
mercaptoundec-11-yloxy)-ethoxy]-ethoxy}-ethoxy)-ethoxy]-ethoxy}-ethanol (PEG-OH, C,3H,50S, 468.69 g
mol ') and N-(2-{2-[2-(2- {2-[2-(1-mercaptoundec-11-yloxy)-ethoxy]-ethoxy } -ethoxy)-ethoxy]-ethoxy} -
ethyl) biotinamide (PEG-biotin, C33Hg3N30552, 694.00 g mol ') were purchased from Prochimia Surfaces
(Sopot, Poland). Biotin-CTX (NH,-Met - Cys - Met - Pro - Cys - Phe - Thr - Thr - Asp - His - GIn - Met - Ala -
Arg- Lys - Cys - Asp - Asp - Cys - Cys - Gly - Gly - Lys - Gly - Arg - Gly - Lys - Cys - Tyr - Gly - Pro - Gln - Cys - Leu
- Cys - Arg-Lys-biotin) and FITC-CTX: (FITC-NH,-Met - Cys - Met - Pro - Cys - Phe - Thr - Thr -Asp - His -
Gln - Met - Ala - Arg - Lys - Cys - Asp - Asp -Cys - Cys - Gly - Gly - Lys - Gly - Arg - Gly - Lys - Cys - Tyr -Gly - Pro
- Gln - Cys - Leu - Cys - Arg-lys) were manufactured and purchased from GL Biochem Ltd (Shanghai, China).
Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), and Phosphate Buffered Saline (PBS)
solution was obtained from Gibco, Life Technologies Corporation (Paisley, United Kingdom). Penicillin—
Streptomycin solution and 0.25% trypsin EDTA were acquired from Lonza Group Ltd (Verviers, Belgium). All
other chemicals used in this study were of analytical grade and purchased from Kimix Chemicals and Lab
Supplies c.c. (Cape Town, South Africa).

2.2. Synthesis of CTX-AuNPs and CTX-AuPtNPs

2.2.1. Synthesis of citrate capped AuNPs and AuPtNPs

Citrate capped NPs were prepared using previously reported methodologies with few modifications [45, 46]. For
the preparation of citrate AuNPs, 1.25 ml of 10 mM gold (IIT) chloride trihydrate was added to 47.5 ml ultrapure
Millipore water in a 100 ml glass Erlenmeyer flask and this mixture was stirred at a low speed (100 rpm) for 2 min
at22 °C-25 °C on an AGIMATIC-N magnetic stirrer (J.P. SELECTA, s.a.; Barcelona, Spain). To this mixture,
1.25 ml 0f 0.01 M sodium citrate was added, and the mixture was stirred for 4 min, after which 1.5 ml freshly
prepared ice-cold 100 mM sodium borohydride (NaBH,) was added, and the mixture was vigorously stirred
(500 rpm) for 1 min. The reaction mixture was left undisturbed in the dark at 22 °C-25 °C for 24 h.

For the preparation of citrate AuPtNPs, 1 ml of 1 mM gold (III) chloride trihydrate and 1 ml of 1 mM
chloroplatinic acid hydrate were added to 18 ml ultrapure Millipore water in a 100 ml glass Erlenmeyer flask and
stirred at 100 rpm for 2 min at 22 °C-25 °C. To this solution, 850 pl of 100 mM sodium citrate was added, and
the reaction mixture was stirred at 100 rpm for 3 min, after which 600 pl freshly prepared ice-cold 100 mM
NaBH, was added in a dropwise manner while the reaction mixture was stirred vigorously for a further 1 min.
The reaction was left undisturbed in the dark at 22 °C-25 °C for 24 h to decompose residual NaBH,. The citrate
AuNPs and AuPtNPs were filtered using a 0.22 pm Millipore filter and placed in the dark at 4 °C until
further use.

2.2.2. Functionalization of AuNPs and AuPtNPs

PEG capped NPs were prepared using a previously reported methodology with some alterations [47]. For the
preparation of PEG-AuNPs, 10.5 jil of 18.8 mgml~' PEG-OH and 0.2 jil 8.4 mg ml ™' of PEG-biotin were added
simultaneously to 10 ml of as-synthesized citrate capped AuNPs and stirred for 7 h at 22 °C-25 °C. The PEG-
AuNPs were centrifuged at 14000 rpm for 2 h at 4 °C using an Eppendorf AG centrifuge 5417R (Hamburg,
Germany). The PEG-AuNPs were resuspended in 5 ml of Millipore water.

For the preparation of PEG-AuPtNPs, as-synthesized citrate AuPtNPs were first centrifuged at 14000 rpm
for 60 min at 4 °C and the AuPtNPs were resuspended in Millipore water. A solution of 21 pl of 18.8 mgml ™"
PEG-OH and 0.5 il 8.4 mg ml ™' of PEG-biotin were added simultaneously to 10 ml of citrate AuPtNPs and
stirred for 7 h at 22 °C-25 °C. The PEG-AuPtNPs reaction mixtures were centrifuged at 14000 rpm for 90 min at
4 °Cand resuspended in 700 yul of Millipore water per 1 ml of NPs. The purified PEG-AuNPs and PEG-AuPtNPs
were stored in the dark at 4 °C until further use.

2.2.3. Conjugation of CTX to PEG-AuNPs and PEG-AuPtNPs

CTX was conjugated to the PEG-biotin-functionalized NPs (PEG-AuNPs and PEG-AuPtNPs) via the biotin—
streptavidin interaction. In separate tubes, 4 ml of the purified PEG-AuNPs and PEG-AuPtNPs were mixed with
0.4l and 0.6 pl streptavidin (1 mg ml~"), respectively. The mixtures were stirred for 3 h in the dark at 4 °C.
Following this, 4 pl of biotinylated CTX (1 mg ml ') was added to streptavidin functionalized NPs, which was
stirred for a further 5 h in the dark at 4 °C. The resultant CTX-AuNPs and CTX-AuPtNPs were centrifuged at

3
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14000 rpm for 2 h and resuspended in 1 ml Millipore water. The purified CTX-AuNPs and CTX-AuPtNPs were
stored in the dark at 4 °C until further use.

2.3. Characterization of NPs

2.3.1. UV—vis spectrophotometer analysis

UV-vis absorption spectra of all AuNPs were acquired using POLARstar Omega microplate reader (BMG
Labtech, Offenburg, Germany), 300 ul sample was added in a Greiner flat bottom non-sterile 96 well plates and
the wavelengths were read at 280—-600 nm. The UV—-vis absorption spectra of AuPtNPs were characterized on a
Varian Cary 50 spectrophotometer (Varian Cary 50, New Jersey, USA) in a 1 cm optical path quartz cuvette over
wavelengths of 200-1000 nm.

2.3.2. DLS analysis

The hydrodynamic size (Z-Average size), polydispersity index (PDI), and zeta potential (C-potential)
measurements of all NPs in solution were measured using a Nano-ZS90 Zetasizer instrument (Malvern
Instruments Ltd, UK), at 25 °C at an angle of 173 degrees to the laser beam. For hydrodynamic size and PDI
analyses, 1 ml of NP solution was transferred to a 12 mm disposable plastic cuvette and analyzed. For C-
potential, 700 pl of NP solution was added to a DS1070 capillary cell and analyzed at a voltage of 4 mV. An
average of three measurements were recorded for each sample and was performed six times.

2.3.3. TEM, SAED pattern and EDX analysis

To determine the core sizes of NPs, samples were prepared by drop-coating 1 ul of each sample onto a carbon-
coated copper grid. This was then dried under a Xenon lamp. Transmission electron micrographs and the SAED
patterns were captured in bright field mode at an accelerating voltage of 200 kV using a FEI Tecnai T20 TEM
with a LaB6 filament (FEI Company, Oregon, USA). All images were recorded on a Gatan Tridiem 863 UHS

200 kV for Energy Filtered microscopy and captured using a Direct Electron DE-16 camera. EDX spectra were
collected using the Bruker Quanta 200 XFlash 6 EDX spectrometer that is fitted within the TEM.

2.3.4. FTIR analysis

The FTIR spectra of the NPs were obtained from JASCO 460 plus spectrophotometer (Perkin Elmer,
Massachusetts, MA, USA) at a frequency ranging from 4000 to 400 cm ' as previously described [48]. The NPs
were centrifuged at 14000 rpm for 2 h at4 °C and the pellets were air-dried at 25 °C. The dried pellets were
individually mixed with potassium bromide (KBr) powder and pressed into a pellet for measurement. KBr pellet
was used for background correction.

2.4.Binding and cytotoxicity effect of NPs

2.4.1. Cell culture and maintenance

The human malignant GB (U87) and NB (SH-SY5Y) cells were a generous donation from Professor Sharon
Prince (Department of Human Biology) and Blackburn Laboratory, respectively; all from the University of Cape
Town, South Africa. The human non-cancer skin fibroblast (KMST-6) cells were donated by Professor Denver
Hendricks (Department of Clinical and Laboratory Medicine, University of Cape Town). The U87, SH-SY5Y,
and KMST-6 cells were cultured in DMEM supplemented with 10% FBS and 1% of 100 Uml ™! penicillin and
100 pg ml ™" streptomycin cocktail. The cells were grown in a humidified incubator at 37 °C with 5% CO,. The
media was changed every 2—3 days, and the cells were sub-cultured when they reached 80% confluency.

2.4.2. Assessment of CTX binding to U87 and SH-SY5Y cells

Binding of CTX to U87 and SH-SY5Y was analyzed by flow cytometry as previously described with
modifications [49]. The binding specificity of CTX to the cells was assessed by a competitive binding experiment
using FITC-tagged and untagged CTX. Briefly, 1000 jul of U87 and SH-SY5Y cells (1.75 x 10° cells per well) were
seeded in 6 well cell culture plates for 24 h. The cells were treated with 500 ul DMEM containing 0.03 mM FITC-
CTX with and without 0.13 mM untagged-CTX for 1 h. Following treatment, the media containing floating cells
in each well were transferred to separate 15 ml centrifuge tubes. The adherent cells were gently trypsinized using
0.25% EDTA trypsin and added to their respective tubes containing floating cells. The cells were centrifuged at
3,500 rpm for 5 min. The cell pellets were resuspended in 300 ul DMEM and analyzed by measuring the
fluorescence intensity on FL-1 channel usinga BD Accuri™™ C6 Flow Cytometer (BD Biosciences,
Erembodegem, Belgium) and the results were analyzed with BD Accuri C6 Plus Software. A minimum of 10,000
cells per sample were acquired. All experiments were performed in triplicate and the experiment was repeated
thrice.
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2.4.3. Cytotoxicity effect of NPs

The cell viability test was performed using the WST-1 assay (Cell Proliferation Reagent, Roche, Mannheim,
Germany), as per the manufacturer’s instructions and as described previously [50]. Briefly, 100 ul of SH-SY5Y
cells (5 x 10 cells/well), U87 cells, and KMST-6 cells (6 x 10° cells/well) were seeded in separate 96-well cell
culture plates and incubated at 37 °C for 24 h. Thereafter, the cells were treated with 100 pl of media containing
various concentrations (75, 150, 225, and 300 pg ml— Yy of citrate AuNPs, citrate AuPtNPs, PEG-AuNPs, PEG-
AuPtNPs, CTX-AuNPs or CTX-AuPtNPs. The test concentrations were selected based on previous studies
[38,39, 51-53]. The untreated cells were included as a negative control and cells treated with 3% DMSO (Sigma-
Aldrich, St Louis, Missouri, USA) were used as a positive control. The cell was treated for 48 h, and the cell
viability was assessed by WST-1 assay. For NP interference test, cells treated with the same concentrations of all
NPs were left without the WST-1 dye [50]. The absorbance was measured using an Omega® POLARStar
multimodal plate reader at 450 nm (620 nm was used as a reference wavelength). Cell viability was calculated as a
percentage of untreated cells using the formula: % viability = OD treated - OD blank/OD untreated- OD blank
X 100% as previously reported [50]. The half maximal inhibitory concentration (ICs), was generated using
GraphPad Prism 6 (GraphPad software, San Diego, California, USA) as previously reported [48]. All treatments
were performed in triplicate and the experiments were repeated thrice.

2.4.4. Effect of NPs on cell morphology

U87 cells (6 x 10> cells/well) and SH-SY5Y cells (5 x 10 cells/well) were seeded in 96-well cell culture plates as
before. Thereafter, cells were treated with 100 pl of 225 pg ml ! of citrate AuNPs, citrate AuPtNPs, PEG-AuNPs,
PEG-AuPtNPs, CTX-AuNPs or CTX-AuPtNPs for 48 h. Following 48 h of treatment, cellular morphology for
the various treatments was observed using the Carl Zeiss Primo Vert Model 370 Inverted Microscope (Carl Zeiss
Microscopy GmbH, Gottingen, Germany) under 10X magnification. Images were captured using the Zeiss
software version 2.3. Experiments were performed once in triplicate. All the methods reported in this study were
adapted from a PhD thesis by Boltman et al [54].

2.5. Statistical analysis

The data for DLS and CTX binding efficiency are expressed as mean =+ standard deviation (SD) from 3 or 6
independent experiments and were analyzed using GraphPad Prism 6 software (GraphPad Software, San Diego,
California, USA). Core sizes of the NPs from the TEM micrographs were calculated using Image J (100 NPs were
analyzed per image) and Origin 8 software was used to construct the histograms. Origin 8 was also used to
construct FTIR graphs. Data was analyzed using one-way analysis of variance (ANOVA) and considered
statistically significant with p < 0.05.

3. Results and discussion

3.1. Synthesis of CTX-NPs

CTX may hold great promise for the development of novel and highly specific diagnostic and therapeutic
nanobased platforms for cancer. CTX binds to various molecular targets and its ability to penetrate the BBB

[55, 56] has generated a lot of interest for NS cancer targeting. The focus of the current study was to evaluate the
potential of CTX-functionalized NPs as delivery systems for NS cancer and investigate their biocompatibility
and their anticancer activities. The CTX-AuNPs and CTX-AuPtNPs were synthesized following a 3-step method
as shown in Scheme 1. Step 1 starts with the synthesis of citrate AuNPs and citrate AuPtNPs by chemical
reduction using NaBH, at room temperature to produce smaller NPs which were capped with citrate ions

[45, 46]. Citrate-capped AuNPs and AuPtNPs were functionalized with SH-PEG-OH and SH-PEG-biotin in
step 2, which then allowed for conjugation of biotinylated CTX onto the surface of NPs via streptavidin—biotin
chemistry (step 3). During PEGYlation, the citrate ions are displaced by the thiol groups (SH-PEG-OH and SH-
PEG-Biotin) via chemical bonding. PEG-OH was used because of its solubility and biological compatibility,
while PEG-biotin allowed the immobilization of streptavidin, which served as a linker between PEG-biotin on
the surface of NPs and biotinylated CTX. Streptavidin has four binding sites for biotin and biotin—streptavidin
interactions which are recognized as one of the strongest non-covalent interactions in nature. This method was
efficient for attaching CTX, as the peptide functionality was maintained, and the use of toxic reagents often used
during the coupling reactions in previous studies for attaching CTX to NPs as well as further rigorous
purification methods were avoided [28, 29]. CTX-functionalized NPs are attractive in the areas of active
targeting for different types of tumors expressing molecular targets of interest, with the potential for further
application in metallic NPs (MNPs)-mediated RF targeted hyperthermia. Therefore, the current study explored
the development of bimetallic AuPtNPs and monometallic AuNPs that are ~ 5 nm in diameter and
functionalized with CTX for future applications in RF-induced hyperthermia treatment for NS cancer. The size

5
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Step 1: Synthesis of Citrate capped MNPs Step 2: PEGylation with PEG-OH and PEG-Biotin

e

AuNPs AuPtNPs PEG-Biotin

S
TR
Fas

PEG-AuNPs PEG-AuPtNPs

!

Step 3: Immobilization with Streptavidin and Biotin-CTX

Streptavidin

Biotin-CTX

CTX-AuNPs CTX-AuPtNPs

Scheme 1. Three-step synthesis of CTX-NPs. (A) Citrate capped MNPs were synthesized through chemical reduction, (B) PEG
functionalized MNPs, and C) CTX functionalized MNPs. Reproduced with permission from [54]. [© University of the Western
Cape].

is not only advantageous for targeting brain tumors, but smaller NPs are capable of more efficient heating than
larger NPs (> 50 nm) as previously described [55]. This study also aimed to investigate the inherent toxicity of
CTX monometallic (Au) and bimetallic (AuPt) NPs in NB and GB cancer cell lines (U87 and SH-SY5Y) that are
known to express receptors for CTX [56, 57].

3.1.1. UV=-vis spectroscopy analysis of NPs

The first indication of successful synthesis is the characteristic color changes from a pale-yellow solution to
bright red color for citrate AuNPs, and a dark brown color for the formation of citrate AuPtNPs as shown in
figures 1(A) and (B), respectively. The color changes were attributed to the excitation of surface plasmon
vibrations associated with the NPs present within the solutions [56]. When incident light interacts with MNPs,
the electromagnetic field induces a coherent oscillation of the free electrons on the NP’s surface. This oscillation,
known as surface plasmon resonance (SPR), leads to a separation of charges within the particle, forming a dipole
oscillation aligned with the electric field of the light [58]. SPR results in strong absorption of incident light,
making it measurable with UV—vis spectroscopy [58]. Noble MNPs, such as AuNPs, exhibit a much stronger
SPRband compared to other MNPs. The intensity and wavelength of the SPR band depend on factors like
particle size, shape, composition, and surrounding medium, as described by Mie theory [59]. AuNPs have a
distinct SPR in the range of 500-600 nm [48], while other metals show weaker bands in the UV region [60]. The
size of NPs also affects the SPR band, with smaller particles exhibiting damping due to increased electron-surface
collisions. Increasing particle size through surface modification can cause a redshift in the SPR wavelength and
enhance the band intensity [61].

In this study, the SPR for citrate AuNPs appeared at 508 nm, which is in accordance with the A max of small
AuNPs (<10 nm) [62]. For surface functionalization, ligand exchange was used to displace citrate ions with
PEG-OH and PEG-biotin [63] followed by bioconjugation of CTX. The distinct red shift in the A max from
508 nm to 518 nm and 521 nm, respectively, suggested an increase in the size of the NPs and successful surface
functionalization [47]. Figure 1(B) showed the absence of A max in the absorption spectra of the bimetallic
AuPtNPs, confirming successful AuPtNP synthesis. The structures of bimetallic NPs depend on the synthesis
method and the atomic ratios used, this can be categorized into four structural types: alloy, intermetallic,
subclusters, and core-shells [64]. The UV—vis spectrum of the AuPtNPs reported in this study, which is in
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Figure 1. UV-vis absorption spectrum of MNPs. UV—-vis absorption spectrum of (A) AuNPs, AuPtNPs (B) and their conjugates. The
inserts show the color changes of MNPs and their conjugates. Reproduced with permission from [54]. [© University of the Western
Cape].

accordance with the UV—vis spectra reported in the literature for bimetallic AuPtNPs with more of an alloy
structure and PtNPs which do not display a characteristic A max but rather a typical scattering pattern [65, 66].

3.1.2. DLS analysis of NPs

The size distribution, uniformity and surface charge are important physicochemical properties to consider in the
development of NPs for biomedical applications. Photon correlation spectroscopy, based on DLS technology is
used to determine the size distribution by intensity (or hydrodynamic size), PDI, and (-potential of NPs in
solution. The optimization of these parameters during synthesis of NPs is important for achieving desired
properties like stability, biodistribution, cellular uptake, and therapeutic efficacy. The hydrodynamic size of NPs
refers to their size in solution, including the core particle size and any surrounding layer or surface
functionalization. This directly influences the behaviour of NPs in biological systems, such as their circulation
time, biodistribution, and cellular uptake [67]. The PDI reflects the distribution of particle sizes within a sample
and provides information about the uniformity of NPs. PDI values of less than 0.1 indicate monodispersed
samples, moderately polydispersed ifits PDI is 0.1-0.4, while PDI values > 0.4 indicate polydispersed
distribution of NPs and PDI values > 0.7 indicate that the sample has a very broad particle size distribution

[68, 69]. PDI values is also dependent on the nanomaterial used [68], for instance a PDI of 0.3 and below is
acceptable for drug delivery applications [70, 71], while moderate polydispersity with PDI values of <0.5 for
AuNPs and AgNPs are often reported [72—75]. PDI values above 0.5 can lead to inconsistent results and may
affect the overall efficacy of the NPs. (-potential measures the electrostatic charge at the NP surface, which affects
their stability and interactions with surrounding molecules or cells. The ¢ -potential is used to predict the
stability of NPs in solution.  -potential values more positive than +-30 mV or more negative than —30 mV are
normally considered stable for biological applications as they will repel each other and tend to not aggregate in
solution [73].

The DLS results are shown in table 1, where the average size distribution of citrate AuNPs, PEG-AuNPs, and
CTX-AuNPsincreased from 6.79 +2.21 nmto 14.31 + 1.61 nm to 16.71 £2.48 nm, respectively. There was a
distinct increase in the hydrodynamic size of the NPs, which was in line with the UV—vis absorption spectrum
data and further confirmed the successful surface functionalization. The increase in hydrodynamic size of NPs is
an indication of surface functionalization as previously reported [76]. Citrate AuNPs, PEG-AuNPs, and CTX-
AuNPs demonstrated a moderate polydistribution of NPs with PDI values below 0.5 (AuNPs: 0.38 £ 0.07; PEG-
AuNPs: 0.39 £ 0.04; CTX-AuNPs: 0.39 + 0.07). The (-potential value for citrate AuNPs (table 1) was —30.00 4+
1.72 mV and indicated that the AuNPs were stable [77]. Following functionalization with PEG and CTX, the (-
potential of PEG-AuNPs increased to —16.92 +0.76 mV and —11.04 4= 2.12 mV. The change was a verification
that the surface of the NPs was altered, and that functionalization with PEG and CTX was successful. These
results were in agreement with previous reports which showed a reduction in (-potential following surface
functionalization [29, 45]. Similarly, the hydrodynamic size of citrate AuPtNPs, PEG-AuPtNPs, and CTX-
AuPtNPsincreased from 7.71 + 1.14 nm to 14.34 £ 0.74 nm to 21.13 £ 1.62 nm, respectively. The noticeable
increase in the hydrodynamic size of AuPtNPs after PEG and CTX also suggested that surface modification had
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Table 1. Physical properties of different MNPs as measured by DLS. Reproduced with permission from [54]. [© University of the
Western Cape].

Nanoparticle Z-Average (nm) PDI (-Potential (mV) A max
Citrate AuNPs 6.79£2.21 0.38 £0.07 —30.00+1.72 508.3 £0.52
PEG-AuNPs 1431+ 1.61 0.39 £0.04 —16.92+0.76 518.5+0.55
CTX-AuNPs 16.71 +2.48 0.39 £0.07 —11.04 +2.12 521.0 £0.63
Citrate AuPtNPs 7.71£1.14 0.36 £0.03 —31.60 +£2.05 ND
PEG-AuPtNPs 14.34+0.74 0.27 +0.09 —20.08 +1.64 ND
CTX-AuPtNPs 21.13+1.62 0.46 £0.03 —14.53+2.74 ND

Data were expressed as mean + SD from six independent experiments. ND: not detected.

occurred [78]. The (-potential of citrate AuPtNPs was stable at —31.60 4= 2.05 mV, while after surface
functionalization with PEG (—20.08 £ 1.64 mV) and CTX conjugation (—14.53 & 2.74 mV) increased slightly.
The negative (-potential average values shifted towards a neutral charge, further confirming surface
modification [29, 79]. The PDIs for all AuPtNPs were < 0.5 (citrate AuPtNPs: 0.36 &+ 0.03; PEG-AuPtNPs: 0.27
=+ 0.09; CTX-AuPtNPs: 0.46 + 0.03), indicating a moderate size distribution of the NPs. Moderate
polydispersity may not significantly compromise stability unless it leads to aggregation or poor dispersion of the
NPs in the medium which may result in varying degrees of cellular uptake among different NP sizes within the
sample [68]. Thus, this could affect the overall efficacy of targeted delivery systems release kinetics of
encapsulated drugs or therapeutic agents from NPs, potentially affecting their efficacy.

3.1.3. TEM, selected area electron diffraction (SAED) pattern and energy dispersive x-ray (EDX) analysis

The core diameter of AuNPs and AuPtNPs and their conjugates were ~ 5 nm as confirmed by TEM micrographs
(figures 2 and 3). The use of the strong reducing agent (NaBH,) in the presence of sodium citrate as a stabilizing
agent produced NPs < 5 nm, as reported previously [45, 46]. The morphology of the citrate AuNPs (4.90 +0.71
nm), PEG-AuNPs (4.58 + 0.73 nm), and CTX-AuNPs (4.69 £ 0.67 nm) were spherical in shape, uniform in
structure and monodispersed with almost equidistant arrangement after surface functionalization (figure 2).
The presence of PEG and CTX on AuNP surfaces stabilized the NPs through electrostatic interactions and
prevented aggregation of NPs. EDX results confirmed the presence of Au in all AuNPs, and both Auand Pt
presence in all AuPtNPs (figures 2(D) and 3(D)). The presence of strong peaks for carbon, copper, and zinc was
attributed to the TEM grids used. Citrate AuPtNPs (4.99 & 0.93 nm) were predominantly spherically shaped
with a few hexagonal, cylindrical, and triangular shaped NPs (figure 3). The mixture of geometrical shapes for
AuPtNPs alloys has been reported previously at the same Au/Pt atom ratios of 1:1 used in the current study

[65, 80]. Following surface functionalization of AuPtNPs with PEG and CTX, the NPs maintained their shape
and size, however, it was evident that there was a more equidistant arrangement of NPs (figure 3) indicating
improved stability after surface functionalization with no aggregation as was when PEG was used to stabilize
AuPtNPs [44]. The hydrophilic nature of PEG creates a hydrated sphere around the NPs that promotes steric
repulsion and prevents the interaction of NPs with each other [19, 81]. NPs with core sizes of ~ 5nm are
attractive for use in NP-mediated hyperthermia, as they are able to cross the BBB and cell nucleus [45]. The
SAED pattern for NPs confirmed their crystalline nature (figures 2(C) and 3(C)). The rings for the citrate AuNPs,
PEG-AuNPs, and CTX-AuNPs were indexed and were found to correspond to the (111), (200), (220), (311) and
(222) reflections of face-centered cubic (fcc) of gold, as previously reported [82]. The SAED patterns of citrate
AuPtNPs and CTX-AuPtNPs (figure 3(C)) presented several concentric circles indexed at (111), (200), (220),
(311) and (222) and the rings for PEG-AuPtNPs correspond to (111) and (200) reflections, which could all be
ascribed to planes associated with that of small AuPt alloy nanostructures reported in literature [83].

3.1.4. FTIR analysis of NPs

FTIR spectra provide structural and conformational information of NPs, figures 4(A) and (B) show FTIR spectra
of citrate AuNPs and citrate AuPtNPs. The evidence of the surface functionalization of the NPs by citrate ions
can be observed by the characteristic peaks at 1399,/1398 and 1582,/1586 cm ™' which correspond to the
symmetric and antisymmetric stretching of COO—. This data confirmed the interaction between citrate ions
and NPs. The citrate molecule has three COO- groups and were responsible for anchoring on Au/AuPt surface.
These results correspond to previous reports of citrate capped NPs [84]. Prominent differences were visible in
the spectra for the PEG AuNPs compared to those for the citrate AuNPs (C and D). The presence of PEG
molecules on AuNPs and AuPtNPs was possibly attributed to the increase in the relative intensity of the peaks
associated with CO stretching (1686 cm ™' for PEG-AuNPs and 1689 cm ™' for PEG-AuPtNPs) and bending
(1349/1350 cm ™' for C-H bending, -CH, and —CH3), and the additional peaks associated with N-H wagging
(600900 cm ™~ "). Narrowing of the CH, stretching at 2857 cm ™' may be due to glycol moieties expressed, as
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Figure 2. Characterization of monometallic AuNPs. TEM micrographs at 50 nm magnification (A); core size distribution histogram
presented as mean + SD (B) and SAED pattern (C) of citrate AuNPs, PEG-AuNPs and CTX-AuNPs. Representative EDX of CTX-
AuNPs, where black arrows show Au peaks (D). Reproduced with permission from [54]. [© University of the Western Cape].

previously described [66, 67]. The presence of CTX on the NPs was observed by the presence of amine found at
peaks 1648,/1646 cm ™' and carboxylate peaks at 1588/1587 cm™ ' and 1349/1353 cm ™' (E and F). CTX
attachment was further verified by the methyl symmetric/asymmetric stretch located at 2923/2921 and 2853/
2852 cm™ ! of the alanine residues of CTX. This appearance suggested the successful conjugation of CTX to the
NPs. These results were similar to previously reported FTIR peaks for CTX and CTX-NPs [85-87].

3.1.5. Stability of NPs in supplemented biological medium

Biological medium is comprised of proteins such as serum albumin or globulins, and several biomolecules
including amino acids and ionic salts. These constituents may affect the hydrodynamic behavior of NPs, causing
the NPs to become unstable through NP /biomolecule interactions or loss of surface functionality, resulting in
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Figure 3. Characterization of bimetallic AuPtNPs. TEM micrographs at 50 nm magnification (A); core size distribution histogram (B);
and SAED pattern (C) of citrate AuNPs, PEG-AuNPs and CTX-AuNPs. Representative EDX of CTX-AuNPs, where black arrows
show Auand Pt peaks (D). White circles indicate irregular shaped NPs. Reproduced with permission from [54]. [© University of the
Western Cape].

NP aggregation [88]. These processes can further influence the in vitro behavior and significantly alter NP
mobility. Therefore, the investigation of the stability of NPs in biological media before proceeding with in vitro
or in vivo studies to determine if NPs can retain their stability in biological environments is important. In this
study, the stability of the synthesized NPs was assessed in DMEM supplemented with 10% FBS, by investigating
changes in hydrodynamic size, PDI, and {-potential after a 48-hour period at 37 °C. The Z-average values for
citrate AuNPs and citrate AuPtNPs after synthesis were 6.79 £2.21 nm and 7.71 & 1.14 nm, respectively

(table 1). These values increased to 21.55 & 3.28 nm and 26.00 = 2.78 nm after 48 h in DMEM at 37 °C (table 2),
respectively. This suggested that the hydrodynamic size of the citrate-capped NPs increased significantly. This
was accompanied by a slight increase in the (-potential (AuNPs: —24.87 £ 1.19 mV and AuPtNPs: —23.50 &
2.78 mV). The increase in hydrodynamic size of citrate NPs could be attributed to the adsorption of serum
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Figure 4. FTIR of Citrate AuNPs (A), Citrate AuPtNPs (B), PEG-AuNPs (C), PEG-AuPtNPs (D), CTX-AuNPs (E) and CTX-AuPtNPs
(F). Reproduced with permission from [54]. [© University of the Western Cape].

Table 2. Stability of MNPs in DMEM (with 10% FBS) after 48 h at 37 °C. Reproduced with permission from [54]. [© University of the

Western Cape].

Nanoparticle Z-average PDI (-potential (mV)
Citrate AuNPs 21.55+3.28 0.4440.05 —24.87+1.19
PEG-AuNPs 15.14 £0.85 0.38+0.13 —16.07 £ 0.46
CTX-AuNPs 23.29+1.79 0.461+0.01 —12.10£1.81
Citrate AuPtNPs 26.00+2.78 0.4440.04 —23.504+2.78
PEGAUPtNPs 23.12+1.58 0.48+0.07 —12.90+0.53
CTX-AuPtNPs 26.77 £9.53 0.4940.03 —12.80£0.82

Data expressed as mean + SD from three independent experiments. PDI: polydispersity index.

proteins from FBS onto the surface of NPs, ion concentration, pH, or loss of surface functionality resulting in the
formation of aggregates when placed in the media [88, 89]. Serum proteins present in DMEM could form a
protein ‘corona’ around the NPs and shield the surface charge, contributing to the aggregation and ultimately
increase in the hydrodynamic size of NPs and less negative surface charges as reported previously [89].
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Electrostatically stabilized NPs have generally shown poor stability in culture media [88]. Generally, steric
stabilization is a more successful approach to increase the stability of NPs in suspension and is accomplished via
synthetic polymer surface coatings such as PEG. The inherent hydrophilicity of PEG forms a protective hydrated
layer around NPs, effectively hindering the mutual interaction of NPs [18]. This phenomenon enhances particle
stability and curbs aggregation. PEG is a well investigated and frequently used polymer since it has been shown to
decrease protein adsorption and contribute to the overall biological stability of NPs in vivo [89]. PEG-NPs have
improved colloidal stability in biological medium [90]. In this study, steric stabilization with PEG-OH and PEG-
biotin improved NP colloidal stability and possibly also prevented NP aggregation. PEG-AuNPs were the most
stable NPs in DMEM as the hydrodynamic size increased by only 1 nm when compared to the size of PEG-
AuNPs after synthesis (tables 1 and 2). This compared well with a study which evaluated AuNPs in different
biological media, where PEG-AuNPs maintained stability in Roswell Park Memorial Institute Medium and
DMEM for up to 3 days [91]. PEG-AuPtNPs in DMEM also increased in hydrodynamic size and in (-potential
(23.12 £ 1.58 nm; —12.90 + 0.53 mV) (table 2) when compared to PEG-AuPtNPs post synthesis (14.34 + 0.74
nm; —20.08 £ 1.64 mV) (table 1). It was evident that DMEM influenced the stability of PEG-AuPtNPs, this may
be due to a variety of different factors. When NPs are placed into cell culture media, their colloidal and chemical
properties are not only altered because of the presence of proteins but also because of the high ionic content [88].
Several studies have demonstrated that NPs, such as silver NPs, quantum dots or Zinc oxide NPs, can release
ions and that the rate of ion release is influenced by particle size, surface composition, and environment [92-95].
Colloidal stability may also be compromised due electrostatic interactions [96], resulting in NP aggregation.

pH can affect the dissolutions of nanomaterials by changing the surface charges. Cation/anion valence
concentration of reaction media also affects stabilities of NPs [88]. The hydrodynamic size of CTX
functionalized NPs had little appreciable changes after being incubated in DMEM for 48 h, confirming the
favorable colloidal stability of these peptide functionalized NPs, as supported in the literature for other CTX
functionalized NPs in culture media [80, 81]. The current study suggests that CTX-NPs are favorable for
biomedical applications because it has been reported that NPs with low surface charges are more likely to evade
phagocytosis by macrophages and to be internalized by non-phagocytic cells than NPs with high negative
charges [89]. It was also reported that low negative surface charges may enhance the cell selectivity of NPs and
prevent non-specific binding to non-target cells before arriving at the target tumor site [97]. There was a slight
increase in the PDI values after placing the NPs in DMEM when compared to PDI values post synthesis (tables 1
and 2), however; it remained below 0.5 for all NPs after introduction to DMEM, indicating a maintained degree
of monodisperse solution of NPs with less likelihood of aggregation.

3.2. CTX binding efficiency to U87 and SH-SY5Y cells

CTX was shown to cross the BBB and selectively bind to gliomas and other tumors of neuroectodermal origin
through MMP-2 without any effect on normal glial cells or neurons [98, 99]. The binding efficiency of CTX to
U87 and SH-SY5Y cells was determined by a competitive binding assay between the untagged and FITC-tagged
CTX (FITC-CTX). Figures 5(A) and (B) showed that FITC-CTX binds to both U87 and SY-SY5Y cells with
98.57 4 0.28% and 86.46 £ 1.32% efficiency. However, when the cells were exposed to FITC-CTX in the
presence of CTX, there was a reduction in the percentage of FITC positive cells from 98.57 & 0.28% to

50.02 £ 1.10% for U87 and from 86.46 = 1.32% to 72.22 4= 2.21% for SY-SY5Y cells. The competitive binding
between CTX and FITC-CTX confirmed the specific binding of CTX to these cells. A higher percentage of
FITC-CTX bound to U87 cells than SY-SY5Y cells, which suggested that U87 cells contain more binding targets
for CTX than SY-SY5Y cells. It is possible that the expression levels of the known targets, such as MMP2, CIC-3,
and Annexin A2, are higher in U87 cells compared to SY-SY5Y cells. Soroceanu et al showed CTX binding to
various glioma cells including D54-MG, SK-1-MG, U87-MG, U105-MG, U251-MG and U373-MG cells [55].
Lyons et al further confirmed CTX binding to 74/79 human brain tumors as well as human neuroblastoma cell
lines such as SH-SY5Y cells [56]. This study also confirmed that U87 and SH-SY5Y cells can be targeted by CTX,
and possibly used for CTX-targeted treatment of NB and GB cancers.

3.3.NPs induced cytotoxicity in U87 and SH-SY5Y cells

The cytotoxicity of the monometallic AuNPs (citrate AuNPs, PEG-AuNPs, and CTX-AuNPs) and bimetallic
AuPtNPs (citrate AuPtNPs, PEG-AuPtNPs and CTX-AuPtNPs) was evaluated in cancer (U87 and SH-SY5) and
non-cancer (KMST-6) cells. The cells were treated for 48 h with 75-300 pg ml~" of NPs, the U87 cells were the
most susceptible to the NPs. The ICs, values for the NPs in the three cell lines varied significantly as shown in
table 3, with the viability of KMST-6 cells appearing to be less affected by the NPs. The IC5, values for the NPs on
KMST-6 cells were generally higher when compared to U87 and SH-SY5 cells. This could be due to the fact that
most molecular markers that are highly expressed by cancer cells are found in low levels in normal cells. For
example, MMP-2, one of the main molecular targets of CTX in cancer, is found at lower levels in fibroblasts
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Figure 5. Binding of FITC tagged CTX to U87 cells (A) and SHY-SY5Y cells (B). Cells were treated with either 0.03 mM FITC-CTX or
co-treated with 0.03mM FITC-CTX and 0.13 mM CTX for 1 hat 37 °C. Fluorescence intensities of the cells were analyzed by flow
cytometry. Experiments were done in triplicate. Bar graphs represent the mean =+ standard error of the mean (SEM) of three
independent experiments and the significance difference is indicated with **** (P < 0.0001). Reproduced with permission from [54].
[© University of the Western Cape].

[100]. As such, CTX did not bind to 40 human non-tumor tissues including non-cancerous brain tissues and
6 human skin fibroblast cell lines [56].

Moreover, the bimetallic citrate AuPtNPs were more toxic than the monometallic citrate AuNPs. The
toxicity induced by citrate NPs may result from the acidic nature of citrate as previously explained [101]. Once
the citrate NPs were modified by PEGylation and CTX, this apparent correlation between toxicity and metallic
complexity did not completely hold. The cytotoxicity of AuNPs in U87 than SH-SY5Y cells was in correlation
with a finding reported by Park et al [51], in which the viability of SH-SY5Y cells was not affected by the
treatment with citrate capped AuNPs up to 100 pg ml ™" [52]. In this study, the cytotoxicity observed after
treatment with ~5 nm AuNPs was in line with previous reports where AuNPs under 10 nm induced cytotoxicity
in GB cells [53].

The higher cytotoxic effects observed with AuPtNPs compared to AuNPs may potentially be due to the
presence of Pt or a synergistic effect of Au and Pt. PtNPs induced cytotoxicity in a similar way to Pt-based
chemotherapeutic drug with smaller PtNPs reported as apoptotic inducers in cancer cells. PtNPs significantly
affected the cell proliferation rate and morphology of U87 cells, the cells suffered from membrane disruption,
reduced density, and decreased migration. These NPs also induced apoptosis in neuro-2a brain NB cells [102].
In another study, SH-SY5Y cells pretreated with PtNPs sensitized cells to treatment with cisplatin [103]. The
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Table 3.1Cs, values of different NPs against selected cell lines. Reproduced
with permission from [54]. [© University of the Western Cape].

Celllines and ICsg values (jug/ml) &= SD

Nanoparticles
Us7 SH-SY5Y KMST-6
Citrate AuNPs 207.00 > 300 281.80
+1.86 +1.82
Citrate AuPtNPs 184.70 201.90 205.60
+1.90 +1.89 +1.95
PEG-AuNPs 202.40 > 300 239.60
+1.76 +1.81
PEG-AuPtNPs > 300 > 300 > 300
CTX-AuNPs 255.60 273.40 > 300
+1.76 +1.12
CTX-AuPtNPs 166.00 > 300 > 300
+2.00

>300—1ICs, could not be established at the test concentrations and will
require concentrations that are higher than 300 pg ml ™" for a significant
effect.

combination of two different metals has demonstrated unique properties when compared to monometallic NPs
in various fields such as photo, heat, catalytic, drug delivery and therapeutic effects [104, 105]. The physical and
chemical properties of bimetallic NPs are different from the properties of individual metals due to the
compositions and interactions between the individual components of these nanostructures [105, 106].
Numerous studies have demonstrated the cytotoxicity and anticancer effects of AuPtNPs in different cancer cell
lines, with very few explaining the potential mechanism of their cytotoxicity. Tang et al indicated that AuPtNPs
caused negligible toxicity to human breast cancer (MDAMB-231) cells at 10 mgml ™ for 24 h treatment [37].
Chaturvedi et al showed the cell viability of human colon cancer HCT 116 cells was significantly reduced to 25%
and 10% when treated with 100 and 200 pg ml " of AuPtNPs, respectively [38]. AuPtNPs enhanced the level of
ROS in HCT 116 cells. ROS impairs the electron transport chain of the mitochondrial complex that is ultimately
responsible cell death by apoptosis [32]. In a study by Boomi et al cell viability of human liver cancer (HepG2)
cells was significantly reduced by AuPtNPs at 25-225 ug ml ™' [39]. Shin et al showed AuPtNPs significantly
inhibited bladder cancer EJ cell proliferation in a dose-dependent manner by inducing G1 phase cell cycle arrest
[40]. The current study reports for the first time the effects of monometallic (AuNPs) versus bimetallic
(AuPtNPs) NPs in U87, SH-SY5Y and KMST-6 cells at concentrations up to 300 jig ml " after 48 h of treatment.
The AuNPs and AuPtNPs were generally not toxic to KMST-6 cells at low concentrations and corroborated with
previous studies demonstrating little toxicity towards normal cells and in other fibroblast cells [56, 66, 107].

Citrate AuPtNPs and PEG-AuPtNPs generally demonstrated the highest and lowest toxicity (table 3),
respectively. It is known that the modification of the NP surface by PEGylation can increase the biocompatibility
of nanomaterials due to its amphiphilic nature and high solubility [108]. It is therefore not surprising that the
PEGylated NPs demonstrated lower toxicity. These findings were also in agreement with a previous study where
it has been shown that negatively charged particles present low cell interaction and that PEGylated NPs weakly
interact with cells resulting in longer circulation times in vivo [109]. The low cytotoxicity of PEGylated NPs in
selected cells reported in this study, was consistent with previous studies that demonstrated low cytotoxicity and
good biocompatibility in cell lines [59]. The lowest ICs, concentration (166 pg ml™) was reported in U87 cells
treated with CTX-AuPtNPs, suggesting that CTX-AuPtNPs were more cytotoxic than the other NPs. The CTX-
NPs demonstrated selective toxicity towards U87 and SH-SY5 cells, which are both known to express molecular
targets of interest. The KMST-6 cells do not express these molecular targets as highly as cancerous cells and
therefore highlights the safety profile of CTX-NPs, as previously reported for fibroblasts [56, 110]. The
monometallic CTX-AuNPs also demonstrated similar selective toxicity, but to a lesser extent than the bimetallic
CTX-AuPtNPs. The varied responses observed for the MNPs appeared to be dependent on a number of factors.
In this study, these factors include the cell type, the expression levels of CTX receptors, the physicochemical
properties of the NPs which include NPs composition (mono- versus bimetallic) and surface charge. It is
possible that the differential response observed for CTX-AuPtNPs and CTX-AuNPs in these three cell lines was
due to the differential expression of CTX receptors on the surface of these cells. In this scenario, increased
concentrations of CTX-AuPtNPs and CTX-AuNPs accumulate within cells, such as U87 cells that express higher
levels of CTX receptors.
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Figure 6. The morphological changes induced by NP treatment in U87 and SH-SY5Y cells. The effects of AuNPs; AuPtNPs; PEG-
AuNPs; PEG-AuPtNPs; CTX-AuNPs and CTX-AuPtNPs on cell morphology compared to untreated cells. U87 cells and SH-SY5Y
cells were treated for 48 h with 225 ug ml ™" of different NPs. Images were acquired using a light microscope at 10X magnification.
Reproduced with permission from [54]. [© University of the Western Cape].

3.3.1. NPs induced morphological changes in U87 and SH-SY5Y cells

Treatment with NPs was accompanied by distinct morphological changes as demonstrated in figure 6. The
astrocyte-like shape of U87 (untreated) and neuroblast-like shape of SH-SY-5Y (untreated) cells changed to a
spherical shape after exposure to the different NPs (at 225 pg ml~") for 48 h. This was indicative of cellular stress
and cell death caused by NPs as previously reported [ 102, 103]. It was also clear that the density of cells was lower
when compared to the untreated control samples, which was indicative of increased cell death in the NP treated
cells. While the percentage of cells that changed their morphology was not quantified, the reduction in cell
viability suggested that treatment with NPs resulted in cell death. Based on the morphology and the density of
the cells, CTX-AuPtNPs appeared to be more cytotoxic in both U87 and SH-SY-5Y cells. These findings
demonstrated that CTX-NPs has potential to be developed into targeted strategies for NS cancers, and might
selectively ablate NS tumors through dual effects of the NPs i.e. anti-proliferation and RF-induced hyperthermia
activities. Hyperthermia therapy could benefit from AuPtNPs, which were shown to reduce cell viability of HeLa
cellin response to photothermal- and chemo-therapies. Moreover, the AuPtNPs with a targeting peptide could
be detected at the tumor site 1 min after injections through the tail vein. The NPs protected the mice from drug-
induced liver injury and production of reactive oxygen species, demonstrating that these system are
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biocompatible [36] and have ability to overcome limitations of conventional laser interstitial thermal therapy in
brain cancer [111].

4, Conclusion

In this study, monometallic CTX-AuNPs and bimetallic CTX-AuPtNPs that can potentially be targeted to NB
and GB cells were synthesized in a facile 3 step method. Cancer targeting was achieved through the binding of
CTXto cell surface proteins such as MMP-2, CIC-3, and annexin A2, which are overexpressed in these cancers.
The study confirmed the binding of CTX to U87 and SH-SY5Y cells and therefore demonstrated the suitability
of this cancer targeting peptide for use as a targeting moiety for NS tumors. The NP conjugates that were
investigated in this study had inherent toxicity towards U87, SH-SY5Y, and KMST-6 cells. The bimetallic CTX-
AuPtNPs and CTX-AuNPs demonstrated higher cytotoxicity than the other NPs. CTX-AuPtNPs also
demonstrated increased and possibly selective toxicity towards cancer cells, with minimal effect on the non-
cancer cells. This apparent biocompatibility observed with the KMST-6 cells highlights the safety profile of CTX-
functionalized NPs. Findings obtained from this study demonstrated the targeting and synergistic effects of
CTX-AuPtNPs for anticancer applications. The high inherent toxicity of CTX-AuPtNPs at low concentrations
bodes well for the future RF-induced hyperthermia applications of these CTX-NPs conjugates for the treatment
of brain tumors. Target specific bimetallic NPs with a synergistic effect and a potential for hyperthermia
treatment for brain tumors is not common, and a relatively new approach in neuroscience research. Thus, more
studies are required to explain the synergistic effect of CTX-AuPtNPs, the mechanisms of action, and their
potential use for RF-induced hyperthermia. Evaluation of CTX-AuPtNPs in a non-cancerous central nervous
system cell such as normal human astrocytes will be conducted. The effect of CTX-PtNPs will also be
investigated on the cell lines understudy. Additionally, CTX targets a broad list of solid tumors and tumor cell
lines of neuroectodermal origin, therefore this work has the potential to be expanded for anticancer
investigations in other types of cancers.
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