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Abstract
The treatment of glioblastoma (GB) and neuroblastoma (NB) remains a challenge, as current
chemotherapies are plaguedwith 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 twometals such
as gold-platinumNPs (AuPtNPs) exhibit enhanced anticancer properties compared to single-metal
NPs, however their application in studyingNS tumors has been relatively limited. CTX-functionalized
monometallic goldNPs (CTX-AuNPs) and bimetallic gold-platinumNPs (CTX-AuPtNPs)were
synthesized in this study. TheNPswere characterized byUltraviolet-Visible Spectroscopy (UV–vis),
Dynamic Light Scattering (DLS), Transmission ElectronMicroscopy (TEM) and Fourier Transform
Infra-Red Spectroscopy (FTIR). Cytotoxicity ofNPswas investigated in cancer (U87 and SH-SY5Y)
and non-cancer (KMST-6) cells using thewater-soluble tetrazolium (WST)-1 assay. TheCTX-AuNPs
andCTX-AuPtNPs had a core size of∼5 nm. TheCTX-AuPtNPs showed significant anticancer
activity inU87 cells possibly due to the synergistic effects of combinedmetals. Findings obtained from
this study demonstrated that CTX can be used to targetNS cancers and that bimetallic NPs could be
effective in their treatment.More studies are required to investigate themechanisms ofNPs toxicity,
and further explore the hyperthermia treatment ofNS cancer using theCTX-AuPtNPs.

1. Introduction

GBmultiforme is the deadliest primary brain tumor diagnosed in adults, at the time of diagnosis, it has a poor
median survival time of 12–15months and a 5-year survival rate of less than 7% [1]. NBs are themost diagnosed
solid extra-cranial brain tumors in children and remains one of themajor challenges in pediatric oncology. NBs
have a 5-year survival rate for patients presentingwith high-riskNB tumors below 50% [2]. Despite themedical
advances in themanagement 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 plaguedwith systemic toxicity, drug resistance, and poor targeted delivery efficiency
[2, 3]. Additionally, the special pathological and physiological characteristics of the BBBdiminish the
therapeutic value ofmost chemotherapeutic drugs for brain tumors [4].

Tumor progression is associatedwith the overexpression of certain cell surface proteins, includingmatrix
metalloproteinases-2 (MMP-2) [5, 6], annexin A2 [7, 8] and chloride ion channel 3 (ClC-3), which are
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implicated inNS cancer.MMP-2 cell surface proteins are active contributors to the progression of advanced
stageGB andNB through cell proliferation,migration, invasion, and angiogenesis [5, 6]. Annexin A2 is a
calcium-binding cytoskeletal protein localized at the extracellular surface ofGB andNB cells, and involved in
tumor progression through cellmigration and invasion [7, 8]. Additionally, overexpression of annexin A2was
also reported to enhancemulti-drug resistance inNB [9]. ClC-3 is specifically upregulated in humanGB and is
involved in cell cytoskeleton rearrangement and cell shapemovements during cellmigration [10]. Therefore,
taking into consideration the functions of these differential expressed surface proteins, theymay provide an
alternativemethod for the development of targeted treatments formalignantNS tumors.

CTX, a peptide derived from Leiurus quinquestriatus (scorpion) venom, has strong affinity for a range of
tumors of neuroectodermal origin and demonstrated the highest binding affinity tomultiple glioma targets [11].
MMP-2 andClC-3 form a protein complex located in the samemembrane domainwhich is targeted byCTX
and consequently leads to the inhibition of cancer cellmigration and invasion in gliomas [12]. Annexin A2was
also identified as a receptor for CTX in human cancer cell lines [13]. Themost recently identified potential
targets for CTX are estrogen receptor alpha [14] and neuropilin-1 [15]. CTXhas also been shown in both animal
models and humans to permeate intact BBBs, targetingGB cells with no noticeable cytotoxic effects on normal
glial cells and neurons [11]. Thus, CTXpresents a potential NS tumor-targeting ligand that can be used for GB
andNB targeted therapeutic strategies [16].

NS therapy ismostly challenged by drug solubility and the inability to pass through the BBB,which can be
overcome by usingCTX-targeted nanobased therapy. Nanotechnology has achieved great success as diagnostic
and therapeutic agents in the fight against cancer. Importantly, NPs ranging from5–200 nmhave been reported
to cross the BBB [17], which can promote entry through smallmembrane passageways and increase drug
bioavailability. Due to their larger surface area, which allows for increasedNP 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 ofNPs. This allowsNPs to avoid
phagocytosis and prolonging their systemic circulation times in vivo [18]. PEGylation can significantly affectNP
interactionswith serumproteins, cellular uptake, and biological distribution. PEGylationmodifiesNP surface
properties, reducing opsonization and enhancingNP circulation time by creating a steric barrier against serum
proteins [19]. This ‘stealth effect’ prevents rapidNP clearance by the immune system [20]. However, PEGylation
can influenceNP renal clearance, with larger PEGylatedNPs being retained longer in the body compared to
smaller unmodified ones. PEGylatedNPs exhibit enhanced accumulation in tumours due to the enhanced
permeation retention (EPR) effect, improving drug delivery efficacywhile reducing systemic toxicity [21].
Furthermore, it also affects cellular uptake by decreasing non-specific interactionswith cellmembranes by
acting as a linkingmolecule to conjugate targeted ligands or peptides on its terminal endings thereby promoting
targeted internalization via receptor-mediated endocytosis [19]. Active targetingwill 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
associatedwith current cancer treatments, while protecting drugs frombiodegradation and increasing their
circulation time [23]. Peptides, when compared to antibodies aremore attractive targetingmolecules due to
their smaller size, lower immunogenicity, lower production cost, similar binding affinities tomonoclonal
antibodies, ease of synthesis andmodification [24].

The cancer-targeting andBBB-penetrating properties of CTXwere explored to developmore effective
multifunctional cancer-targeting nanosystems forNS tumors. In recent years, a variety of different types of
CTX-conjugatedNPswith imaging and therapeutic functionalities have been developed and studiedmostly in
GB tumors [25, 26]. Several CTX-NPdrug formulations are on clinical trials and have yielded promising results
[27].While some studies reported on the synthesis CTX-conjugated toAuNPs and silverNPs for applications in
cancer diagnosis and treatment [28, 29]; there are no reports for the synthesis of CTX-bimetallic NPs
constructed fromAu andPt noblemetals.

Monometallic NPs such as AuNPs and platinumNPs (PtNPs) have beenwidely studied and have found
applications for cancer in various areas such as imaging [30, 31], drug delivery [32, 33], andNP-mediated
hyperthermia treatment [34–36]. Bimetallic AuPtNPs have been reported to exhibitmore pronounced
anticancer effects when compared to theirmonometallic counterparts, as a result of the synergistic effects of the
combinedmetal atoms [37–40]. Althoughmonometallic 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, bimetallicNPs such as AuPtNPsmay bemore effective for
cancer due to synergistic effects, whichmay also be further exploited for hyperthermia treatments [40–42].
Non-invasive targeted radiofrequency (RF) thermal ablation of cancer using bimetallicNPsmay bemore
effective than the commonly used photothermal therapy using gold nanorods, as RFwaves can penetrate tumors
more deeply [43]. Thus, AuPtNPs have immense potential in RF-induced hyperthermia treatment forNS
tumors [16, 44].
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2.Materials andmethods

2.1.Materials
Gold (III) chloride trihydrate (�99.9% tracemetals basis), chloroplatinic acid hydrate (�99.9% tracemetals
basis), sodium citrate, sodiumborohydride (ReagentPlus®, 99%), streptavidin and Fluoroshield™withDAPI
were acquired fromSigma-Aldrich (St. Louis,Missouri, USA). The PEGmolecules: 2-{2-[2-(2-{2-[2-(1-
mercaptoundec-11-yloxy)-ethoxy]-ethoxy}-ethoxy)-ethoxy]-ethoxy}-ethanol (PEG-OH,C23H48O7S, 468.69 g
mol−1) andN-(2-{2-[2-(2-{2-[2-(1-mercaptoundec-11-yloxy)-ethoxy]-ethoxy}-ethoxy)-ethoxy]-ethoxy}-
ethyl) biotinamide (PEG-biotin, C33H63N3O8S2, 694.00 gmol−1)were purchased fromProchimia Surfaces
(Sopot, Poland). Biotin-CTX (NH2-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-biotin) and FITC-CTX: (FITC-NH2-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)weremanufactured and purchased fromGLBiochemLtd (Shanghai, China).
Dulbecco’sModified Eagle’sMedium (DMEM), fetal bovine serum (FBS), and Phosphate Buffered Saline (PBS)
solutionwas obtained fromGibco, Life Technologies Corporation (Paisley, UnitedKingdom). Penicillin–
Streptomycin solution and 0.25% trypsin EDTAwere acquired fromLonzaGroup Ltd (Verviers, Belgium). All
other chemicals used in this studywere of analytical grade and purchased fromKimixChemicals and Lab
Supplies c.c. (Cape Town, SouthAfrica).

2.2. Synthesis of CTX-AuNPs andCTX-AuPtNPs
2.2.1. Synthesis of citrate cappedAuNPs andAuPtNPs
Citrate cappedNPswere prepared using previously reportedmethodologies with fewmodifications [45, 46]. For
the preparation of citrate AuNPs, 1.25ml of 10mMgold (III) chloride trihydrate was added to 47.5ml ultrapure
Milliporewater in a 100ml glass Erlenmeyer flask and thismixture was stirred at a low speed (100 rpm) for 2 min
at 22 °C-25 °Con anAGIMATIC-Nmagnetic stirrer (J.P. SELECTA, s.a.; Barcelona, Spain). To thismixture,
1.25ml of 0.01M sodium citrate was added, and themixturewas stirred for 4 min, after which 1.5ml freshly
prepared ice-cold 100mMsodiumborohydride (NaBH4)was added, and themixturewas vigorously stirred
(500 rpm) for 1 min. The reactionmixturewas left undisturbed in the dark at 22 °C–25 °C for 24 h.

For the preparation of citrate AuPtNPs, 1ml of 1mMgold (III) chloride trihydrate and 1ml of 1mM
chloroplatinic acid hydrate were added to 18ml ultrapureMilliporewater in a 100ml glass Erlenmeyer flask and
stirred at 100 rpm for 2 min at 22 °C–25 °C.To this solution, 850 μl of 100mMsodium citrate was added, and
the reactionmixture was stirred at 100 rpm for 3 min, after which 600 μl freshly prepared ice-cold 100mM
NaBH4was added in a dropwisemannerwhile the reactionmixturewas stirred vigorously for a further 1 min.
The reactionwas left undisturbed in the dark at 22 °C–25 °C for 24 h to decompose residualNaBH4. The citrate
AuNPs andAuPtNPswere filtered using a 0.22 μmMillipore filter and placed in the dark at 4 °Cuntil
further use.

2.2.2. Functionalization of AuNPs andAuPtNPs
PEG cappedNPswere prepared using a previously reportedmethodologywith some alterations [47]. For the
preparation of PEG-AuNPs, 10.5 μl of 18.8mgml−1 PEG-OHand 0.2 μl 8.4 mgml−1 of PEG-biotinwere added
simultaneously to 10ml of as-synthesized citrate cappedAuNPs and stirred for 7 h at 22 °C–25 °C.The PEG-
AuNPswere centrifuged at 14000 rpm for 2 h at 4 °Cusing an Eppendorf AG centrifuge 5417R (Hamburg,
Germany). The PEG-AuNPswere resuspended in 5ml ofMillipore water.

For the preparation of PEG-AuPtNPs, as-synthesized citrate AuPtNPswere first centrifuged at 14000 rpm
for 60 min at 4 °C and theAuPtNPswere resuspended inMillipore water. A solution of 21 μl of 18.8mgml−1

PEG-OHand 0.5 μl 8.4mgml−1 of PEG-biotinwere added simultaneously to 10ml of citrate AuPtNPs and
stirred for 7 h at 22 °C–25 °C. The PEG-AuPtNPs reactionmixtures were centrifuged at 14000 rpm for 90 min at
4 °Cand resuspended in 700 μl ofMillipore water per 1ml ofNPs. The purified PEG-AuNPs and PEG-AuPtNPs
were stored in the dark at 4 °Cuntil further use.

2.2.3. Conjugation of CTX to PEG-AuNPs and PEG-AuPtNPs
CTXwas conjugated to the PEG-biotin-functionalizedNPs (PEG-AuNPs and PEG-AuPtNPs) via the biotin–
streptavidin interaction. In separate tubes, 4ml of the purified PEG-AuNPs andPEG-AuPtNPsweremixedwith
0.4 μl and 0.6 μl streptavidin (1mgml−1), respectively. Themixtures were stirred for 3 h in the dark at 4 °C.
Following this, 4 μl of biotinylatedCTX (1mgml−1)was added to streptavidin functionalizedNPs, whichwas
stirred for a further 5 h in the dark at 4 °C. The resultant CTX-AuNPs andCTX-AuPtNPswere centrifuged at
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14000 rpm for 2 h and resuspended in 1mlMilliporewater. The purifiedCTX-AuNPs andCTX-AuPtNPswere
stored in the dark at 4 °Cuntil further use.

2.3. Characterization ofNPs
2.3.1. UV–vis spectrophotometer analysis
UV–vis absorption spectra of all AuNPswere acquired using POLARstarOmegamicroplate reader (BMG
Labtech,Offenburg, Germany), 300 μl sample was added in aGreiner flat bottomnon-sterile 96well plates and
thewavelengthswere read at 280–600 nm. TheUV–vis absorption spectra of AuPtNPswere characterized on a
VarianCary 50 spectrophotometer (VarianCary 50,New Jersey, USA) in a 1 cmoptical 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 (ζ-potential)
measurements of all NPs in solutionweremeasured using aNano-ZS90 Zetasizer instrument (Malvern
Instruments Ltd, UK), at 25 °Cat an angle of 173 degrees to the laser beam. For hydrodynamic size and PDI
analyses, 1ml ofNP solutionwas transferred to a 12mmdisposable plastic cuvette and analyzed. For ζ-
potential, 700 μl ofNP solutionwas added to aDS1070 capillary cell and analyzed at a voltage of 4mV. An
average of threemeasurements were recorded for each sample andwas performed six times.

2.3.3. TEM, SAEDpattern and EDXanalysis
Todetermine the core sizes ofNPs, samples were prepared by drop-coating 1 μl of each sample onto a carbon-
coated copper grid. This was then dried under aXenon lamp. Transmission electronmicrographs and the SAED
patternswere captured in bright fieldmode at an accelerating voltage of 200 kVusing a FEI Tecnai T20TEM
with a LaB6 filament (FEICompany, Oregon, USA). All imageswere recorded on aGatanTridiem 863UHS
200 kV for Energy Filteredmicroscopy and captured using aDirect ElectronDE-16 camera. EDX spectra were
collected using the BrukerQuanta 200XFlash 6 EDX spectrometer that isfittedwithin the TEM.

2.3.4. FTIR analysis
The FTIR spectra of theNPswere obtained from JASCO460 plus spectrophotometer (Perkin Elmer,
Massachusetts,MA,USA) at a frequency ranging from4000 to 400 cm−1 as previously described [48]. TheNPs
were centrifuged at 14000 rpm for 2 h at 4 °Cand the pellets were air-dried at 25 °C. The dried pellets were
individuallymixedwith potassiumbromide (KBr) powder and pressed into a pellet formeasurement. KBr pellet
was used for background correction.

2.4. Binding and cytotoxicity effect ofNPs
2.4.1. Cell culture andmaintenance
The humanmalignant GB (U87) andNB (SH-SY5Y) cells were a generous donation fromProfessor Sharon
Prince (Department ofHumanBiology) andBlackburn Laboratory, respectively; all from theUniversity of Cape
Town, SouthAfrica. The human non-cancer skinfibroblast (KMST-6) cells were donated by ProfessorDenver
Hendricks (Department of Clinical and LaboratoryMedicine, University of Cape Town). TheU87, SH-SY5Y,
andKMST-6 cells were cultured inDMEMsupplementedwith 10%FBS and 1%of 100Uml−1 penicillin and
100 μgml−1 streptomycin cocktail. The cells were grown in a humidified incubator at 37 °Cwith 5%CO2. The
mediawas changed every 2–3 days, and the cells were sub-culturedwhen they reached 80% confluency.

2.4.2. Assessment of CTXbinding toU87 and SH-SY5Y cells
Binding of CTX toU87 and SH-SY5Ywas analyzed by flow cytometry as previously describedwith
modifications [49]. The binding specificity of CTX to the cells was assessed by a competitive binding experiment
using FITC-tagged and untaggedCTX. Briefly, 1000 μl of U87 and SH-SY5Y cells (1.75× 105 cells per well)were
seeded in 6well cell culture plates for 24 h. The cells were treatedwith 500 μl DMEMcontaining 0.03mMFITC-
CTXwith andwithout 0.13mMuntagged-CTX for 1 h. Following treatment, themedia containing floating cells
in eachwell were transferred to separate 15ml 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 μl DMEMand analyzed bymeasuring the
fluorescence intensity on FL-1 channel using a BDAccuriTMC6 FlowCytometer (BDBiosciences,
Erembodegem, Belgium) and the results were analyzedwith BDAccuri C6 Plus Software. Aminimumof 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 theWST-1 assay (Cell Proliferation Reagent, Roche,Mannheim,
Germany), as per themanufacturer’s instructions and as described previously [50]. Briefly, 100 μl of SH-SY5Y
cells (5× 103 cells/well), U87 cells, andKMST-6 cells (6× 103 cells/well)were seeded in separate 96-well cell
culture plates and incubated at 37 °C for 24 h. Thereafter, the cells were treatedwith 100 μl ofmedia containing
various concentrations (75, 150, 225, and 300 μgml−1) of citrate AuNPs, citrate AuPtNPs, PEG-AuNPs, PEG-
AuPtNPs, CTX-AuNPs orCTX-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 treatedwith 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 byWST-1 assay. ForNP interference test, cells treatedwith the same concentrations of all
NPswere left without theWST-1 dye [50]. The absorbancewasmeasured using anOmega® POLARStar
multimodal plate reader at 450 nm (620 nmwas used as a reference wavelength). Cell viability was calculated as a
percentage of untreated cells using the formula:% viability=OD treated -ODblank/ODuntreated-ODblank
X 100%as previously reported [50]. The halfmaximal inhibitory concentration (IC50), was generated using
GraphPad Prism 6 (GraphPad software, SanDiego, 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× 103 cells/well) and SH-SY5Y cells (5× 103 cells/well)were seeded in 96-well cell culture plates as
before. Thereafter, cells were treatedwith 100 μl of 225 μgml−1 of citrate AuNPs, citrate AuPtNPs, PEG-AuNPs,
PEG-AuPtNPs, CTX-AuNPs orCTX-AuPtNPs for 48 h. Following 48 h of treatment, cellularmorphology for
the various treatmentswas observed using theCarl Zeiss PrimoVertModel 370 InvertedMicroscope (Carl Zeiss
MicroscopyGmbH,Gottingen, Germany) under 10Xmagnification. Images were captured using the Zeiss
software version 2.3. Experiments were performed once in triplicate. All themethods reported in this studywere
adapted from aPhD thesis by Boltman et al [54].

2.5. Statistical analysis
The data forDLS andCTXbinding efficiency are expressed asmean± standard deviation (SD) from3 or 6
independent experiments andwere analyzed usingGraphPad Prism6 software (GraphPad Software, SanDiego,
California, USA). Core sizes of theNPs from theTEMmicrographs were calculated using Image J (100NPswere
analyzed per image) andOrigin 8 software was used to construct the histograms. Origin 8was also used to
construct FTIR graphs. Datawas 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
CTXmay hold great promise for the development of novel and highly specific diagnostic and therapeutic
nanobased platforms for cancer. CTXbinds to variousmolecular targets and its ability to penetrate the BBB
[55, 56]has generated a lot of interest forNS cancer targeting. The focus of the current studywas to evaluate the
potential of CTX-functionalizedNPs as delivery systems forNS cancer and investigate their biocompatibility
and their anticancer activities. TheCTX-AuNPs andCTX-AuPtNPswere synthesized following a 3-stepmethod
as shown in Scheme 1. Step 1 starts with the synthesis of citrate AuNPs and citrate AuPtNPs by chemical
reduction usingNaBH4 at room temperature to produce smaller NPswhichwere cappedwith citrate ions
[45, 46]. Citrate-cappedAuNPs andAuPtNPswere functionalizedwith SH-PEG-OHand SH-PEG-biotin in
step 2, which then allowed for conjugation of biotinylatedCTXonto the surface ofNPs via streptavidin–biotin
chemistry (step 3). During PEGYlation, the citrate ions are displaced by the thiol groups (SH-PEG-OHand SH-
PEG-Biotin) via chemical bonding. PEG-OHwas 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 ofNPs and biotinylatedCTX. Streptavidin has four binding sites for biotin and biotin–streptavidin
interactionswhich are recognized as one of the strongest non-covalent interactions in nature. Thismethodwas
efficient for attachingCTX, as the peptide functionality wasmaintained, and the use of toxic reagents often used
during the coupling reactions in previous studies for attachingCTX toNPs aswell as further rigorous
purificationmethodswere avoided [28, 29]. CTX-functionalizedNPs are attractive in the areas of active
targeting for different types of tumors expressingmolecular targets of interest, with the potential for further
application inmetallic NPs (MNPs)-mediated RF targeted hyperthermia. Therefore, the current study explored
the development of bimetallic AuPtNPs andmonometallic AuNPs that are∼ 5 nm in diameter and
functionalizedwithCTX for future applications in RF-induced hyperthermia treatment forNS cancer. The size
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is not only advantageous for targeting brain tumors, but smallerNPs are capable ofmore efficient heating than
largerNPs (> 50 nm) as previously described [55]. This study also aimed to investigate the inherent toxicity of
CTXmonometallic (Au) and bimetallic (AuPt)NPs inNB andGB 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
Thefirst 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 associatedwith theNPs present within the solutions [56].When incident light interacts withMNPs,
the electromagnetic field induces a coherent oscillation of the free electrons on theNP’s surface. This oscillation,
known as surface plasmon resonance (SPR), leads to a separation of charges within the particle, forming a dipole
oscillation alignedwith the electric field of the light [58]. SPR results in strong absorption of incident light,
making itmeasurable withUV–vis spectroscopy [58]. NobleMNPs, such as AuNPs, exhibit amuch stronger
SPRband compared to otherMNPs. The intensity andwavelength of the SPRband depend on factors like
particle size, shape, composition, and surroundingmedium, as described byMie theory [59]. AuNPs have a
distinct SPR in the range of 500–600 nm [48], while othermetals showweaker bands in theUV region [60]. The
size ofNPs also affects the SPR band, with smaller particles exhibiting damping due to increased electron-surface
collisions. Increasing particle size through surfacemodification can cause a redshift in the SPRwavelength and
enhance the band intensity [61].

In this study, the SPR for citrate AuNPs appeared at 508 nm,which is in accordancewith theλmax of small
AuNPs (<10 nm) [62]. For surface functionalization, ligand exchangewas used to displace citrate ionswith
PEG-OHandPEG-biotin [63] followed by bioconjugation of CTX. The distinct red shift in theλmax from
508 nm to 518 nmand 521 nm, respectively, suggested an increase in the size of theNPs and successful surface
functionalization [47]. Figure 1(B) showed the absence ofλmax in the absorption spectra of the bimetallic
AuPtNPs, confirming successful AuPtNP synthesis. The structures of bimetallicNPs 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]. TheUV–vis spectrumof the AuPtNPs reported in this study, which is in

Scheme 1.Three-step synthesis of CTX-NPs. (A)Citrate cappedMNPswere synthesized through chemical reduction, (B)PEG
functionalizedMNPs, andC)CTX functionalizedMNPs. Reproducedwith permission from [54]. [©University of theWestern
Cape].
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accordancewith theUV–vis spectra reported in the literature for bimetallic AuPtNPswithmore of an alloy
structure andPtNPswhich do not display a characteristicλmax 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 ofNPs for biomedical applications. Photon correlation spectroscopy, based onDLS technology is
used to determine the size distribution by intensity (or hydrodynamic size), PDI, and ζ-potential ofNPs in
solution. The optimization of these parameters during synthesis ofNPs is important for achieving desired
properties like stability, biodistribution, cellular uptake, and therapeutic efficacy. The hydrodynamic size ofNPs
refers to their size in solution, including the core particle size and any surrounding layer or surface
functionalization. This directly influences the behaviour ofNPs 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 ofNPs. PDI values of less than 0.1 indicatemonodispersed
samples,moderately polydispersed if its PDI is 0.1–0.4, while PDI values> 0.4 indicate polydispersed
distribution ofNPs 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], whilemoderate polydispersity with PDI values of<0.5 for
AuNPs andAgNPs are often reported [72–75]. PDI values above 0.5 can lead to inconsistent results andmay
affect the overall efficacy of theNPs. ζ-potentialmeasures the electrostatic charge at theNP surface, which affects
their stability and interactions with surroundingmolecules or cells. The ζ -potential is used to predict the
stability ofNPs in solution. ζ -potential valuesmore positive than+30mVormore negative than−30mVare
normally considered stable for biological applications as theywill repel each other and tend to not aggregate in
solution [73].

TheDLS results are shown in table 1, where the average size distribution of citrate AuNPs, PEG-AuNPs, and
CTX-AuNPs increased from6.79± 2.21 nm to 14.31± 1.61 nm to 16.71±2.48 nm, respectively. There was a
distinct increase in the hydrodynamic size of theNPs, whichwas in linewith theUV–vis absorption spectrum
data and further confirmed the successful surface functionalization. The increase in hydrodynamic size ofNPs is
an indication of surface functionalization as previously reported [76]. Citrate AuNPs, PEG-AuNPs, andCTX-
AuNPs demonstrated amoderate polydistribution ofNPswith PDI values below 0.5 (AuNPs: 0.38± 0.07; PEG-
AuNPs: 0.39± 0.04; CTX-AuNPs: 0.39± 0.07). The ζ-potential value for citrate AuNPs (table 1)was−30.00±
1.72mVand indicated that the AuNPswere stable [77]. Following functionalizationwith PEG andCTX, the ζ-
potential of PEG-AuNPs increased to−16.92± 0.76mV and−11.04± 2.12mV. The changewas a verification
that the surface of theNPswas altered, and that functionalizationwith PEG andCTXwas successful. These
results were in agreementwith previous reports which showed a reduction in ζ-potential following surface
functionalization [29, 45]. Similarly, the hydrodynamic size of citrate AuPtNPs, PEG-AuPtNPs, andCTX-
AuPtNPs increased from7.71± 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 andCTX also suggested that surfacemodification had

Figure 1.UV–vis absorption spectrumofMNPs.UV–vis absorption spectrumof (A)AuNPs, AuPtNPs (B) and their conjugates. The
inserts show the color changes ofMNPs and their conjugates. Reproducedwith permission from [54]. [©University of theWestern
Cape].
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occurred [78]. The ζ-potential of citrate AuPtNPswas stable at−31.60± 2.05mV,while after surface
functionalizationwith PEG (−20.08± 1.64mV) andCTX conjugation (−14.53± 2.74mV) increased slightly.
The negative ζ-potential average values shifted towards a neutral charge, further confirming surface
modification [29, 79]. The PDIs for all AuPtNPswere< 0.5 (citrate AuPtNPs: 0.36± 0.03; PEG-AuPtNPs: 0.27
± 0.09; CTX-AuPtNPs: 0.46± 0.03), indicating amoderate size distribution of theNPs.Moderate
polydispersitymay not significantly compromise stability unless it leads to aggregation or poor dispersion of the
NPs in themediumwhichmay result in varying degrees of cellular uptake among differentNP sizes within the
sample [68]. Thus, this could affect the overall efficacy of targeted delivery systems release kinetics of
encapsulated drugs or therapeutic agents fromNPs, 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 andAuPtNPs and their conjugates were∼ 5 nmas confirmed byTEMmicrographs
(figures 2 and 3). The use of the strong reducing agent (NaBH4) in the presence of sodium citrate as a stabilizing
agent producedNPs< 5 nm, as reported previously [45, 46]. Themorphology of the citrate AuNPs (4.90± 0.71
nm), PEG-AuNPs (4.58± 0.73 nm), andCTX-AuNPs (4.69± 0.67 nm)were spherical in shape, uniform in
structure andmonodispersedwith almost equidistant arrangement after surface functionalization (figure 2).
The presence of PEG andCTXonAuNP surfaces stabilized theNPs through electrostatic interactions and
prevented aggregation ofNPs. EDX results confirmed the presence of Au in all AuNPs, and bothAu and Pt
presence in all AuPtNPs (figures 2(D) and 3(D)). The presence of strong peaks for carbon, copper, and zincwas
attributed to the TEMgrids used. Citrate AuPtNPs (4.99± 0.93 nm)were predominantly spherically shaped
with a few hexagonal, cylindrical, and triangular shapedNPs (figure 3). Themixture of geometrical shapes for
AuPtNPs alloys has been reported previously at the sameAu/Pt atom ratios of 1:1 used in the current study
[65, 80]. Following surface functionalization of AuPtNPswith PEG andCTX, theNPsmaintained their shape
and size, however, it was evident that therewas amore equidistant arrangement ofNPs (figure 3) indicating
improved stability after surface functionalizationwith no aggregation as waswhen PEGwas used to stabilize
AuPtNPs [44]. The hydrophilic nature of PEG creates a hydrated sphere around theNPs that promotes steric
repulsion and prevents the interaction ofNPswith each other [19, 81]. NPswith core sizes of∼ 5 nmare
attractive for use inNP-mediated hyperthermia, as they are able to cross the BBB and cell nucleus [45]. The
SAEDpattern forNPs confirmed their crystalline nature (figures 2(C) and 3(C)). The rings for the citrate AuNPs,
PEG-AuNPs, andCTX-AuNPswere indexed andwere found to correspond to the (111), (200), (220), (311) and
(222) reflections of face-centered cubic (fcc) of gold, as previously reported [82]. The SAEDpatterns of citrate
AuPtNPs andCTX-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 associatedwith that of small AuPt alloy nanostructures reported in literature [83].

3.1.4. FTIR analysis of NPs
FTIR spectra provide structural and conformational information ofNPs,figures 4(A) and (B) showFTIR spectra
of citrate AuNPs and citrate AuPtNPs. The evidence of the surface functionalization of theNPs by citrate ions
can be observed by the characteristic peaks at 1399/1398 and 1582/1586 cm−1 which correspond to the
symmetric and antisymmetric stretching of COO−. This data confirmed the interaction between citrate ions
andNPs. The citratemolecule has three COO- groups andwere responsible for anchoring onAu/AuPt surface.
These results correspond to previous reports of citrate cappedNPs [84]. Prominent differences were visible in
the spectra for the PEGAuNPs compared to those for the citrate AuNPs (C andD). The presence of PEG
molecules onAuNPs andAuPtNPswas possibly attributed to the increase in the relative intensity of the peaks
associatedwithCO stretching (1686 cm−1 for PEG-AuNPs and 1689 cm−1 for PEG-AuPtNPs) and bending
(1349/1350 cm−1 for C–Hbending, –CH2 and –CH3), and the additional peaks associatedwithN–Hwagging
(600–900 cm−1). Narrowing of theCH2 stretching at 2857 cm

−1may be due to glycolmoieties expressed, as

Table 1.Physical properties of differentMNPs asmeasured byDLS. Reproducedwith permission from [54]. [©University of the
WesternCape].

Nanoparticle Z-Average (nm) PDI ζ-Potential (mV) λmax

Citrate AuNPs 6.79± 2.21 0.38± 0.07 −30.00± 1.72 508.3± 0.52

PEG-AuNPs 14.31± 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

Datawere expressed asmean± SD from six independent experiments. ND: not detected.
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previously described [66, 67]. The presence of CTXon theNPswas observed by the presence of amine found at
peaks 1648/1646 cm−1 and carboxylate peaks at 1588/1587 cm−1 and 1349/1353 cm−1 (E and F). CTX
attachmentwas further verified by themethyl symmetric/asymmetric stretch located at 2923/2921 and 2853/
2852 cm−1 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 andCTX-NPs [85–87].

3.1.5. Stability of NPs in supplemented biological medium
Biologicalmedium is comprised of proteins such as serum albumin or globulins, and several biomolecules
including amino acids and ionic salts. These constituentsmay affect the hydrodynamic behavior ofNPs, causing
theNPs to become unstable throughNP/biomolecule interactions or loss of surface functionality, resulting in

Figure 2.Characterization ofmonometallic AuNPs. TEMmicrographs at 50 nmmagnification (A); core size distribution histogram
presented asmean± SD (B) and SAEDpattern (C) of citrate AuNPs, PEG-AuNPs andCTX-AuNPs. Representative EDXofCTX-
AuNPs, where black arrows showAu peaks (D). Reproducedwith permission from [54]. [©University of theWesternCape].
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NPaggregation [88]. These processes can further influence the in vitro behavior and significantly alterNP
mobility. Therefore, the investigation of the stability ofNPs in biologicalmedia 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 synthesizedNPswas assessed inDMEMsupplementedwith 10%FBS, by investigating
changes in hydrodynamic size, PDI, and ζ-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 nmand 7.71± 1.14 nm, respectively
(table 1). These values increased to 21.55± 3.28 nmand 26.00± 2.78 nmafter 48 h inDMEMat 37 °C (table 2),
respectively. This suggested that the hydrodynamic size of the citrate-cappedNPs increased significantly. This
was accompanied by a slight increase in the ζ-potential (AuNPs:−24.87± 1.19mV andAuPtNPs:−23.50±
2.78mV). The increase in hydrodynamic size of citrateNPs could be attributed to the adsorption of serum

Figure 3.Characterization of bimetallic AuPtNPs. TEMmicrographs at 50 nmmagnification (A); core size distribution histogram (B);
and SAEDpattern (C) of citrate AuNPs, PEG-AuNPs andCTX-AuNPs. Representative EDXofCTX-AuNPs, where black arrows
showAu and Pt peaks (D).White circles indicate irregular shapedNPs. Reproducedwith permission from [54]. [©University of the
Western Cape].
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proteins fromFBS onto the surface ofNPs, ion concentration, pH, or loss of surface functionality resulting in the
formation of aggregates when placed in themedia [88, 89]. Serumproteins present inDMEMcould form a
protein ‘corona’ around theNPs and shield the surface charge, contributing to the aggregation and ultimately
increase in the hydrodynamic size ofNPs and less negative surface charges as reported previously [89].

Figure 4. FTIR ofCitrate AuNPs (A), Citrate AuPtNPs (B), PEG-AuNPs (C), PEG-AuPtNPs (D), CTX-AuNPs (E) andCTX-AuPtNPs
(F). Reproducedwith permission from [54]. [©University of theWesternCape].

Table 2. Stability ofMNPs inDMEM (with 10%FBS) after 48 h at 37 °C.Reproducedwith permission from [54]. [©University of the
WesternCape].

Nanoparticle Z-average PDI ζ-potential (mV)

Citrate AuNPs 21.55± 3.28 0.44± 0.05 −24.87± 1.19

PEG-AuNPs 15.14± 0.85 0.38± 0.13 −16.07± 0.46

CTX-AuNPs 23.29± 1.79 0.46± 0.01 −12.10± 1.81

Citrate AuPtNPs 26.00± 2.78 0.44± 0.04 −23.50± 2.78

PEGAuPtNPs 23.12± 1.58 0.48± 0.07 −12.90± 0.53

CTX-AuPtNPs 26.77± 9.53 0.49± 0.03 −12.80± 0.82

Data expressed asmean± SD from three independent experiments. PDI: polydispersity index.
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Electrostatically stabilizedNPs have generally shown poor stability in culturemedia [88]. Generally, steric
stabilization is amore successful approach to increase the stability ofNPs in suspension and is accomplished via
synthetic polymer surface coatings such as PEG. The inherent hydrophilicity of PEG forms a protective hydrated
layer aroundNPs, effectively hindering themutual interaction ofNPs [18]. This phenomenon enhances particle
stability and curbs aggregation. PEG is awell investigated and frequently used polymer since it has been shown to
decrease protein adsorption and contribute to the overall biological stability ofNPs in vivo [89]. PEG-NPs have
improved colloidal stability in biologicalmedium [90]. In this study, steric stabilizationwith PEG-OHandPEG-
biotin improvedNP colloidal stability and possibly also preventedNP aggregation. PEG-AuNPswere themost
stableNPs inDMEMas the hydrodynamic size increased by only 1 nmwhen compared to the size of PEG-
AuNPs after synthesis (tables 1 and 2). This comparedwell with a studywhich evaluatedAuNPs in different
biologicalmedia, where PEG-AuNPsmaintained stability in Roswell ParkMemorial InstituteMedium and
DMEMfor up to 3 days [91]. PEG-AuPtNPs inDMEMalso increased in hydrodynamic size and in ζ-potential
(23.12± 1.58 nm;−12.90± 0.53mV) (table 2)when compared to PEG-AuPtNPs post synthesis (14.34± 0.74
nm;−20.08± 1.64mV) (table 1). It was evident thatDMEM influenced the stability of PEG-AuPtNPs, thismay
be due to a variety of different factors.WhenNPs are placed into cell culturemedia, 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 thatNPs, such as silverNPs, quantumdots or Zinc oxideNPs, can release
ions and that the rate of ion release is influenced by particle size, surface composition, and environment [92–95].
Colloidal stabilitymay also be compromised due electrostatic interactions [96], resulting inNP aggregation.
pH can affect the dissolutions of nanomaterials by changing the surface charges. Cation/anion valence
concentration of reactionmedia also affects stabilities ofNPs [88]. The hydrodynamic size of CTX
functionalizedNPs had little appreciable changes after being incubated inDMEM for 48 h, confirming the
favorable colloidal stability of these peptide functionalizedNPs, as supported in the literature for other CTX
functionalizedNPs in culturemedia [80, 81]. The current study suggests that CTX-NPs are favorable for
biomedical applications because it has been reported thatNPswith low surface charges aremore likely to evade
phagocytosis bymacrophages and to be internalized by non-phagocytic cells thanNPswith high negative
charges [89]. It was also reported that lownegative surface chargesmay enhance the cell selectivity ofNPs and
prevent non-specific binding to non-target cells before arriving at the target tumor site [97]. Therewas a slight
increase in the PDI values after placing theNPs inDMEMwhen compared to PDI values post synthesis (tables 1
and 2), however; it remained below 0.5 for all NPs after introduction toDMEM, indicating amaintained degree
ofmonodisperse solution ofNPswith less likelihood of aggregation.

3.2. CTXbinding efficiency toU87 and SH-SY5Y cells
CTXwas shown to cross the BBB and selectively bind to gliomas and other tumors of neuroectodermal origin
throughMMP-2without 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-CTXbinds to bothU87 and SY-SY5Y cells with
98.57± 0.28% and 86.46± 1.32% efficiency.However, when the cells were exposed to FITC-CTX in the
presence of CTX, therewas a reduction in the percentage of FITCpositive cells from98.57± 0.28% to
50.02± 1.10% forU87 and from86.46± 1.32% to 72.22± 2.21% for SY-SY5Y cells. The competitive binding
betweenCTX and FITC-CTX confirmed the specific binding of CTX to these cells. A higher percentage of
FITC-CTXbound toU87 cells than SY-SY5Y cells, which suggested thatU87 cells containmore binding targets
for CTX than SY-SY5Y cells. It is possible that the expression levels of the known targets, such asMMP2, ClC-3,
andAnnexinA2, are higher inU87 cells compared to SY-SY5Y cells. Soroceanu et al showedCTXbinding to
various glioma cells includingD54-MG, SK-1-MG,U87-MG,U105-MG,U251-MG andU373-MGcells [55].
Lyons et al further confirmedCTXbinding to 74/79 human brain tumors aswell as human neuroblastoma cell
lines such as SH-SY5Y cells [56]. This study also confirmed thatU87 and SH-SY5Y cells can be targeted byCTX,
and possibly used for CTX-targeted treatment ofNB andGB cancers.

3.3. NPs induced cytotoxicity inU87 and SH-SY5Y cells
The cytotoxicity of themonometallic AuNPs (citrate AuNPs, PEG-AuNPs, andCTX-AuNPs) and bimetallic
AuPtNPs (citrate AuPtNPs, PEG-AuPtNPs andCTX-AuPtNPs)was evaluated in cancer (U87 and SH-SY5) and
non-cancer (KMST-6) cells. The cells were treated for 48 hwith 75–300 μgml−1 ofNPs, theU87 cells were the
most susceptible to theNPs. The IC50 values for theNPs 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 theNPs. The IC50 values for theNPs on
KMST-6 cells were generally higher when compared toU87 and SH-SY5 cells. This could be due to the fact that
mostmolecularmarkers that are highly expressed by cancer cells are found in low levels in normal cells. For
example,MMP-2, one of themainmolecular targets of CTX in cancer, is found at lower levels in fibroblasts
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[100]. As such, CTXdid not bind to 40 human non-tumor tissues including non-cancerous brain tissues and
6 human skinfibroblast cell lines [56].

Moreover, the bimetallic citrate AuPtNPsweremore toxic than themonometallic citrate AuNPs. The
toxicity induced by citrateNPsmay result from the acidic nature of citrate as previously explained [101]. Once
the citrateNPsweremodified by PEGylation andCTX, this apparent correlation between toxicity andmetallic
complexity did not completely hold. The cytotoxicity of AuNPs inU87 than SH-SY5Y cells was in correlation
with afinding reported by Park et al [51], inwhich the viability of SH-SY5Y cells was not affected by the
treatmentwith citrate capped AuNPs up to 100 μgml−1 [52]. In this study, the cytotoxicity observed after
treatmentwith∼5 nmAuNPswas in linewith previous reports where AuNPs under 10 nm induced cytotoxicity
inGB cells [53].

The higher cytotoxic effects observedwithAuPtNPs compared toAuNPsmay 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 drugwith smaller PtNPs reported as apoptotic inducers in cancer cells. PtNPs significantly
affected the cell proliferation rate andmorphology ofU87 cells, the cells suffered frommembrane disruption,
reduced density, and decreasedmigration. TheseNPs also induced apoptosis in neuro-2a brainNB cells [102].
In another study, SH-SY5Y cells pretreatedwith PtNPs sensitized cells to treatment with cisplatin [103]. The

Figure 5.Binding of FITC taggedCTX toU87 cells (A) and SHY-SY5Y cells (B). Cells were treatedwith either 0.03mMFITC-CTXor
co-treatedwith 0.03mMFITC-CTX and 0.13mMCTX for 1 h at 37 °C. Fluorescence intensities of the cells were analyzed by flow
cytometry. Experiments were done in triplicate. Bar graphs represent themean± standard error of themean (SEM) of three
independent experiments and the significance difference is indicatedwith **** (P� 0.0001). Reproducedwith permission from [54].
[©University of theWestern Cape].
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combination of two differentmetals has demonstrated unique properties when compared tomonometallic NPs
in various fields such as photo, heat, catalytic, drug delivery and therapeutic effects [104, 105]. The physical and
chemical properties of bimetallicNPs are different from the properties of individualmetals 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 potentialmechanism of their cytotoxicity. Tang et al indicated that AuPtNPs
caused negligible toxicity to human breast cancer (MDAMB-231) cells at 10mgml−1 for 24 h treatment [37].
Chaturvedi et al showed the cell viability of human colon cancerHCT116 cells was significantly reduced to 25%
and 10%when treatedwith 100 and 200 μgml−1 of AuPtNPs, respectively [38]. AuPtNPs enhanced the level of
ROS inHCT116 cells. ROS impairs the electron transport chain of themitochondrial 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 byAuPtNPs at 25–225 μgml−1 [39]. Shin et al showedAuPtNPs significantly
inhibited bladder cancer EJ cell proliferation in a dose-dependentmanner by inducingG1 phase cell cycle arrest
[40]. The current study reports for the first time the effects ofmonometallic (AuNPs) versus bimetallic
(AuPtNPs)NPs inU87, SH-SY5Y andKMST-6 cells at concentrations up to 300 μgml−1 after 48 h of treatment.
TheAuNPs andAuPtNPswere generally not toxic toKMST-6 cells at low concentrations and corroboratedwith
previous studies demonstrating little toxicity towards normal cells and in otherfibroblast cells [56, 66, 107].

Citrate AuPtNPs andPEG-AuPtNPs generally demonstrated the highest and lowest toxicity (table 3),
respectively. It is known that themodification of theNP 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
PEGylatedNPs demonstrated lower toxicity. These findings were also in agreement with a previous studywhere
it has been shown that negatively charged particles present low cell interaction and that PEGylatedNPsweakly
interact with cells resulting in longer circulation times in vivo [109]. The low cytotoxicity of PEGylatedNPs 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 IC50 concentration (166 μgml−1)was reported inU87 cells
treatedwithCTX-AuPtNPs, suggesting that CTX-AuPtNPsweremore cytotoxic than the otherNPs. TheCTX-
NPs demonstrated selective toxicity towardsU87 and SH-SY5 cells, which are both known to expressmolecular
targets of interest. TheKMST-6 cells do not express thesemolecular targets as highly as cancerous cells and
therefore highlights the safety profile of CTX-NPs, as previously reported forfibroblasts [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 theMNPs 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 theNPswhich includeNPs composition (mono- versus bimetallic) and surface charge. It is
possible that the differential response observed for CTX-AuPtNPs andCTX-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 andCTX-AuNPs accumulate within cells, such asU87 cells that express higher
levels of CTX receptors.

Table 3. IC50 values of differentNPs against selected cell lines. Reproduced
with permission from [54]. [©University of theWesternCape].

Nanoparticles
Cell lines and IC50 values (μg/ml)± SD

U87 SH-SY5Y KMST-6

Citrate AuNPs 207.00

± 1.86

> 300 281.80

± 1.82

Citrate AuPtNPs 184.70

± 1.90

201.90

± 1.89

205.60

± 1.95

PEG-AuNPs 202.40

± 1.76

> 300 239.60

± 1.81

PEG-AuPtNPs > 300 > 300 > 300

CTX-AuNPs 255.60

± 1.76

273.40

± 1.12

> 300

CTX-AuPtNPs 166.00

± 2.00

> 300 > 300

>300—IC50 could not be established at the test concentrations andwill

require concentrations that are higher than 300 μgml−1 for a significant

effect.
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3.3.1. NPs inducedmorphological changes inU87 and SH-SY5Y cells
Treatment withNPswas accompanied by distinctmorphological changes as demonstrated infigure 6. The
astrocyte-like shape ofU87 (untreated) and neuroblast-like shape of SH-SY-5Y (untreated) cells changed to a
spherical shape after exposure to the differentNPs (at 225 μgml−1) for 48 h. This was indicative of cellular stress
and cell death caused byNPs as previously reported [102, 103]. It was also clear that the density of cells was lower
when compared to the untreated control samples, whichwas indicative of increased cell death in theNP treated
cells.While the percentage of cells that changed theirmorphology was not quantified, the reduction in cell
viability suggested that treatmentwithNPs resulted in cell death. Based on themorphology and the density of
the cells, CTX-AuPtNPs appeared to bemore cytotoxic in bothU87 and SH-SY-5Y cells. Thesefindings
demonstrated that CTX-NPs has potential to be developed into targeted strategies forNS cancers, andmight
selectively ablateNS tumors through dual effects of theNPs i.e. anti-proliferation andRF-induced hyperthermia
activities. Hyperthermia therapy could benefit fromAuPtNPs, whichwere shown to reduce cell viability ofHeLa
cell in response to photothermal- and chemo-therapies.Moreover, the AuPtNPswith a targeting peptide could
be detected at the tumor site 1 min after injections through the tail vein. TheNPs protected themice fromdrug-
induced liver injury and production of reactive oxygen species, demonstrating that these system are

Figure 6.Themorphological changes induced byNP treatment inU87 and SH-SY5Y cells. The effects of AuNPs; AuPtNPs; PEG-
AuNPs; PEG-AuPtNPs; CTX-AuNPs andCTX-AuPtNPs on cellmorphology compared to untreated cells. U87 cells and SH-SY5Y
cells were treated for 48 hwith 225 μgml−1 of differentNPs. Images were acquired using a lightmicroscope at 10Xmagnification.
Reproducedwith permission from [54]. [©University of theWesternCape].

15

Nano Express 5 (2024) 045002 TBoltman et al



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 toNB
andGB cells were synthesized in a facile 3 stepmethod. Cancer targetingwas achieved through the binding of
CTX to cell surface proteins such asMMP-2, ClC-3, and annexin A2, which are overexpressed in these cancers.
The study confirmed the binding of CTX toU87 and SH-SY5Y cells and therefore demonstrated the suitability
of this cancer targeting peptide for use as a targetingmoiety forNS tumors. TheNP conjugates that were
investigated in this study had inherent toxicity towardsU87, SH-SY5Y, andKMST-6 cells. The bimetallic CTX-
AuPtNPs andCTX-AuNPs demonstrated higher cytotoxicity than the otherNPs. CTX-AuPtNPs also
demonstrated increased and possibly selective toxicity towards cancer cells, withminimal effect on the non-
cancer cells. This apparent biocompatibility observedwith theKMST-6 cells highlights the safety profile of CTX-
functionalizedNPs. 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
bodeswell for the future RF-induced hyperthermia applications of these CTX-NPs conjugates for the treatment
of brain tumors. Target specific bimetallicNPswith 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, themechanisms 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-PtNPswill 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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