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Abstract 

Background: Electric field therapies such as Tumor Treating Fields (TTFields) have emerged as a bioelectronic treat-
ment for isocitrate dehydrogenase wild-type and IDH mutant grade 4 astrocytoma Glioblastoma (GBM). TTFields 
rely on alternating current (AC) electric fields (EF) leading to the disruption of dipole alignment and induced dielec-
trophoresis (DEP) during cytokinesis. Although TTFields have a favourable side effect profile, particularly compared 
to cytotoxic chemotherapy, survival benefits remain limited (~ 4.9 months) after an extensive treatment regime (20 
hours/day for 18 months). The cost of the technology also limits its clinical adoption worldwide. Therefore, the discov-
ery of new technology that can enhance both the therapeutic efficiency and efficacy of these TTFields will be of great 
benefit to cancer treatment and decrease healthcare costs worldwide.

Methods: In this work, we report the role of electrically conductive gold (GNPs), dielectric silica oxide  (SiO2), and 
semiconductor zinc oxide (ZnO) nanoparticles (NPs) as transducers for enhancing EF mediated anticancer effects 
on patient derived GBM cells. Physicochemical properties of these NPs were analyzed using spectroscopic, electron 
microscopy, and light-scattering techniques.

Results: In vitro TTFields studies indicated an enhanced reduction in the metabolic activity of patient-derived Glioma 
INvasive marginal (GIN 28) and Glioma contrast enhanced core (GCE 28) GBM As per our journal style, article titles 
should not include capitalisedletters unless these are proper nouns/acronyms. We have therefore usedthe article title 
“Electric field responsive nanotransducers forglioblastoma” as opposed to “Electric Field Responsive Nanotransduc-
ersfor Glioblastoma” as given in the submission system. Please check ifthis is correct.cells in groups treated with NPs 
vs. control groups, irrespective of NPs dielectric properties. Our results indicate the inorganic NPs used in this work 
enhance the intracellular EF effects that could be due to the virtue of bipolar dielectrophoretic and electrophoretic 
effects.

Conclusions: This work presents preliminary evidence which could help to improve future EF applications for bio-
electronic medicine. Furthermore, the merits of spherical morphology, excellent colloidal stability, and low toxicity, 
make these NPs ideal for future studies for elucidating the detailed mechanism and efficacy upon their delivery in 
GBM preclinical models.
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Background
Isocitrate dehydrogenase wild-type GBM is a form of 
highly aggressive brain tumour accounting for 49.1% of 
primary malignant brain tumours with less than 7% of 
patients surviving after 5 years post-diagnosis (Ostrom 
et  al., 2021). The current standard of care is known as 
the ‘Stupp regimen’ and consists of surgical resection 
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followed by treatment with radiotherapy and the alkylat-
ing chemotherapeutic agent, temozolomide, increasing 
overall survival (OS) to a median of 14.6 months (Stupp 
et  al., 2005). Since this finding in 2005, there has been 
little progression in the identification of new treatments 
for GBM that are United States Food and Drug Adminis-
tration (FDA) approved, except for TTFields. Indeed, no 
molecular targeted therapeutics predicated on genome 
biology has shown efficacy in phase III trials to date. 
These low intensity (<4 V/cm), intermediate frequency 
(100-500 kHz) and AC EFs, have been shown to further 
enhance cell death when in conjunction with the Stupp 
regimen, increasing OS by a median of 4.9 months (Stupp 
et  al., 2017). This significant improvement to OS is not 
accompanied by any major side effects, with the only 
reported effect being contact dermatitis at the site of the 
electrodes.

TTFields are directional, mainly influencing cell behav-
iour when the electric field and axis of cell division are 
parallel to one another (Kirson et  al., 2007). While the 
full extent of how TTFields work is currently unclear, 
two proposed mechanisms explain the mode of action: 
dipole alignment and DEP. In the first instance, spindle 
formation during mitosis is affected. Microtubules are 
influenced by the dipole moment of the building blocks, 
therefore cell division is limited (Kirson et  al., 2004). In 
the second instance, an inhomogeneous distribution of 
the EF within dividing cells causes molecules to become 
polarised. These polar molecules then move to regions 
with higher EF intensities, notably the cleavage furrow in 
mitotic cells, and thereby interfere with cytokinesis (Kir-
son et al., 2007).

Despite TTFields affecting rapidly dividing cancer cells, 
there appears to be no effect on healthy cells with rela-
tively slower cell division. Even cells that exhibit rapid cell 
division such as those found in bone marrow or intestine 
are not affected as they are protected by high impedance 
of the bone, and slower replication times compared to 
cancerous cells respectively (Blatt et al., 2021).

Tight junctions between epithelial cells at the blood-
brain barrier (BBB) are known to inhibit the influx 
and efflux of many molecules to the brain (Brightman 
& Reese, 1969; Reese & Karnovsky, 1967). This barrier 
can be overcome by taking advantage of the leaky vas-
culature surrounding brain tumours which leads to the 
accumulation of NPs in the tumour, via the Enhanced 
Permeation and Retention (EPR) effect. NPs are fre-
quently utilised to take advantage of this EPR effect, 
with studies showing that NPs of a size range of 20-100 
nm are ideal to allow for maximum accumulation in 
the cells, tumour and longer clearance times (Perrault 
et al., 2009). Gold NPs (GNPs) are of particular interest 
for biomedical and bioelectronics applications due to 

their biocompatibility and tuneable properties (Shukla 
et  al., 2005; Perrault & Chan, 2009; Sanjuan-Alberte 
et al., 2019). In recent years there have been numerous 
clinical trials utilising GNPs to treat a range of can-
cers, including glioblastoma (Libutti et  al., 2010; Gad 
et  al., 2012; Kumthekar et  al., 2021). ZnO NPs (semi-
conductors) and  SiO2 NPs (insulators), have also been 
well researched as a potential treatment for cancers, 
with the former showing the preferential killing of can-
cer cells over normal cells, while the latter has shown 
advantages of being highly tuneable, allowing for tar-
geted drug delivery (Hanley et  al., 2008; Wang et  al., 
2009; Murugan et al., 2017).

Electric fields have been used as external stimuli for the 
delivery of drugs from NPs for cancer and tissue regener-
ation (Kolosnjaj-Tabi et al., 2019). However, the behavior 
of nanoparticles under EFs in cellular environment needs 
further studies. Apart from the classic endocytosis medi-
ated uptake of NPs in cancer cells, electric fields have 
shown to enhance the uptake of NPs by permeabilizing 
cancer cell membranes via electroporation and by modu-
lating bioelectricity through voltage-gated ion channels 
(Aguilar et al., 2021; Chang et al., 2018). This has opened 
new area of research to develop new tools to study intra-
cellular interaction of NPs with EFs. Apart from the well-
known electrophoretic and dielectrophoretic movement 
of NPs, EFs have been shown to induce electrostatic 
induction and charge separation of nanomaterials. This 
electric polarization leads to generation of numerous 
bipolar nanoelectrodes which acts as transducer of EFs 
(Guo et  al., 2021). Using modelling approaches Tiwari 
et al. demonstrated that spherically capped gold nanow-
ire enhanced EFs inside the cells. They inferred that due 
to the uniform and homogenous distribution of EFs over 
nanomaterials (due to charge separation is over a short 
distance ≈ nm) addition source and sinks are gener-
ated. This causes a local enhancement in electric field 
strengths around nanomaterials in contact with cytoplas-
mic entities leading to the rupture of plasma membrane 
and eventually apoptosis (Tiwari et al., 2009).

During last decade, there has been much experi-
ment work into the mechanism of action of TTFields, 
but there has been limited efforts to enhance TTFields 
using NPs. One example is biocompatible barium titan-
ate NPs (BTNPs) with a high dielectric constant, which 
were investigated as breast cancer sensitisers in cells that 
were resistant to TTFields (Yoon et al., 2020). This study 
found that BTNPs accumulate within the cytoplasm 
when exposed to TTFields where they are then polar-
ised by the inhomogeneous EF as discussed earlier, caus-
ing the BTNPs to migrate to the cleavage furrow and the 
cells to undergo apoptosis. While this study is the first 
example of using NPs to enhance TTFields, BTNPs are 
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not FDA-approved, creating a barrier to translating these 
findings to a clinical setting.

Here, we investigate the underlying mechanism with 
the hypothesis that conductive particles would enhance 
the effects of TTFields. NP-enhanced TTFields mecha-
nism of action was investigated, which is of paramount 
importance for the discovery of new approaches that 
can enhance these TTFields-induced anticancer effects. 
The NPs chosen were gold, zinc oxide (ZnO), and silica 
 (SiO2), which are FDA-approved conductive, semi-
conductive, and insulating NPs respectively (Rasmus-
sen et al., 2010; Zhou et al., 2018). As the two suggested 
modes of TTFields action are due to dipole alignment 
and DEP, the effects of using GNPs and ZnO NPs with 
different electrical conductivities were chosen to address 
the first mechanism, while dielectric  SiO2 NPs have 
potential to enhance TTFields by the second mechanism. 
From a clinical application perspective, the overall toxic-
ity, pharmacokinetics, and therapeutic efficacy of the NPs 
must be evaluated in an accurate in vitro model that can 
reflect the cancer heterogeneity observed in clinics. Fur-
thermore, as observed in clinics, the efficacy of TTFields 
varies across patients which is attributed to heterogeneity 
in GBM. Therefore, we utilised patient-derived GIN 28 
(isolated from the invasive margin) and GCE 28 (isolated 
from the contrast-enhanced core), which reflect GBM 
tumour characteristics that are observed clinically.

Methods
Materials
All the reagents were of analytical grade and were used 
as supplied without further purification unless speci-
fied. Citrate-capped spherical GNPs, ZnO, and  SiO2 NPs 
of size 50 nm were purchased from Sigma Aldrich, UK. 
PrestoBlue cell viability reagent and cell culture treated 
22 mm coverslips (Nunc™ Thermanox™ Coverslips) were 
purchased from ThermoFisher Scientific, UK.

Cell culture
GIN 28 cells were isolated from the 5-aminolevulinic acid 
(5ALA) fluorescing infiltrative tumour margin and GCE 
28 were isolated from the core central region of a GBM 
patient who underwent surgery at the Queen’s Medi-
cal Centre, University of Nottingham (Nottingham, UK) 
using the method described earlier (Smith et  al., 2017; 
Smith et al., 2020). Low-passage patient-derived GIN 28 
and GCE 28 cells were cultured in DMEM (Gibco) sup-
plemented with 10% FBS, 1% Penicillin/Streptomycin, 
and 1% L-Glutamine. Human derived cortical astrocytes 
(HA-COR) were obtained from ScienCell (Cat. No. 1800, 
Batch No. 24490) and were cultured in astrocyte medium 
(AM) containing 2% FBS, 1% astrocyte growth supple-
ment, 1% Penicillin/Streptomycin from ScienCell. Cells 

were maintained at 37°C in an incubator with humidi-
fied atmosphere, containing 5%  CO2. Cells were routinely 
tested for mycoplasma where they were grown in an 
antibiotic-free medium for one week before mycoplasma 
testing. All cells used were mycoplasma-free.

In vitro toxicity
HA-COR, GIN 28 and GCE 28 cells were seeded in a 
96-well plate at a density of 4.5 ×  103 cells per well and 
incubated for 24 hours at 37°C and 5%  CO2. Culture 
media was replaced with medium containing GNPs/
SiO2/ZnO NPs (concentration = 0.1, 0.5, 1, 2, 5, 10, 20, 50 
or 100, 200 μg/ mL) and incubated for 4 hours. Next, the 
media was replaced with fresh media and cells were incu-
bated for 48 or 72 hours. Finally, metabolic activity was 
determined using  PrestoBlueTM. For each well, the media 
was replaced with media containing 10% PrestoBlue cell 
viability reagent and incubated at 37°C for 2 hours in an 
incubator before transferring the coloured metabolic 
product to a black-bottom 96-well plate. Finally, the 
fluorescence of the plate was read using a plate reader 
(TECAN Infinite 2000) with an excitation wavelength of 
570 nm and an emission wavelength of 600 nm. Mean ± 
S. D values are presented relative to negative controls.

TTFields
GIN 28 and GCE 28 cells were seeded on a 22 mm cell 
culture treated coverslip at a density of 3.5 ×  104 and 
incubated for 24 hours at 37°C and 5%  CO2. Next, the 
media was replaced with media containing GNPs/SiO2/
ZnO NPs at a concentration of 5 μg/mL or 25 μg/mL and 
incubated at 37°C for 4 hours. Next, the coverslips were 
transferred to ceramic Petri dishes of the inovitro™ sys-
tem (Novocure, Haifa, Israel). Finally, the TTFields were 
applied for a duration of 48 or 72 hours using the ino-
vitro system which consists of two pairs of perpendicular 
transducer arrays on the outer walls of the ceramic plate 
containing the Petri dishes. A sinusoidal waveform gen-
erator was attached to the transducer arrays producing 
alternating EFs set at a frequency of 300 kHz and 1V/cm 
intensity. TTFields of 300 KHz was chosen for this work, 
this is based on previous studies that used range of fre-
quencies from 200-300 KHz for GBM cells (Branter et al., 
1982; Linder et al., 2021). TTFields were applied bi-direc-
tionally (perpendicular to each other), which switches 
between the two direction every second. The temperature 
was measured to be 37°C inside the dishes by thermistors 
attached to the ceramic walls. Finally, the change in met-
abolic activity/ viability of GIN 28 and GCE 28 cells in 
response to TTFields or NP + TTFields, was determined 
using the  PrestoBlueTM assay as described above.
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Characterization
The size and morphology of the NPs were analyzed 
using a transmission electron microscope (JEOL 2000 
FX TEM) operating at 200 kV accelerating voltage. TEM 
samples were prepared by dropping 15 mL of NP solu-
tion on a carbon-coated copper grid (400 Mesh, Agar 
Scientific), where the samples were allowed to sit on 
the grid for at least 15 minutes before analyses. Fourier-
transform infrared spectroscopy (FTIR) was carried out 
by drying silica NPs at 37°C for 48 hours and finally plac-
ing the dry sample onto a Cary 630 FTIR spectrometer 
(Agilent Technologies Ltd) for the measurement of trans-
mittance spectra. UV-Vis absorption spectrum of ZnO 
and GNPs was recorded on a Cary 3500 UV-Vis (Agilent 
Technologies Ltd). The hydrodynamic diameter  (hd) and 
Zeta potential (ζ) of the NPs were monitored on a Mal-
vern Zetasizer Nano-ZS (Malvern Instruments, UK).

Statistical analysis
All the statistical analyses were performed using Graph-
Pad Prism v9.2.0 software (GraphPad Software, Inc). 
All the data are expressed as mean ± S.D., unless speci-
fied. For responses that were affected by more than one 
variable, a two-way ANOVA with a Tukey multiple com-
parison post-test was used, and a p-value of ≥ 0.05 was 
considered significant.

Results and discussions
Physicochemical Properties of NPs
Inorganic NPs such as GNPs,  SiO2, and ZnO present 
several advantages for biological application such as 
excellent biocompatibility, wide surface conjugation 
chemistry, and colloidal stability (Sperling et  al., 2008; 
Hosseinpour et al., 2020; Jiang et al., 2018). Importantly 
due to a large difference in the dielectric constant  (SiO2 
> ZnO > GNPs) (Abdelhalim et  al., 2011; Ahmad et  al., 
2019; Dutta & De, 2007), these NPs are best suited to gain 
further insight into the role of EF in GBM therapy. Previ-
ous literature indicates that nano-bio interaction depends 
on size; therefore, we chose spherical ~50 nm NPs to 
demonstrate EF effects as this NP diameter is shown to 
be optimum for achieving high cell uptake (Shang et al., 
2014; Zhu et al., 2013; Chithrani et al., 2006; Mittag et al., 
2021).

TEM analysis revealed that the mean diameter of GNPs 
is ~ 42 ± 4 nm (Fig.  1A) with homogenous spherical 
morphology, while  SiO2 (Fig. 1B) and ZnO (Fig. 1C) were 
observed to agglomerate with a mean diameter of ~ 46 ± 
7 nm and ~ 40 ± 11 nm, respectively. UV-Vis spectros-
copy of GNPs and ZnO NPs (Fig. 1D) dispersed in phos-
phate buffer saline (PBS) showed distinctive absorption 
peaks at 529 nm and 365 nm, respectively. The absorp-
tion peak at 529 nm is attributed to surface plasmon 

resonance of 45 nm GNPs (Haiss et al., 2007), while the 
365 nm peak in ZnO arises from the intrinsic band-gap 
absorption due to electron transitions from the valence 
band to the conduction band (O → Zn ) (Khokhra et al., 
2017). Furthermore, a sharp and narrow absorption peak 
is a characteristic of uniform dispersion of monodisperse 
GNPs and ZnO NPs. FTIR of  SiO2 NPs (Fig. 1E) showed 
two broad absorption peaks cantered at 795  cm-1 and 
1055  cm-1 corresponding to bending vibrational modes 
of the Si-O-Si groups (Brassard et  al., 2011). To under-
stand the colloidal behaviour of these NPs, we carried out 
ζ (Fig.  1F) and dynamic light scattering (DLS) (Fig.  1G) 
measurements to determine their  hd and surface charge. 
Previous studies have reported that ζ and  hd of NPs can 
influence their interaction with cells. For instance, NPs 
with smaller  hd have higher diffusion constant but weak 
interaction with cells and vice versa with ζ (Villanueva-
Flores et  al., 2020). Furthermore, surface charge and  hd 
plays a key role in determining the polarization and 
movement of conducting and insulating NPs under the 
influence of EF via electrophoresis and DEP, respectively 
(Zhao & Bau, 2009). Therefore, it is important to balance 
 hd and ζ of the selected NPs for optimal cellular and EF 
interaction. In general, NPs with ζ values of ≥ - 30 mV 
or ≥ + 30 mV are considered to have optimal colloidal 
stability for biological application due to the presence of 
sufficient repulsive forces (Skoglund et al., 2017). Citrate 
capped GNPs and ZnO NPs showed a mean ζ value of 
– 39.2 ± 2.2 mV and -36.5 ± 1 mV which is attributed 
to the charge of citrate and oxide ions, respectively, sug-
gesting good physical colloidal stability. In contrast,  SiO2 
NPs showed a positive zeta potential value of +12.2 ± 0.9 
mV due to the presence of -NH2 groups on the surface 
of these NPs indicating presence of weak repulsive forces 
and moderate colloidal stability. DLS analysis indicated 
a monodisperse sample of GNPs with a  hd of 43.8 ± 3.2 
nm. A slight increase in the size of ZnO  (hd = 69.4 ± 6.7 
nm ) and  SiO2  (hd = 50.7 ± 5.5 nm) NPs compared to 
TEM measurements, further confirmed the agglomera-
tion of these NPs in colloidal solution. Collectively, the 
data indicate that these inorganic NPs have optimal phys-
icochemical properties for biological applications.

In vitro Toxicity of NPs
Before investigating the effect of using NPs in conjunc-
tion with TTFields, it was important to ascertain the 
toxicity of the different NPs on HA-COR (healthy cells), 
GIN 28 and GCE 28 cells. An experiment was therefore 
carried out to investigate the effect of increasing the NP 
concentration from 0 to 50 μg/ mL, by using PrestoBlue 
assay, which reports on the metabolic activity of cells as 
an indicator of cell viability (Peng et al., 2020; Xu et al., 
2015). However, the limitation of this assay is that it does 
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not identify the mechanism of change in metabolic activ-
ity. In the cases of GNPs and  SiO2, there was no effect on 
the metabolic activity of the HA-COR (Fig. S1), GIN 28 
(Fig. 2A), and GCE 28 (Fig. 2B) cells across the concentra-
tion range tested. From this, we can infer GNPs and  SiO2 
are not toxic to the healthy HA-COR and patient derived 
GBM cells used in this study at concentrations up to 50 
μg/ mL and are therefore biocompatible. In contrast, as 
the concentration of ZnO NPs increased, a clear effect 
on cellular metabolism was observed for all cell types at 
higher concentrations. ZnO nanoparticles significantly 
reduced the metabolic activity of healthy HA-COR at a 

concentration of 50 μg/ mL, and at 10 μg/ mL for GIN 
28 and GCE 28 cells. This decrease in metabolic activ-
ity by ZnO NPs (concentration = > 5 μg/mL) has been 
attributed to the generation of reactive oxygen species 
at higher concentrations (Liu et al., 2017). Nevertheless, 
the FDA has classified ZnO NPs as a “GRAS” (generally 
regarded as safe) at lower concentrations (Rasmussen 
et  al., 2010). Based on the obtained data, a concentra-
tion of 5 μg/ mL of each type of NPs was chosen for the 
in vitro TTFields experiment, as at this concertation no 
significant change in the metabolic activity of GBM cells 
was observed for all three types of the NPs.

Fig. 1 Physico-chemical characterization of inorganic NPs (Gold – GNPs; Zinc Oxide – ZnO; Silica oxide –  SiO2). Transmission electron microscopy 
images of (A) GNPs, (B)  SiO2 and (C) ZnO NPs. D UV-Vis absorption spectrum of ZnO and GNPs in PBS; E FTIR spectrum of  SiO2 NPs; F Zeta potential; 
and G Hydrodynamic diameter obtained using DLS. Error bars represent the standard deviation of the mean n=3; N= 3
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TTFields and NPs Mediated Enhanced EF Effects in GBM 
Cells
Encouraged by the optimal biocompatibility of ZnO NPs 
(≤ 5 μg/mL), GNPs (≤ 50 μg/mL) and  SiO2 (≤ 50 μg/mL), 
we then investigated the role of these inorganic NPs in 
enhancing EF effects in patient derived GBM cells. Dielec-
tric properties of tissues, as well as intracellular machin-
ery, play an important role in determining the efficacy of 
TTFields as they are known to inhibit the proliferation of 
cancer cells by inducing DEP of proteins involved in the 
cell division process (Hershkovich et  al., 2019; Wenger 
et  al., 2015). Therefore, we hypothesised that by intro-
ducing NPs of different electrical conductivity (dielectric 
properties), the impedimetric properties of the cells can 
be modified, allowing further insights into the EF medi-
ated cellular response. TTFields were delivered in GIN 
28 and GCE 28 cells using the Inovitro laboratory system 
(Novocure, Haifa, Israel, schematic shown in Fig. 3A) that 
replicates the effect of the clinically used technique (the 
 OptuneTM device). Before the application of TTFields, 
cells were incubated for 4 hours with either GNPs/ZnO/
SiO2 NPs to allow uptake. We observed that the applica-
tion of TTFields alone (300 kHz and1V/cm) for 48 hours 
decreased the metabolic activity of both GIN 28 (Fig. 3B) 
and GCE 28 cells (Fig.  3C) by ~ 25% vs. untreated con-
trol (p < 0.0003). Interestingly, inorganic NPs (4 hours) 
+ TTFields (48 hours) treated showed a ~ 40% decrease 
in metabolic activity compared to untreated control (p 
<0.0001). Importantly, this corresponds to a ~15% higher 
decrease in metabolic activity compared to TTFields alone 
(p = 0.002 for GNPs; 0.0001 for ZnO, and 0.04 for  SiO2).

Together with our previous observations and the 
obtained data we tentatively suggest that the inorganic 
NPs irrespective of their dielectric properties, could acts 
as EF transducers (Robinson et  al., 2021). The observed 

enhancement with conductive GNPs and semiconducting 
ZnO NPs, can be further explained by the ability of these 
conducting and semiconducting NPs to polarize and align 
themselves with the applied EF to act as bipolar nanoelec-
trodes or transducers (Guo et al., 2021; Cao et al., 2018; Li 
& Anand, 2017). Furthermore, the observed enhanced elec-
tric effects could also be due to the bipolar electrophoretic 
effect, as both the GNPs and ZnO are negatively charged. 
Moreover, TTFields are known to induce biophysical forces 
on charged entities, this could have triggered the intracellu-
lar movement of GNPs and ZnO, thus enhancing the forces 
on polar intracellular structures affecting dipole alignment 
and disruption of mitotic spindle. In contrast,  SiO2 is a 
well-known dielectric material which upon cellular uptake 
increases the impedance of cells. Furthermore, under 
the influence of TTFields (non-uniform EFs) these NPs 
experience dielectrophoretic forces which induces their 
polarization. This polarization could lead to the dielectro-
phoretic movement of these particles towards the pole with 
higher EF intensity thus enhancing the classic intracellular 
TTField effects (Rominiyi et al., 2021).

To further validate and establish the observed 
enhanced EF effect on GBM cells with GNPs regard-
ing the conductivity of cells, we incubated GIN 28 
cells with GNPs at a higher concentration (25 μg/mL) 
to further increase the intracellular concentration of 
GNPs cell conductivity. In GNP + TTFields treated 
group a ~52% and ~75% decrease in the metabolic 
activity of GIN 28 cells was observed after 48- and 72-h 
treatment, respectively, which was found to be signifi-
cantly higher than both untreated and TTFields treated 
groups (Fig. 3D). Overall, the obtained data suggest that 
all three NPs utilized in this work enhance EF mediated 
anticancer effects in patient derived GBM cells. From 
the observed in vitro effects, we hypothesise that this 

Fig. 2 In vitro toxicity of inorganic NPs on patient derived GBM cells. A GIN 28, and B GCE 28 were incubated with increasing concentration of GNPs, 
 SiO2 and ZnO NPs for 4 hours, before changing the media containing the NPs with fresh media. Metabolic activity was determined 48 hours after 
changing the media, the experiment was run in triplicate, and fluorescence at 590 nm is expressed as % of control (no NPs). Results are expressed as 
the mean ± S.D. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001 obtained using 2-way ANOVA with a Tukey post-test
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could be due to the enhanced bipolar electrophoretic 
(GNPs and ZnO) and dielectrophoretic effects  (SiO2) 
mediated by inorganic NPs. Further in vitro studies are 
required to elucidate the detailed molecular mecha-
nism underlying the observed NPs mediated TTFields 
enhancement.

Conclusions
In summary, conducting GNPs, semiconducting ZnO, 
and insulating  SiO2 with excellent physicochemical 
properties, colloidal stability, and biocompatibility, 
were investigated as a transducer for enhancing EF 
activity in vitro. We demonstrated that inorganic NPs 

Fig. 3 TTFields and inorganic NPs (Gold – GNPs; Zinc oxide – ZnO; Silica oxide –  SiO2) mediated enhanced EF effects on patient-derived GBM cells. 
A Schematic representation of TTFields setup consisting of – a base plate containing 8 ceramic dishes is connected to TTFields generator via a flat 
cable. Cells were seeded on a coverslip placed within a ceramic dish. The base plate is placed inside an incubator where the cells were maintained 
at 37°C and 5%  CO2. B GIN 28 cells and C GCE 28 cells were treated with TTFields at 300 kHz, 1V/cm, and 48 hours at NPs concentration of 5 μg/
mL. D GNPs mediated enhanced TTFields effect on GIN 28 cells at 300 kHz, 1V/cm after 48 and 72 hours at a concentration of 25 μg/mL. Error bar 
represents mean ± S.E.M. from triplicate or quadruplicate repeats and two independent experiments
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irrespective of dielectric permittivity, enhance the effi-
ciency and efficacy of EFs in patient derived GBM cells 
isolated from intra-tumour regions. The in vitro efficacy 
was significantly enhanced by GNPs and ZnO treat-
ment, which is attributed to the ability of these NPs to 
polarize and act as bipolar nanoelectrodes/ transduc-
ers which can sense external EFs, thereby enhancing 
electrophoretic effects. We additionally suggest that 
 SiO2 NPs may enhance EF effects by increasing the 
forces exerted due to DEP. Furthermore, we have dem-
onstrated that the FDA approved inorganic NPs can be 
used as nano transducers for enhancing intracellular EF 
effects. This work further paves the pathway for future 
studies to systemically deliver these NPs across the BBB 
to determine the in vivo efficacy.
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