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Abstract

Clinical trials have generated encouraging outcomes for the utility of thermal agents (TAs) in cancer thermal therapy
(TT). Although the fast breakdown of TAs alleviates safety concerns, it restricts the thermal stability necessary for effec-
tive treatment. TAs with excellent thermal stability, on the other hand, deteriorate slowly. Rare are the approaches that
address the trade-off between high thermal stability and quick deterioration of TAs. Here we control the thermal signa-
ture of WS,-type 2D materials by utilizing previously undescribed DOX-WS,-PEG-M13 nanostructures (we term them
D nanostructures) through Joule heating phenomena, and develop an integrated system for TT for enhancing thermal
performance, and simultaneously, maintaining rapid degradation, and chemotherapy for efficacious treatment. A rela-
tive cell viability of ~50% was achieved by the D-based TT (DTT) configuration, as well as a 1 nM drug concentration.
The D-driven chemotherapy (DCT) model also attains a relative cell viability of 80% for 1 nM drug concentration, while a
1-week degradation time was revealed by the D nanostructure. Theoretical studies elucidate the drug molecule-nano-
structure and drug-on-nanostructure—solution interaction-facilitated enhancement in drug loading and drug release
performance in DCT varieties. As a result, this work not only proposes a “ideal TA” that circumvents TA restrictions, but
also enables proof-of-concept application of WS,-based materials in chemotherapy-unified combination cancer therapy.
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1 Introduction

Cancer thermal therapy (TT), which utilizes thermal agents (TAs) to create local hyperprexia for thermal ablation of
tumors, has demonstrated great promise in both clinical and preclinical tests, as a highly efficient therapeutic method-
ology [1, 2]. TT-based tumor ablation was successful in ~90% of patients in a recent clinical work, with no substantial
side effects, adverse alterations in organ function or serious sequelae [3-5]. With these encouraging findings, along with
the European clinical approval of iron oxide nanoparticles, i.e., Nanotherm® developed by Magforce, for TT, this therapy
approach is anticipated to generate a major, if not revolutionary, clinical effect [6]. However, designing TAs with both
strong thermal phenomena, viz,, excellent thermal conversion effectiveness and/or thermal stability for effective thera-
peutic results, and quick degradability, e.g., rapid degradation to alleviate safety issues, remains difficult [7, 8].

A type of traditional TA utilized in preclinical investigations, i.e., inorganic nanomaterials, is based on nanoagents
with excellent thermal stability when stimulated. However, TAs disintegrate with difficulty or slowly, generating con-
cerns about biosafety and excretion [9, 10]. Another conventional TA with quick degradability, viz., clinically authorized
indocyanine green, creates less safety and biocompatibility issues [11, 12]. However, fast deterioration undermines the
thermal stability required for optimal therapeutic effectiveness. It was common for thermal function to be lost within
a few seconds or upon recurrent stimulation [13-15]. Furthermore, input stimulation increases the breakdown of TAs.
While increasing TA concentrations result in a stronger TT, it is associated with clinical issues including high renal and
liver load [16, 17]. As a result, the contradiction between high thermal stability and quick degradation of traditional TAs
is a substantial obstacle to TT achieving its therapeutic potential [18-20].

Tungsten disulfide (WS,) has been integrated into functional TAs with various nanostructures as a biodegradable
and biocompatible two-dimensional (2D) nanosized material [21-23]. However, traditional types of WS, nanostructures
agglomerate in the presence of slats. As a result, the conventional WS, type is one of the TAs with low thermal stability
[24, 25]. Chemical alterations have been implemented to increase the thermal or stability performance of prototypi-
cal WS, types, but the improvements come at the expense of protracted deterioration [26, 27]. The M13 is a non-lytic
bacteriophage with specified proteins that is cylindrical in shape, 880 nm long and 5-6 nm in diameter [28-32]. Given
that (i) the M13 phage is a promising candidate for next-generation cancer cell targeting agents, (ii) the polyethylene
glycol (PEG) polymer can be utilized to coat WS, nanosheet surfaces through disulfide binding, which substantially
increase the biocompatibility and physiological stability of the nanosheet, and (iii) the WS, nanosheet, which exhibits a
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large surface-area-to-mass ratio, owing to its atomically thin 2D structure, may efficiently load the chemotherapy drug,
doxorubicin (DOX), we hypothesis that the integration of DOX-conjugated WS, and PEG-combined M13 to generate
DOX-WS,-PEG-M13 nanostructures (we term them D nanostructures) may enhance the thermal performance, and at
the same time, maintaining rapid degradation, for TT, and improve therapeutic outcomes for chemotherapy.

Herein, we demonstrate that by stimulating and altering the Joule heating process, we are able to modulate the
thermal character of the WS, by using D nanostructures, and design an integrated system for TT to avoid the aforemen-
tioned drawbacks of TAs (Fig. 1), and chemotherapy to achieve effective treatment. The D-based TT (DTT) variety reveals
a relative cell viability of 50%, in addition to a 1 nM drug concentration. The D-enabled chemotherapy (DCT) model also
discloses a relative cell viability of 80% for 1 nM drug concentration, while a 1-week degradation time was exhibited by
the D nanostructure. Theoretical works reveal the drug molecule-nanostructure and drug-on-nanostructure—solution
interaction-assisted improvement in drug loading and drug release performance in DCT modes. Thus, we devised an
effective technique to reconcile the hitherto unresolved conflict between thermal stability and fast degradation of TAs.

2 Materials and methods
2.1 Cell culture

Breast cancer cells (MCF-7) were grown in a 25 cm? culture flask in Dulbecco’s modified Eagle’s medium (DMEM) with
L-glutamine (Nacalai Tesque) supplemented with 7% fetal bovine serum (FBS) (Gibco). The cell lines were maintained in
a humidified atmosphere containing 5% CO, at 37 °C.

2.2 Escherichia coli (E. coli) and M13 phage propagation

The 5-alpha F'lq competent E. coli (high efficiency) was purchased from New England Biolabs (NEB) as the host cell for M13
phage propagation. The bacteriophage M13 15669-B1 (M13 phage) was purchased from ATCC and revived according to
the ATCC phage recovery and propagation protocol. E. coli overnight culture (O.C.) was then prepared with tetracycline
(TET), followed by 4-6 h of incubation at 90 rpm on a shaker until the mixture became cloudy with an optical absorbance of
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Fig. 1 A multifunctional system based on D nanostructures. a Depiction of the fabrication and composition of the D nanostructure. b The
cellular response generated by the therapeutic effect of D nanostructures is illustrated
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0.4 when measured at 600 nm (OD600). A new culture (N.C.) was formed by incubating the O.C. in Lennox L Broth Base (LB
Broth Base) at 37 °C for 4-6 h at 90 rpm. The first and second precipitations were performed according to the manufacturer’s
M13 amplification protocol. The concentration of the M13 phage was then measured using a pDrop plate (Thermo Fisher
Scientific Inc., Singapore).

2.3 WS,-PEG-M13 material synthesis

The WS, in sterile, deionized water (DI water) was purchased from 2D Semiconductors, Inc. The lipoic acid (LA), PEG, and
N-hydroxysuccinimide ester branches (NHS) (LA-PEG-NHS) were purchased from Nanocs Inc. and reconstituted in DI water.
The WS, suspension was sonicated prior to use to form a homogenous mixture. Then, the LA-PEG-NHS was added to the WS,
in Dl water and the mixture was incubated on the shaker at 25 °C for 48 h with gentle shaking. The M13 phage was filtered to
ensure sterility. The filtered M13 phage was then added to the mixture and incubated at 25 °C for 48 h with gentle shaking.
Finally, the WS,—~PEG-M13 mixture was resuspended in Dulbecco’s phosphate-buffered saline (DPBS).

2.4 Fabrication of DOX-WS,-PEG-M13 material

Doxorubicin hydrochloride (DOX) was purchased from Selleckchem and the initial stock was diluted in water at 100 mg mL™".
The WS,-PEG-M13 mixture was diluted in DPBS. The DOX solution was then added to the WS,-PEG-M13 mixture and incu-
bated at 25 °C overnight. The next day, the DOX-WS,—PEG-M13 mixture was centrifuged at 10,000 rpm for 10 min. The pellet
was dissolved in 100 pL DPBS prior to fluorescence intensity experiments.

2.5 Fluorescence intensity measurement

Doxorubicin was prepared in DPBS at concentrations of 0, 5, 10, 15 and 20 uM. The variation of fluorescence intensity for
different doxorubicin concentrations was examined. The samples were deposited in 96 well plates and the fluorescence
intensity was measured using a Thermo Scientific Varioskan Lux microplate reader. The excitation wavelength was fixed at
495 nm and the emission wavelength was set to 535 nm. The results were plotted using a scatter plot (Supporting Fig. S1).
Regression analysis was utilized to create a straight line using the equation

y=mx+c, (1M

where y is the fluorescence intensity and x is the doxorubicin concentration. The R squared (R?) value was calculated to
determine the correlation strength between fluorescence intensity (y) and doxorubicin concentration (x). The R? value
of 0.9968 in the chart disclose a strong correlation and suitability for use in this work.

2.6 Drug binding studies

Doxorubicin at 1.0, 5.0 and 10.0 uM concentrations was added to 10% and 30% DOX-WS,-PEG-M13 mixtures. After an over-
night incubation at 25 °C, the mixture was centrifuged and the fluorescence intensity was measured. The initial and bound
drug concentrations were calculated using Eq. (1), and the bound drug percentage was denoted by

Bound drug concentration (pM)

Bound drug percentage =
gp g Initial drug concentration (M)

%X 100%. (2)

2.7 The drug release study

1 uM Doxorubicin was added to a 30% DOX-WS,-PEG-M13 mixture. After an overnight incubation at 25 °C, DPBS at differ-
ent pH levels, i.e., 5.0 and 7.4, was added to the mixture. The mixture was centrifuged at 14,000 rpm for 15 min at specified
intervals, and the pellet was dissolved in 100 pL DPBS prior to fluorescence intensity measurement. The bound drug con-
centration at the initial time and the bound drug concentration at the specified time were calculated based on Eq. (1), and
the retained drug percentage was defined as
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Bound drug concentration at specified time(pM)

Retained drug percentage =
gp 9 Bound drug concentration at initial time (uM)

%X 100%. (3)

2.8 Material characterization

Fourier-transform infrared (FTIR) spectroscopy was performed using an infrared spectrometer (PerkinElmer, Shelton,
CT, USA) after drop-casting the samples on a silicon (Si) substrate. The morphology of the WS, and DOX-WS,-PEG-M13
samples was investigated using atomic force microscopy (AFM, Bruker Dimension Icon system). Samples were drop-
casted on the Si substrate and examined using a 1.5 pum x 1.5 pm scan size. The sample thickness was measured using
the Gwyddion software.

2.9 Invitro cytotoxicity study

Cells were seeded in 96 well plates and cultured for 24 h before treatment with different DOX, WS,-PEG-M13, and
DOX-WS,-PEG-M13 nanostructure concentrations. The relative cell viability was defined as the percentage of living
cellsin a cell population and was determined using the crystal violet (CV) assay after 24 h of material incubation. The CV
was generated by dissolving the powder in 0.05% methanol. The samples, i.e., cells treated with WS,-PEG-M13 and cells
treated with DOX-WS,-PEG-M13, were washed using DPBS. The CV was then added to these samples, which were dried
at room temperature overnight. The output absorbance of the samples was determined at A=570 nm using a multi-plate
reader (Thermo Scientific Multiskan GO).

2.10 Electrothermal ablation studies

MCEF-7 cells were seeded at a density of 3000 cells per well using indium tin oxide (ITO)-on-glass systems. The system
comprised two 650 nm-thick left and right ITO electrodes on a glass substrate (Latech), with a cloning cylinder secured
using a silicone adhesive (Sigma-Aldrich). The distance between the electrodes was 0.1 mm. To facilitate attachment to
the glass surface, cells were cultured for 24 h. The cells were then treated with pristine DOX, bare WS,-PEG-M13, and
DOX-WS,—PEG-M13. After 24 h, electrical stimuli with amplitudes of 1, 2, and 5V and a length of 2 ps, and a total of 1000
bursts were administered to the system. In another experiment, the system was furnished with electrical stimuli with
lengths of 1,2, and 5 ps and an amplitude of 2.0V, and a total of 1000 bursts. Additionally, a total of 500, 1000 and 2000
bursts, and electrical stimuli with a length of 2 ys and an amplitude of 2.0 V were injected to the system. Subsequently,
the cell viability was examined using the CV assay 24 h after the stimuli were applied.

2.11 Thermal simulation

The ANSYS software was utilized to analyze the thermal distribution within the cell layer using the DOX-WS,-PEG-M13
nanostructure model. The simulation parameters utilized were disclosed in Supplementary Table S1. Different stimulus
amplitudes were administered to the system, ranging from 1.0 to 7.0 V. The corresponding peak temperatures in the cell
layer for each stimulus amplitude were then determined. In another simulation, thermal distributions of the WS,-in-DMEM
model and DOX-WS,-PEG-M13-in-DMEM model for different model states after 5V stimulus were analyzed. The cor-
responding peak temperatures of the WS,-DMEM model and DOX-WS,-PEG-M13-in-DMEM model were then plotted
to determine the nanostructure thermal stability.

2.12 Fluorescence imaging

After incubation with the DOX-WS,-PEG-M13 mixture in ITO-on-glass systems, cells were fixed with 3.7% Paraform-
aldehyde (Sigma-Aldrich) at specified intervals for 10 min at room temperature and washed three times with DPBS.
Following the removal of the DPBS, 0.1% Triton X 100 (Sigma-Aldrich) was applied. The 0.1% Triton X 100 was removed
after 10 min, and the sample was rinsed three times with DPBS. After removing the DPBS, 2% FBS (Gibco) was added.
Cells were incubated at room temperature for 2 h on a shaker at 70-80 rpm. The cells were then washed with DPBS and
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the cloning cylinder was removed. Finally, 5 uL of DAPI mounting media (Invitrogen) was added, and the ITO-on-glass
system was allowed to dry completely before imaging.

Doxorubicin fluorescence was detected using a confocal microscope (Olympus CKX Series). The ITO-on-glass system
was examined at 40x objective magnification and digitally photographed to determine the doxorubicin uptake into the
cells. The DAPI fluorescence associated with cell nuclei was stimulated by UV light at 360 nm, with an emission maximum
at 460 nm, and was detected using a DAPI traditional filter. The Cy3 fluorescence corresponding to doxorubicin was visu-
alized utilizing 561 nm excitation and 572-647 nm emission filter sets. The fluorescence images of DAPI and doxorubicin
were merged using Imagel software (NIH, Bethesda, MD).

Fig.2 D nanostructure char-
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3 Results and discussion
3.1 Synthesis and characterization of D nanostructures

Ultrasonication-enhanced liquid exfoliation of bulk WS, generates WS, nanosheets [33, 34]. The atomic force microscopy
(AFM) image reveals that the WS, nanosheet exhibits an average lateral size of ~390 nm (Fig. 2a) and an average thick-
ness of ~3 nm, suggesting a stack of one triple layer of WS, (Fig. 2b). We further modified the WS, nanosheet with PEG
to improve the biocompatibility and stability [35, 36]. To confer cancer cell targeting capabilities to WS, nanosheets, a
bacteriophage M13 with a high affinity to human epidermal growth factor receptor 2 (HER2), which is overexpressed on
cancer cells, is conjugated to PEG molecules [28]. HER2 is a member of the epidermal growth factor receptor (EGFR)-based
family of receptor tyrosine kinases (RTKs), which regulates cell proliferation and survival. Besides, HER2 overexpression
is associated with vascular endothelial growth factor (VEGF) upregulation, which enhances angiogenesis and cancer
metastases, leading to an unfavorable prognosis. As a result, HER2 is an attractive target for breast cancer therapeutics
[37-42]. Moreover, experiments have demonstrated that phage-conjugated nanomaterials assemble on cancer cells.
When a strong input stimulus is applied, the conductive nanomaterial generates an output temperature above 313 Kvia
strong Joule heating, which results in cancer cell killing. The M13 was connected to PEG molecules through the amine
reaction, and based on disulfide binding, the WS, nanosheet was attached to the PEG molecule [35, 43]. Additionally, the
DOX was conjugated to PEG molecules using an amide linkage. The conjugation was performed by using a mixture of
LA-PEG-NHS as a linker between the M13 and PEG molecules, as well as between the DOX and the PEG molecule. The NHS
of the LA-PEG-NHS reacted with the amine group on the M13 phage, whereas the LA bound to the WS, nanosheet was
driven by disulfide binding [43]. Moreover, the amine group on the DOX reacted with the NHS of the LA-PEG-NHS [44,
45]. Finally, D nanostructures were generated, as depicted in Fig. 2c. The Fourier transform infrared (FTIR) spectroscopy
was also utilized to investigate the grafting of the LA-PEG-NHS on the WS, (Fig. 2d). The archetypal stretching vibration
of the carbonyl group in the PEG at ~ 1090 cm™' was revealed by the FTIR spectrum of the D nanostructure, indicating
the surface presence of the PEG [46]. The AFM image discloses that the average lateral size of D nanostructures is ~60 nm
(Fig. 2e), which is smaller than that of the WS, nanosheet. During PEGylation, the sonication procedure can partially
break down the nanosheets, resulting in a decrease in the diameter of WS, nanosheets. The average thickness of the D
nanostructure was ~ 13 nm, as disclosed in the cross-sectional plot (Fig. 2f), with an increase in the sample thickness
induced by the M13 phage, PEG polymer coating, and DOX. Recent studies have reported that the M13 exhibits a thick-
ness of ~6 nm, whereas a thickness of a few nm is demonstrated for the case of the PEG and DOX [32, 47, 48]. Moreover,
simulations revealed that pristine D nanostructure-in-DMEM models exhibited higher thermal stability or performance
compared to that of the WS,-in-DMEM model with degradation (Supporting Fig. S2).

3.2 D nanostructure degradation effect, WS, thermal signature, and drug loading and release effects

Understanding the degree of degradation in D nanostructures is an important step towards realizing a safe cancer ther-
apy. Recent studies have demonstrated that material samples incubated for a specific time exhibit a smaller absorbance
than that of pristine material samples, indicating that material breakdown occurs [49, 50]. Figure 3a discloses the results
of the D nanostructure incubated in a DMEM solution for different times. The normalized absorbance, which denotes
the degree of degradation, is large, when a short incubation time, i.e., week 0, is utilized (Fig. 3b), which means that a
negligible or low degree of degradation appears. For the case when the incubation time is intermediate, viz.,, week 1, a
medium normalized absorbance arises. This means that the material sample exhibits material deterioration, resulting in
moderate to high degree of degradation. The thermal signature of the WS, can be examined by analyzing the thermal
distribution of the bulk WS, generated by administering a direct current (DC) stimulus to the material sample (Fig. 3c).
When the DC stimulus was applied, the peak temperature was higher than that of the pristine material sample due to the
strong Joule heating process. The output temperatures are high for regions close to the centre of the samples, whereas in
the case of a region distant from the middle of the sample, a low output temperature results. Figure 3d shows the peak
temperature of the bulk WS, for different stimulus amplitudes. The higher the stimulus amplitude, the larger the peak
temperature revealed by the material sample.

To investigate the drug loading ability of the D nanostructure, we define the degree of connectivity between
the drug molecule and nanostructures as the material concentration [51, 52]. The nanostructures including carbon
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nanotubes, graphene and its derivatives with ultra-high surface areas, and sp?>-bonded carbon surfaces have been
investigated as drug carriers for absorbing different types of drug molecules through m—-m stacking and hydrophobic
interactions [53-55]. Thus, a smaller material concentration corresponds to a lower degree of connectivity. Because
we are interested in the variation of the interaction between the drug molecule and nanostructures, we record the
alteration of the bound drug percentage. A clear dependence of the bound-drug percentage variation on the degree
of connectivity and the drug concentration can be observed in Fig. 3e, with a high degree of connectivity being the
most effective and a low degree of connectivity being the least effective. An upward trend in the bound drug percent-
age becomes manifest as the drug concentration increases owing to an increase in the degree of connectivity. This
means that the nanostructure with a high degree of connectivity could induce strong drug molecule-nanostructure
interactions and be utilized to absorb a large number of drug molecules, thus functioning as drug carriers [56, 57].
Moreover, a higher degree of connectivity should decrease the drug concentration necessary for achieving a targeted
drug molecule-nanostructure interaction and enhance the drug loading process [55-58].

Recent studies have demonstrated that owing to the protonation of the amino group in the DOX molecule in
an acidic solution, e.g., pH=5.0, an enhanced DOX hydrophilicity and subsequent drug release from nanosheets
results [59-61]. The degree of interconnectivity is defined as the variation in the interaction between the
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drug-on-nanostructure and the solution. When the pH level of the test solution is low, a high degree of interconnec-
tivity occurs, whereas a low degree of interconnectivity happens for the case when the pH level of the test solution
is high [62, 63]. The D nanostructures were added to test solutions with different pH levels to examine drug-on-
nanostructure-solution interactions. The retained drug percentage can be calculated by dividing the bound drug
concentration at a specified time by the initial bound drug concentration, and multiplying the final value by 100%.
After the material was added, retained drug percentages of the nanostructure were determined. The retained drug
percentage as a function of time is depicted in Fig. 3f. When a high pH test solution is utilized, the retained drug
percentage of the nanostructure remains high over time or the interaction between the drug-on-nanostructure
and the solution is weak, resulting in the attainment of a low degree of interconnectivity. On the other hand, a high
degree of interconnectivity arises for the case when a low pH test solution is applied.

3.3 Effects of D nanostructures on killing cancer cells

The influence of the WS,-PEG-M13 nanostructure on the cytotoxicity was evaluated. The cytotoxicity of the WS,
nanosheet is connected to surface processes. The degree of destructivity is low when a small material concentration
is used, and for the case when a large material concentration is utilized, the degree of destructivity is high. The MCF-7
cells were incubated with WS,—PEG-M13 nanostructures for 24 h to investigate the extent of cytotoxicity. After material
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Fig.4 The influence of D nanostructures on cancer cell destruction. a Variation in the relative viability of MCF-7 cells for different WS,-PEG—
M13 nanostructure concentrations. MCF-7 cells only were used as the control. b Variation in MCF-7 cell viability for varied DOX-incorporated
WS,-PEG-M13 nanostructure concentrations. MCF-7 cells with 30% WS,-PEG-M13 nanostructures were utilized as the control. ¢ The vari-
ation in the relative viability of MCF-7 cells with D, bare WS,-PEG-M13, and pristine DOX nanostructures for different stimulus amplitudes.
The MCF-7 cells with the D, bare WS,~PEG-M13, and pristine DOX nanostructure were utilized as the control. The WS,-PEG-M13 nano-
structures was fixed at 30% concentration and 1 nM DOX was used. The relative cell viability was determined 24 h after the input stimulus.
The significance values relative to control were calculated utilizing the Student’s t-test and were marked as follows: *(p <0.05), **(p <0.01),
***(p<0.001), and ****(p <0.0001). Data are expressed as the standard error of the mean (SEM), where n=6. d Variation in MCF-7 cell viabil-
ity with D nanostructures for various pulse lengths. The MCF-7 cells with the D nanostructure were utilized as the control. The WS,-PEG-
M13 nanostructures was fixed at 30% concentration and 1 nM DOX was used. The relative cell viability was determined 24 h after the input
stimulus. The significance values relative to control were calculated utilizing the Student’s t-test and were marked as follows: *(p <0.05),
**(p<0.01), ***(p<0.001), and ****(p <0.0001). Data are expressed as the standard error of the mean (SEM), where n=6
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incubation, the CV assay was administered to determine the viability of cell samples. The relative cell viability as a func-
tion of material concentrations is illustrated in Fig. 4a. When a small material concentration is applied, i.e., the material
concentration is below 50%, the relative cell viability remains high or the extent of cytotoxicity is weak, resulting in the
achievement of a low degree of destructivity. In contrast, a high degree of destructivity appears for the case when a large
material concentration is implemented, e.g., above 50% material concentrations.

We utilized DOX as a model drug to investigate the potential of DOX-integrated WS,-PEG-M13 nanostructures for
delivering chemotherapy. Pure drug or high drug-concentration nano-carrier systems could enter cells in a non-specified
manner, while endocytosis of nanostructures and intracellular release may be prolonged processes or disclose a low
degree of destructivity, for the case of a low drug-concentration nano-carrier system [64-66]. The experiments utilized in
this work revealed that cell viability stays high at WS,-PEG-M13 nanostructure concentrations below 50%. Based on these
findings, and to achieve high electrical conductivity and cell viability, we chose to utilize a WS,~PEG-M13 nanostructure
concentration of 30%. The relative viability of MCF-7 cells with DOX-combined WS,—PEG-M13 nanostructures is assessed
for different drug concentrations and the results are shown in Fig. 4b. The extent of cytotoxicity remains weak when a
small drug concentration is used, viz., drug concentrations are below 10 nM. On the other hand, for the case when a high
drug concentration is utilized, i.e., the drug concentration is above 10 nM, which means that nanostructures exhibit a
high degree of destructivity, the nanostructure can be considered as cytotoxic, and a strong extent of cytotoxicity occurs.
Moreover, experiments using pure DOX molecules have demonstrated that high drug concentrations are required to
attain intermediate relative cell viability. On the other hand, when the DOX-WS,-PEG-M13 nanostructure was added to
the cells, the surface chemistry of the WS, nanosheet can lead to a level of toxicity that results in cell death. It is possible
that the amount of DOX-WS,—PEG-M13 nanostructures assembled on the cells at high drug concentrations is sufficient
to induce cell death in a large cell population, resulting in low to intermediate cell viability.

An interesting phenomenon associated with cancer cell destruction is observed in D nanostructures. Experiments
have disclosed that strong input stimuli are able to induce an output temperature above 313 K or a high degree of
destructivity through strong Joule heating, leading to cancer cell death. The cancer cell killing effect is demonstrated in
the nanostructure by applying input stimuli with different stimulus amplitudes. The relative cell viability remains high
when the WS,-PEG-M13 nanostructure concentration is below 50% and DOX concentrations are below 10 nM, as shown
in the experiment utilized in this work. 30% WS,-PEG-M13 nanostructures and 1 nM DOX were used, based on these
results and to attain high cell viability and electrical conductance. The cancer cell destruction behaviour can be explained
on the basis of the thermal signature of nanostructures [67-73]. The relative viability of the pristine cell sample is high,
as shown in Fig. 4c, owing to the negligible Joule heating in the WS, nanosheet. For stimulus amplitudes between 0
and 2.0V, which means that nanostructures have a low degree of destructivity, the nanostructure can be considered as
unable to induce cancer cell killing, and a weak Joule heating results. However, the Joule heating becomes strong when
the stimulus amplitude is above 2.0 V. Thus, the relative viability of the cell sample becomes low. Moreover, experiments
showed that WS,-PEG-M13 nanostructures were able to induce cell death in a medium cell population in response to
high-amplitude stimuli. However, the input stimuli had negligible effect on the pristine DOX-induced cancer cell death.
Additionally, the viability of WS,-PEG-M13-treated cells decreases with increasing stimulus amplitude, from ~90% at 1.0V
to ~65% at 5.0 V. The D nanostructures, on the other hand, demonstrated excellent efficacy when incorporated with Joule
heating, resulting in a cell viability of ~50% when the cells were injected with 5.0 V input stimuli. Besides, experiments
with the bare D nanostructure revealed that the cells demonstrate a high relative cell viability. When an input stimulus
is administered to the cells incubated with D nanostructures, the amplitude of the stimulus can lead to a temperature
exceeding ~ 313 K, which results in cell death. However, the stimulus amplitude can be high enough to induce cell death
in D nanostructure-treated cells for a large cell population, resulting in low relative cell viability. Similarly, input stimuli
with increased pulse lengths and number of pulses, and D nanostructures with increasing material concentrations induce
a higher degree of destructivity, leading to stronger Joule heating (Fig. 4d, Supporting Fig. S3). As shown in Supporting
Fig. S4, the thermal distribution of the cell configuration was calculated by using electrothermal simulations. The simu-
lation parameters were consistent with experimental conditions. Compared to the peak temperatures of cell models
with low stimulus amplitudes, increased Joule heating was further observed based on the peak temperature of the cell
mode with a high stimulus amplitude.

Notably, this work has disclosed the development of a previously unseen integrated system for chemotherapy and
Joule heating-based thermal ablation, among state-of-the-art bare thermal therapy, chemotherapy-enhanced pho-
tothermal therapy and electrochemotherapy (Supporting Fig. S5, Table S2). This facilitates the destruction of a large
cell population, enabling effective cancer therapy. Additionally, this work has exhibited the utilization of the WS,-PEG
nanostructure with M13 phage and the use of DOX drug molecules, which has not before been disclosed. It enables the
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combination of chemotherapy and electrothermal therapy, which is of vital importance for avoiding multidrug resistance.
Moreover, the work has demonstrated previously unreported theoretical studies of the drug molecule-nanostructure
and drug-on-nanostructure-solution interaction-facilitated enhancement in drug loading and drug release performance
in phage-polymer-nanosheet-drug material structures.

The phage, which assembles on the HER2 overexpressed on breast cancer cells, is integrated into the system to
enhance therapeutic efficiency and enable nano-carrier specified cancer cell targeting. A high degree of specific-
ity in nanostructures to assemble on cells occurs when cells and a phage-based nanostructure are utilized, and for
the case when cells only are used, a negligible or low degree of specificity results. The cells, i.e., MCF-7 cells, were
incubated with phage-based nanostructures, viz., the DOX-M13-WS,-PEG, to investigate the assembly character of
nanostructures. After material incubation, the cell sample was imaged using confocal fluorescence microscopy. The
confocal fluorescent images for different cell samples, i.e., MCF-7 cells only and MCF-7 cells with DOX-M13-WS,-PEG
nanostructures, are depicted in Supporting Fig. S6. When cells with the phage-based nanostructure are used, the
DOX fluorescence is strong or the nanostructure assembly on cells is high, resulting in the achievement of a high
degree of specificity. In contrast, when cells only are harnessed, a negligible or low degree of specificity appears.

Owing to many constraints, applications such as an integrated system for chemotherapy and TT are extremely
difficult for TA design. The constraints comprise: (i) low cell viability in TT, (ii) low drug concentration, (iii) short deg-
radation time, and (iv) weak cell viability for chemotherapy only. Currently, none of the TAs available address all of
the constraints specified above. According to the examples shown in this work, the current state of the integrated
system appears to alleviate most of these constraints with a low cell viability in TT. The attained relative cell viabil-
ity of ~50%, which is ~ 20 percentage points lower than the average of ~70% for existing combined systems for
thermal-based therapy and chemotherapy (Supporting Fig. S7, Table S3), is a major enhancement in the DTT model
that enables these applications. Thus, a large population of cancer cells are destroyed and an efficient cancer therapy
is achieved. Additionally, experiments demonstrate that the DTT configuration exhibits a drug concentration of
1 nM, which is 99.8% smaller than the average of ~ 845 nM for state-of-the-art integrated systems for thermal-based
therapy and chemotherapy (Supporting Fig. S8, Table S4). This allows the utilization of a small amount of materials,
enabling low-cost cancer therapy. Moreover, the D nanostructure reveals a degradation time of 1 week, which is
75% shorter than the average of 4 weeks for current thermal-type agents (Supporting Fig. S9, Table S5). This allows
the rapid discharge of TAs, enabling safe cancer therapy. Another important benefit of the hybrid system in this
work is the low cell viability for pure chemotherapy. For example, the DCT mode discloses a relative cell viability of
~80% for 1 nM drug concentration, which is 15 percentage points smaller than the average of ~95% for state-of-
the-art chemotherapy-based systems (Supporting Fig. S10, Table S6). This enables the destruction of a medium to
large group of cancer cells with a low amount of materials for efficient, low-cost chemotherapy.

Electrothermal therapy (ETT) offers advantages over different thermal ablation techniques, e.g., photothermal
therapy (PTT) and microwave thermal therapy (MWTT), due to its localized impact, high effectiveness, and minimal
invasiveness to healthy tissue. ETT utilizes the combination of high voltage pulsed electric fields (PEF), dynamic
energy delivery rates, and closed loop thermal control algorithms to rapidly generate focal ablations in a repro-
ducible manner [74]. ETT allows automated adjustment of pulse delivery rate for temperature regulation in the
ablation region, as well as modulating the delay between sequential waveforms based on real-time temperature
measurements. This flexibility enables ETT to exhibit both non-thermal and controllable thermal configurations [75].
In clinical settings, this facilitates physicians in determining and regulating the extent of tumor destruction during
treatment. Temperature-controlled points can be specifically positioned near designated tumors during treatment
to ensure tissue preservation and protect critical structures from damage [76]. Therefore, ETT can effectively ablate
tumor cells while preventing thermal injury in healthy tissues and minimizing treatment duration. On the other
hand, photothermal therapy (PTT) is a methodology that utilizes photothermal agents to treat various diseases
[77]. PTT applies thermal energy from light-to-heat conversion materials to efficiently destroy cancer cells. However,
the effectiveness of prototypical photothermal agents has not been tested in large clinical trials. Thus, traditional
laser ablation without photothermal agents has been utilized in clinical settings [78]. Conventional photothermal
agents may also exhibit flaws that can hinder the effectiveness of PTT and lead to unintended consequences. The
negative effects of archetypical PPT include normal tissue injury, insufficient thermal destruction of tumor sites,
a short life span, and the poor penetration effect of excitation light sources [77]. Moreover, MWTT is an approach
that utilizes electromagnetic fields to generate heat to destroy cancer cells through the rapid rotation of water
molecules [79]. During breast tumor ablation, MWTT can preferentially kill breast tumour cells due to its higher
water content compared to normal fatty breast tissue [80]. In clinical settings, the needle position and ablation
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temperature are crucial safety predictors for conventional MWTT therapy. Recent studies on breast cancer lesions
with thoracic metastases suggest that traditional MWTT treatment failures are primarily due to needle position [81].
Conventional MWTT systems’ inadequate antenna design hindered ablation zone control and caused damage to
healthy tissues surrounding the ablation zone. Prototypical MWTT systems’ ablation-zone shape and size are also
influenced by target tissue characteristics, leading to unpredictability. Archetypal MWTT systems further exhibit
limitations in pain treatment, necessitating the use of anaesthesia [82]. Overall, ETT, due to its localized impact, high
effectiveness, and minimal invasiveness to healthy tissue, is a promising alternative for cancer ablation treatment.

4 Conclusion

These low cell viability, as well as rapid degradation times are attained through the thermal signature of the WS,, that
alters the Joule heating process in D nanostructures. The DTT design attains a relative cell viability of 50%, as well as
a 1 nM drug concentration. A relative cell viability of 80% for 1 nM drug concentration was also achieved by the DCT
configuration, while the D nanostructure demonstrates a 1-week deterioration time. Theoretical investigations demon-
strate the drug molecule-nanostructure and drug-on-nanostructure—solution interaction-assisted improvement in drug
loading and drug release performance in DCT configurations. The D nanostructure is a unique TA idea with the potential
to furnish a distinct solution to the trade-off between increasing thermal stability, and at the same time, increasing
TA degradation. Given the excellent clinical potential of the TA and the substantial influence of the WS, in biomedical
applications, this work opens the door for the prospective use of the WS, in chemotherapy-incorporated combination
cancer therapy.
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