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Abstract

While advancements have been made in cancer treatment, achieving effective localized therapy remains a significant chal-
lenge. Major obstacles include the inefficiency of drug delivery methods and the side effects linked to traditional chemo-
therapeutics. In this study, we present an innovative delivery system designed to transport doxorubicin (DOX) directly to
the lungs. This system employs PVA-stabilized DOX-loaded MXene, aiming to improve targeted delivery and drug efficacy
while minimizing toxicity. Our approach represents a promising advancement in the optimization of cancer therapeutics.
Using in silico and computational methods, we evaluated the interactions between PVA, DOX, and MXene. Characteriza-
tion techniques demonstrated that the synthesized PVA @Mxene/DOX exhibited favorable physicochemical properties. We
assessed the anticancer potential of PVA @Mxene/DOX through the MTT assay, in vitro migration assay, and apoptosis assay.
The findings revealed that the developed anticancer PVA @Mxene/DOX displayed a layered structure with controlled release
kinetics. Notably, it significantly reduced cancer cell growth (P <0.05), induced apoptosis in cancer cells, and inhibited their
migration. These results suggest that PVA@Mxene/DOX holds promise as an effective anticancer agent to enhance lung

cancer treatment and improve patient care.

Keywords Lung cancer treatment - Nursing care - Chemotherapeutic engineering

Introduction

Lung cancer poses a significant health challenge, particularly
for women, where it ranks as the second most prevalent can-
cer type. Alarmingly, it remains the leading cause of cancer-
related deaths among men worldwide, with a disheartening
S-year survival rate of merely 18%. In 2022, lung cancer
emerged as the most commonly diagnosed cancer, account-
ing for nearly 2.5 million new cases, which represents one in
every eight cancer diagnoses globally (12.4% of all cancers).
It was followed by breast cancer in women (11.6%), colorec-
tal cancer (9.6%), prostate cancer (7.3%), and stomach can-
cer (4.9%). Additionally, lung cancer was the primary cause
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of cancer-related fatalities, leading to an estimated 1.8 mil-
lion deaths (18.7%), with colorectal cancer (9.3%), liver can-
cer (7.8%), breast cancer (6.9%), and stomach cancer (6.8%)
coming next. In terms of prevalence, breast cancer and lung
cancer ranked as the most frequently diagnosed cancers
among women and men, respectively, for both cases and
deaths. (Siegel et al. 2023; Kratzer et al. 2024). This stark
statistic highlights the urgent need for innovative research
and improved treatment strategies to combat this devas-
tating disease (Siegel et al. 2023). Regretfully, most lung
cancers are discovered at an advanced stage. Nevertheless,
less than 30% of patients responded to chemotherapy. Even
worse, several individuals experienced severe side effects
following chemotherapy. The results of those patients have
improved with target therapy, particularly with the use of
tyrosine kinase inhibitors (TKIs). However, TKIs only help
individuals with EGFR mutations, which range from 15 to
50% in Caucasians and 95% of which are adenocarcinomas.
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However, there is an urgent need to further investigate use-
ful diagnostic and innovative treatment targets (Zarogoulidis
et al. 2013; Yamamoto et al. 2009; Pao and Girard 2011).

The limitations of traditional anti-cancer therapies have
prompted researchers to explore the potential of nano-
technology in cancer treatment. Nanomedicine refers to
the application of nanotechnology that offers improved
effectiveness and enhanced safety (Kawasaki and Player
2005). Nanotechnology-driven therapies provide a range
of compelling benefits when compared to standard chemo-
therapy. They enable precise drug delivery to tumor loca-
tions through both passive and active targeting techniques.
Additionally, these therapies enhance the solubility and
chemical stability of medications, allowing them to remain
effective longer in the bloodstream. Another key advantage
is the extended circulation time, which improves the likeli-
hood of reaching cancer cells. Moreover, these advanced
approaches aim to minimize the toxicity typically associ-
ated with traditional cancer treatments and can effectively
address drug resistance issues that often undermine treat-
ment success (Biswas et al. 2014; Parhi et al. 2012; Ho et al.
2017). Nanomedicine has gained significant traction in both
fundamental research and clinical study due to the rapid
advancement of nanotechnology. Targeted nanomedicine
has rapidly become a highly promising strategy in the fight
against cancer. Breast cancer (BC) stands at the forefront
of this research, attracting significant attention due to its
diverse characteristics and complicated nature. Researchers
are drawn to BC because of issues such as its tendency for
drug resistance, high rates of recurrence, and the limited
effectiveness of conventional chemotherapy. This intricate
landscape makes breast cancer an ideal candidate for inno-
vative treatment approaches using nanotechnology. As an
illustration, Abraxane® received approval in 2005 as a con-
ventional therapy for the treatment of metastatic BC. This
is a biologically interacting particle of paclitaxel, bound to
albumin at the nanoscale. Research findings have shown that
this nanoscale albumin-bound paclitaxel has a more effec-
tive therapeutic impact and reduced toxicity compared to
free paclitaxel when used in the treatment of breast cancer
(Miele 2009; Ciruelos and Jackisch 2014). Furthermore, sev-
eral nanomedicines that have been authorized for clinical use
in treating BC also demonstrate significant effectiveness in
inhibiting the progression of BC. Moreover, nanomedicine
enables the delivery of various therapeutic agents directly
to tumor sites using methods like passive targeting, active
targeting, and stimuli-responsive targeting. By combining
nanomedicine with established treatments such as chemo-
therapy, radiation, hyperthermia, and immunotherapy, we
can create a powerful and promising strategy for effectively
battling tumors. This integrated approach holds great poten-
tial for improving treatment outcomes and advancing cancer
care (Ciruelos and Jackisch 2014).
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Today, various types of nanoparticles are making waves
in biomedicine and cancer therapy. Among these, gold (Au)
and silver (Ag) nanoparticles stand out, along with carbon
nanotubes (CNT) and graphene oxide. Additionally, quan-
tum dots (QDs) and MXene materials are gaining attention
for their potential applications. These innovative nanomate-
rials are being harnessed to enhance diagnostic and thera-
peutic strategies in the fight against cancer. MXenes, which
are transition metal carbides, are materials that exist in two
dimensions (2D). They possess a wide range of features
including a large surface area, high conductivity, and effi-
cient conversion of light into heat. Additionally, they exhibit
strong absorption in the near-infrared (NIR) region (Darab-
dhara et al. 2019; Ahlawat 2020).

MXenes have gained significant attention because of
their outstanding electrical conductivity and unique sur-
face properties (Mozafari and Soroush 2021; Khazaei et al.
2017). These materials often demonstrate higher electrical
conductivity than graphene, primarily due to their metallic
nature resulting from delocalized electrons in their layered
structures. The electrical conductivity of MXenes can be
fine-tuned by altering their composition and structure; for
example, varying the transition metals and surface termina-
tions can modify their electronic properties, making them
highly adaptable for applications like energy storage and
sensors (Miao et al. 2024; Jiang et al. 2024).

Additionally, the surface of MXenes can be tailored with
functional groups (like —OH, —O, or —F) during synthesis,
which affects their hydrophilicity (Rizwan et al. n.d.). This
characteristic is advantageous for use in catalysis, sensors,
and energy storage systems. MXenes typically possess a
large surface area, improving their reactivity and perfor-
mance in applications such as supercapacitors and batter-
ies. Although many MXenes can be chemically reactive,
their stability can be boosted through surface functionaliza-
tion, enhancing their suitability for long-term use (& 7 &I
et al. 2024). In summary, the exceptional combination of
high conductivity and adaptable surface properties makes
MXenes promising candidates in various fields, including
energy storage, electronics, and nanocomposites.

MXenes have diverse applications in various medical
domains including drug delivery, biomedicine, cancer
therapy, antibacterial treatments, and diagnostics. MXenes
are remarkable materials known for their unique structure
and electrical properties, making them one of the earli-
est discovered families of two-dimensional substances.
These qualities allow MXenes to be utilized in a variety
of applications, showcasing their versatility and impor-
tance in advanced material science (Jamalipour Soufi et al.
2022; Maleki et al. 2022). We’re focusing on a fascinat-
ing class of materials known as chemically etched metal
carbonitrides and carbides. These materials can be repre-
sented by the general formula Mn + 1XnTx, where "M"
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stands for various metal elements like Mn, V, Cr, Hf, Ti,
Nb, Zr, Sc, Wd, and others, along with either nitrogen
(N) or carbon (C). The variable "n" can take a value of
either one or two, while "Tx" indicates additional elements
such as oxygen, hydroxyl, or fluorine. These remarkable
MXenes are obtained through the etching of MAX phase
layers, which include elements like Cd, Ga, Si, As, Al, Ge,
In, Ti, and Sn. This process not only reveals their unique
properties but also opens up new possibilities for applica-
tions in various fields (Paramasivam et al. 2024; Iravani
and Varma 2021). The current study hypothesizes that the
application of nanotechnology, specifically through tar-
geted nanomedicine, could significantly enhance treatment
efficacy and reduce toxicity in lung cancer patients. By
harnessing advanced materials like MXenes, which exhibit
exceptional electrical conductivity and tunable surface
properties, this research aims to explore their potential
for targeted drug delivery and therapy, thereby addressing
the limitations of conventional treatments and improving
patient outcomes in lung cancer care.

Fig.1 a The proposed view of DOX structure, b PVA-B, and ¢
Ti;AIC, (104) in Material Studio 2017. Gray in DOX and PVA-B
represent carbon atoms and blue in DOX represents nitrogen atoms.

Materials and methods
Chemical and reagents

Titanium (99.5%, — 325 mesh, aluminum powder
(99.5%, — 325 mesh), and graphite (99%, — 325 mesh) were
obtained from Alfa Aesar, USA. Poly (vinyl alcohol) (M
w=61,000 g-mol ~!) was obtained from Sigma-Aldrich.

Computational method

This study consists of two sections: the first section focuses
on DFT-D, while the second section covers MD. Recently,
DFT-D has been highlighted as a bridge between traditional
empirical concepts and quantum mechanics, enhancing our
understanding of electronic properties and the effects of
molecules (Ighnih et al. 2023). First principal calculations
of all structures (PVA-B) and DOX) were performed with
DMol? program along with PBE-GGA to optimize in Mate-
rials Studio version 2017 software (Fig. 1a and b) (Dorairaj

Meanwhile, dark and light Gray and Ti;AIC, (104) show Ti and C
atoms. Pink display Al atom
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2023; Balakrishnan et al. 2022). In addition, a Fermi smear-
ing parameter of 0.05 Ha was applied in the DFT-D cal-
culations to enhance convergence by smoothing electron
occupancy around the Fermi level, particularly for systems
with partially filled electronic states. Additionally, a dipole
slab correction was employed to account for the asymmetry
in the charge distribution perpendicular to the slab (Gho-
livand et al. 2023). This parameter smooths the electron
occupancy around the Fermi level by introducing a small
temperature-like broadening, which helps in stabilizing
the self-consistent field (SCF) procedure. In this study, the
multipolar expansion approach was employed with the quad-
rupole moment, enabling a more accurate representation of
the charge distribution within the molecular framework.
The monolayer Ti;AIC, (104) was then modeled in
a=b=3.07,c=18.62 A, a=$=90.00, y=120.00° and vol-
ume =152.17 A3. An 0.000-A-thick vacuum space and slab
position (1.00) were used in Material Studio 2017 (Fig. 1c).
The molecular dynamics simulation (MD) includes an
adsorption locator module that is based on the Monte Carlo
adsorption locator within an aqueous solution containing six
water molecules. Furthermore, the Universal force field is
utilized for this calculation (Ganjali Koli et al. 2023).

Synthesis of MXene

The combination of titanium, aluminum powder, and graph-
ite led to an atomic ratio of Ti:Al:C of 3:1.1:1.8. During
the annealing process, equal masses of 5 g were allocated
to each powder mixture. The mixtures were then carefully
poured into cylindrical alumina crucibles before being
placed in a high-temperature furnace manufactured by Car-
bolite Gero in the UK. The tube underwent purging with
argon gas at a flow rate of 50 mL per minute. The furnace
temperature was gradually increased to a peak of 1650 °C
at a steady rate of 5 °C per minute. Once this maximum
temperature was reached, it was maintained for 2 h. Finally,
the tube was allowed to cool naturally to the ambient tem-
perature of the surrounding environment.

Characterization of MXene

To characterize the phase composition of the MAX materi-
als, we utilized X-ray diffraction (XRD) analysis with Ni-
filtered Cu—Ka radiation. This analysis was conducted using
a Miniflex instrument from Rigaku, operating at 40 kV and
15 mA. Data collection adhered to a step-scan method with
a step size of 0.04° and a counting duration of 1 s, covering
the 5 to 90° (20) range. The morphologies of MXene flakes
were examined using scanning electron microscope (SEM).
For visualization, we prepared a dilute solution of Ti3C2Tx
(Iess than 0.05 mg/mL) and applied it to a porous alumina
membrane (Anodisc, 0.1 pm pore size, from Whatman) via
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drop casting. The electrical conductivity of the MXene films
was measured using a four-point probe apparatus (ResT-
est vl, Jandel Engineering Ltd., Bedfordshire, U.K.), with
probes spaced 1 mm apart.

The FTIR spectroscopy was conducted using JASCO
V-530 spectrophotometer (JASCO Co., Tokyo, Japan) using
KBr pellets in the frequency range 4000-400 cm™!. The
dynamic light scattering (DLS, Zetasizer NANO-S90, Mal-
vern, UK) was used to measure the hydrodynamic diameter.
A zeta potential analyzer (Zetasizer Nano-ZS, Malvern, UK)
was used to measure the zeta potential.

Conjugation of DOX with MXene

The conjugation of MXenes with DOX was carried out using
the dialysis method (Aryal et al. 2009). Briefly, MXenes (1
mg/mL) were dispersed in milli-Q water and mixed with
DOX solution (0.2 mg in water pre-treated with 25 pl of
0.15mM trimethylamine. The required energies for the
conjugation were induced via the sonication (five times for
2min). Then, the mixture was dialyzed overnight, filtered
with a 0.8-pm syringe filter, and lyophilized.

DOX release kinetics study

The release profile of DOX from the nanoformulation was
assessed using the dialysis membrane technique (Ramal-
ingam et al. 2018). To prepare a dispersion of synthesized
nanoparticles (NP) at a concentration of 100 ug/ml, we
placed the nanoparticles in a dialysis membrane with a
molecular weight cutoff of 10 kDa. This setup was dialyzed
against 25 ml of 1 X phosphate-buffered saline at pH 7.4 and
acetate buffer at pH 5. The release buffers were stirred gently
at 37 °C and were periodically replaced during the dialysis
process. To maintain optimal sink conditions, we substituted
2 mL samples from the measuring aliquot with fresh buffer
solutions at the designated pH. The concentration of doxo-
rubicin (DOX) in the samples was measured using a UV
spectrophotometer set to 490 nm.

Cytotoxic activity

To assess the cytotoxic effects of nanoformulation on A549,
we performed an MTT assay. Initially, 5 x 10* cells per well
were plated in a 96-well format and allowed to incubate at 37
°C in a controlled environment of 5% CO, and 95% relative
humidity for 24 h. Afterward, the cells were treated with dif-
ferent concentrations of the nanoformulation and incubated
for an additional 24 h. Following the treatment, we added
25uL of MTT solution (5 mg/ml) to each well and allowed
it to incubate for 4 h. Next, dimethyl sulfoxide (DMSO) was
added to dissolve the formed formazan crystals, and the
media was replaced with fresh cell culture medium. Control
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wells remained untreated, and we measured the absorbance
at 570nm using an ELISA plate reader to assess cytotoxicity.

Double AO/EB staining apoptotic cells

We employed dual AO/EB fluorescent staining to identify
alterations in cell membranes linked to apoptosis after treat-
ment with the nanoformulation (Geethakumari et al. 2022).
Cells were plated at a density of 1x 103 cells per well on
glass coverslips in a 6-well culture plate and incubated for
24 hat 37 °Cin a 5% CO, atmosphere. After this incubation
period, the cells were treated with the IC50 concentration of
the nanoformulation for an additional 24 h. Following the
treatment, the cells were rinsed twice with PBS and stained
with AO/EB at a concentration of 50 ug/ml for 5 min. The
stained cells were then observed using fluorescent micros-
copy, utilizing an excitation filter set to 480/30 nm.

Migration/invasion assay

Cell migration is an essential process for all living cells,
playing a key role in various biological events, from nor-
mal development and immune responses to pathological
conditions like cancer metastasis and inflammation. Gain-
ing insights into how cells move is important across several
biomedical disciplines, including cancer biology, immu-
nology, vascular biology, cell biology, and developmental
biology. In this study, after incubating the cells for 24 h, we
treated them with a combination of free cell culture media
and a nanoformulation. We then harvested the cells through
trypsinization in preparation for migration and invasion
assays. For the migration study, we placed 100,000 cells in
the upper chamber of a Transwell plate, which contained
200 pL of serum-free media. The lower chamber was filled
with 700 pL of culture media supplemented with 20% fetal

bovine serum (FBS). Following a 15-h incubation at 37 °C,
we fixed the filters in methanol for 15 min and stained them
with crystal violet for another 15 min. Non-migrated cells
on the upper side of the membrane were gently removed
with a cotton swab. We analyzed nine random microscopic
fields at a magnification of X 200 to determine the average
cell migration. For the invasion assay, we pre-coated the
upper chamber membrane with 100 uL of Matrigel (BD Bio-
sciences, Bedford, MA) at a concentration of 2.5 mg/mL.

Statistical analysis

For the statistical analysis, we used SPSS version 18.0. The
results are displayed as mean values with standard devia-
tion (SD). To compare the two groups, we applied the Stu-
dent’s #-test. For comparisons among multiple groups, we
conducted a one-way ANOVA, followed by either the LSD
or Dunnett’s test. A p-value of less than 0.05 was regarded
as statistically significant, indicating substantial differences
in the data.

Results
Simulation results
Optimization of structures

In this work, the optimization of DOX and PVA-B struc-
tures was studied using first-principles calculations based on
DFT-D (Ighnih et al. 2023). Geometry-optimized structures
are depicted in Fig. 2a and b. Total DFT-D energy was cal-
culated at —1927.658 and —718.560 Ha, respectively.

Fig.2 The optimized structure of a DOX and b PVA-B obtained DFT-D method based on DFT-D
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HOMO and LUMO configuration

The concept of HOMO and LUMO orbitals provides valu-
able insight into potential adsorption sites for interaction
(Dorairaj et al. 2023). Figure 3 illustrates the molecular
orbitals of the synthesized inhibitors. Specifically, in Fig. 3a,
the HOMO and LUMO orbitals of doxorubicin (DOX) are
predominantly spread across the anthracene structure and
the oxygen atoms connected to it. In contrast, Fig. 3b reveals
that the HOMOs of PVA-B are primarily localized on the
oxygen atoms, while the LUMO orbitals are largely con-
centrated on the carbon atoms. These distributions play a
crucial role in understanding the interaction characteris-
tics of these compounds. The HOMO and LUMO energies
of DOX were calculated to be —6.596 eV and — 1.236 €V,
respectively. For PVA-B, the HOMO and LUMO energies
were calculated to be —6.248 eV and 1.371 eV, respectively.
These energy values provide insight into the electronic prop-
erties of DOX and PVA-B, and the energy gap (AE) between
the HOMO and LUMO is an important factor in determin-
ing their reactivity, stability, and potential interactions in
drug delivery systems. The HOMO and LUMO energies
of DOX and PVA-B provide insights into their electronic

HOMO

properties, which affect their behavior in drug delivery sys-
tems. DOX has a larger energy gap (5.360 eV), indicating
lower reactivity and greater stability, which is beneficial for
storage and handling. However, it may require more energy
to undergo electronic transitions, limiting its reactivity in
biological environments. PVA-B, with a smaller energy gap
(7.619 eV), may have better stability but could interact less
efficiently with other molecules. The combination of DOX
and PVA-B offers a balance between stability and reactivity,
allowing for optimized drug delivery, binding efficiency, and
therapeutic effects.

MD simulation

In order to investigate the interaction mechanism and the
adsorption behavior between the two DOX molecules and
Ti;AlC, (104), molecular dynamics (MD) simulation was
implemented. Side views of the most stable adsorption con-
figuration of DOX over the Ti;AlC, (104) area in the pres-
ence of 6 water molecules are presented in Fig. 4a and b.
The adsorption energy value (E,4) of DOX over Ti;AlC,
(104) was measured at—2.140 x 1073 kJ/mol. Negative
adsorption energy demonstrated that the adsorption process

LUMO

Fig. 3 Frontier molecular orbitals of a DOX and b PVA-B were obtained DFT-D method
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Fig.4 The most stable low-energy configuration of DOX over Ti;AIC, (104) resulted from Monte Carlo adsorption locator

was exothermic and this system is thermodynamically sta-
ble with the most energetically favorable sites. As seen in
this figure, the adsorption was physisorption (Haounati et al.
2023a). The results indicated that the adsorption of 2 DOX
molecules on the Ti;AlC, (104) surface mainly by forming
Van der Waals bonds and electrostatic interactions. It is pos-
sible to see that DOX adsorbed on the Ti;AlC, area via -OH
and -NH, heteroatoms (nitrogen and oxygen).

In the continuous study, the configuration of four PVA-B
molecules on the DOX/ Ti;AIC, (104) surface was per-
formed by using Monte Carlo adsorption locator in Mate-
rial Studio 2017. MD calculations showed the DOX/
Ti;AIC, (104) decorated PVA-B was stable due to negative
(—79.695 kJ/mol), suggesting preferential adsorption on
DOX/ Ti;AlC, (104). A negative adsorption energy signi-
fies a favorable interaction between the drug and the delivery
system, indicating strong adhesion of the drug to the car-
rier. The more negative the energy value, the stronger this
binding becomes. Such strong adhesion helps prevent the
premature release of the drug before it reaches its intended
target. Additionally, high adsorption energy suggests that the
drug will likely remain attached to the carrier during storage
and transport, which enhances the overall stability of the
drug delivery formulation a key factor in maintaining drug
efficacy over time. The adsorption energy also impacts the
rate at which the drug is released from the delivery system.
Drugs with strong adsorption may be released more slowly,
allowing for a sustained release profile, which is particu-
larly beneficial for treatments that require long-term use or
localized therapy. Moreover, the efficiency of drug delivery
is closely related to how well the drug interacts with bio-
logical tissues after its release. Striking the right balance
in adsorption energy can help optimize drug release rates
and improve bioavailability, ensuring that the drug reaches
an effective concentration at the target site within the body.

Understanding adsorption energy is essential for designing
formulations that achieve desired release profiles, thereby
optimizing drug delivery systems for specific therapeutic
applications. By fine-tuning these energy values, research-
ers can improve treatment outcomes and enhance the overall
reliability of drug delivery systems. As depicted in Fig. 5a
and b, the results of loaded structures displayed that adsorp-
tion of PVA-B on the DOX/ Ti;AlC, (104) system led to the
structural distortion of DOX and also significantly changed
further wrinkle structure. Following E,,, negative value con-
firmed spontaneous adsorption, resulting in strong adsorp-
tion and the stability of adsorbate (PVA-B) on the DOX/
Ti;AlC, (104) area (Haounati et al. 2023b).

Mxene properties

The morphology of the synthesized MXene was analyzed
using SEM imaging. Figure 6 clearly shows the layered
structure of the synthesized MXene. Scanning Electron
Microscopy (SEM) is a powerful technique that magni-
fies extremely small features or structures that are typically
invisible to the naked eye. Unlike optical light microscopes
that use light for imaging, SEM utilizes electron beams.
Because electrons have a shorter wavelength, they enable a
more detailed analysis of materials. SEM imaging is com-
monly employed to assess the results of nanomaterial syn-
thesis processes, providing crucial morphological informa-
tion for materials scientists studying the target material.
Using the Zeta seizer, the zeta potential of the synthe-
sized nonocomplex was measured, and the results (Fig. 7A)
showed that the synthesized nonocomplex has a zeta poten-
tial of around —29.8 mV. It has been shown that a high
zeta potential value enhanced the long-term stability of the
colloidal systems. The observed high negative zeta poten-
tial can be attributed to the OH groups on the surface of
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Fig.5 The adsorption configuration of PVA-B adsorbed on DOX/ Ti;AlIC, (104) resulted from Monte Carlo adsorption locator
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Fig.6 SEM image of the synthesized MXenes

nonocomplex (Sun et al. 2021; Urso et al. 2022). The DLS
technique was conducted to measure the hydrodynamic size
of the nonocomplex, and the results are presented in Fig. 7B.
The crystallinity of the nonocomplex was evaluated using
the XRD analysis, and the results are presented in Fig. 7C.
The results showed that the nonocomplex exhibited a sharp
peak around 40° which correspond to (104) crystal plane
that is in accordance with Ti;AlIC, MAX phase (Rasid et al.
2017; Lele et al. 2023). The FTIR spectroscopy was con-
ducted to assess the surface functional groups of the nano-
complex and the results are presented in Fig. 7D. The peaks
located at around 3430 cm™' and 1622 cm™! can be related
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to the vibration peaks of the OH groups. The peak located at
around 540 cm™! can be attributed to the stretching vibration
peak of Ti—O-Ti. Moreover, the peaks at 3427 cm~', 1620
cm™!, and 1090 cm™! in DOX @MXenes nanosheets con-
firm the DOX conjugation on the surface of MXene. These
findings revealed that DOX @MXenes nanocomplexes were
successfully fabricated by facile condensation.

The elemental analysis of the synthesized MXene was
performed using the EDX technique. EDX, or energy-dis-
persive X-ray spectroscopy, is a valuable method for analyz-
ing and characterizing samples to better understand their
properties. Analyzing elemental composition is essential for
gaining insights into unknown substances, the makeup of
coatings, materials in small components, quickly identifying
alloys, evaluating corrosion, and mapping the distribution
of various phases. EDS technology provides both qualita-
tive and quantitative analyses, along with elemental maps,
which are useful for studying microstructure in materials
research. Although EDS is not typically preferred for exam-
ining the chemical composition of specimens due to the lim-
ited impact of atomic bonding influenced by local chemical
environments, it remains highly effective for determining the
elemental distribution within a sample. One of the advan-
tages of EDS is its minimal setup requirements and versatil-
ity, as it can be applied to samples of various thicknesses,
ranging from semi-thin to bulk, without specific limitations.
The results (Fig. 8) indicated that the synthesized MXene
comprises Ti, Al, and C.

In vitro release of drug
We evaluated the in vitro drug release from the nanoformu-

lation at two different pH levels (pH 5 and pH 7.4), as shown
in Fig. 9. The results demonstrated that the drug release from
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Fig. 8 EDX results of the synthesized MXene
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the nanoformulation changed over time and was affected
by the pH conditions. During the initial phases, both pH
levels exhibited a burst release within the first 10 h, fol-
lowed by a sustained release for the remainder of the 60-h
study. At neutral pH (7.4), the maximum release observed
was 52.7+5.7% at 60 h, whereas at the acidic pH (5), the
release reached 87.2 +8.6%. This indicates that a decrease
in pH accelerated the drug release. The free DOX reached
the highest percentage of release less than 10 h, indicating
fast leakage and clearance. The sustained release using the
nanocomplex is in agreement with previous reports. Ruan
et al. showed that (Ruan et al. 2015) DOX release from the
Dox-AuNPs complex was faster at acidic pH. They proposed
that the acidic pH accelerated the hydrolysis of the bonds
(hydrazone bonds) between DOX and AuNPs. In another
study, Ramalingam et al. (2018) conjugated DOX to PVP-
stabilized AuNPs and observed a pH-dependent release.

Cytotoxic activity

One widely used method in toxicological research to
evaluate how a drug influences cellular functions like
apoptosis, proliferation, and other metabolic processes
is cytotoxicity testing. We assessed the anticancer effec-
tiveness of the nanoformulation at various concentrations
(0-10 pg/ml) using the MTT assay, with the results shown
in Fig. 10. Interestingly, the pure MXene exhibited only
minor cytotoxic effects, suggesting it could serve as a safe
drug delivery vehicle. This indicates that MXene may
have significant potential for future therapeutic applica-
tions while posing minimal risk to healthy cells. The low-
est cell viability observed when cells were incubated with
pure MXene at 10 pg/mL was 83.0+2.9%. In contrast,
the synthesized nanoformulation caused a significant,
dose-dependent toxicity to the cells, with the lowest cell
viability at 10 pg/mL dropping to 36.2 +5.7%. Moreover,
free DOX induced a dose-dependent cytotoxicity, while
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Fig. 10 Cancer cell’s cytotoxic activity of different concentrations
(0-10 pg/ml) of the nanoformulation and free DOX. Measured by the
MTT assay. (*) p<0.05 compared with control. n: 5

its toxicity was slightly lower than the nanoformulation.
The observed toxicity for free DOX was not statistically
different than the nanoformulation.

The enhanced cancer cell toxicity via MXene conjuga-
tion revealed the beneficial role of the conjugation process.
The low toxicity of pure MXene is primarily attributed to
their composition and structure, which can minimize harm-
ful interactions with biological systems. As a result, they are
often considered suitable carriers for therapeutics because
they can facilitate the targeted delivery of drugs with a
lower risk of adverse effects. However, it is important to
note that while MXenes exhibit low toxicity in many studies,
the potential for toxicity in long-term exposure isn’t fully
understood. Factors such as the specific type of MXene, its
functionalization, dosage, route of administration, and the
biological environment can all influence its safety profile.
Long-term studies are essential to evaluate these aspects
comprehensively and to ensure that there are no cumula-
tive negative effects or unforeseen reactions over extended
periods. In summary, while MXenes show promise as safe
carriers due to their low toxicity, ongoing research and long-
term studies are necessary to better understand their effects
and ensure safety in medical applications.

MXenes, a class of two-dimensional materials, have been
studied for their potential applications in various fields,
including biomedicine and cancer therapy. The mechanism
of higher cytotoxicity and cellular uptake of MXenes in lung
cancer involves several factors:

Surface chemistry: The surface chemistry of MXenes
can be modified through functionalization. The presence
of various functional groups (e.g., -OH, —O, —F) can
enhance their interactions with cancer cells, leading to
increased cellular uptake. These functional groups can
facilitate endocytosis, allowing MXenes to enter cells
more efficiently.



Naunyn-Schmiedeberg's Archives of Pharmacology

High electrical conductivity: MXenes possess high elec-
trical conductivity, which can influence their interaction
with cancer cells. When exposed to an electric field,
MXenes may generate reactive oxygen species (ROS) that
lead to increased oxidative stress in cancer cells, contrib-
uting to their cytotoxic effects.

Size and shape The unique size and shape of MXenes
(often nanoscale) can also enhance their ability to pen-
etrate biological barriers and be taken up by cancer cells.
Smaller nanoparticles can easily pass through cellular
membranes and be internalized, resulting in improved
cytotoxicity.

Targeting mechanisms: MXenes can be engineered to
target specific markers on lung cancer cells. By attaching
ligands or antibodies that bind to these markers, the selec-
tivity and accumulation of MXenes in cancerous tissues
can be enhanced, leading to increased cytotoxicity while
sparing healthy cells.

Stability and biocompatibility: The stability of MXenes in
biological environments is crucial for their effective use
in cancer therapy. Biocompatible MXenes can achieve
prolonged circulation times in the bloodstream, allow-
ing for better accumulation in tumor tissues through the
enhanced permeability and retention (EPR) effect.
Induction of apoptosis: Studies have shown that MXenes
can induce apoptosis (programmed cell death) in cancer
cells via various pathways, including mitochondrial dys-
function and activation of caspases. This contributes to
their cytotoxicity against lung cancer cells.

Synergistic effects with therapeutics: MXenes can
potentially enhance the effects of existing chemotherapy

Fig. 11 Cells were subjected
to acridine orange/ethidium
bromide double-staining while
incubated with two different
substances: A free MXene, B
DOX@MXenes, and C Quanti-
fied results. During this analy-
sis, early apoptotic cells were
highlighted with white arrows,
while dashed arrows pointed to
late apoptotic cells

C 150+

100

50

Cell distribution (%)

drugs or radiotherapy. By combining MXenes with tra-
ditional therapies, the overall therapeutic efficacy can be
increased, resulting in higher cytotoxicity against lung
cancer cells. In summary, the higher cytotoxicity and cel-
lular uptake of MXenes in lung cancer can be attributed
to their unique properties, including surface chemistry,
electrical conductivity, size, targeting mechanisms, stabil-
ity, and potential for inducing apoptosis. These attributes
make MXenes promising candidates for targeted cancer
therapies in the future.

Apoptosis of cancer cells

We applied the acridine orange/ethidium bromide double-
staining and the results are presented in Fig. 11. AO is a dye
that specifically stains the nuclei of both living and deceased
cells in a green color, whereas EB exclusively stains the
nuclei of cells with compromised membrane integrity in a
red color. Consequently, early apoptotic cells exhibit a crim-
son hue, whereas healthy cells display a green color. Red
hues represent cells in the late apoptotic stage. The results
show that the DOX @MXenes displayed distinct yellowish-
red and red staining patterns, while the green staining of the
nuclei noticeably diminished. This finding indicates that cel-
lular damage and apoptosis are taking place. Apoptosis, the
body’s inherent process of programmed cell death, can be
seen across various tissues. It is marked by distinct physical
changes and notable fragmentation of DNA. In order to eval-
uate the cell death mechanism induced by NPs, we analyzed
the changes in cell structure that are often linked with apop-
tosis using the AO/EB staining technique. The penetration

Hm Live cells
Em Early apoptotic cells
Bl Late apoptotic cells

Free MXene DOX@MXenes

@ Springer



Naunyn-Schmiedeberg's Archives of Pharmacology

of acridine orange into the cellular membranes of living cells
resulted in their fluorescence in green color. Nevertheless,
the treated cells experienced apoptosis, resulting in nuclear
shrinkage and emitting an orange fluorescence. Oxidative
stress is a critical determinant that leads to cellular damage
and significantly contributes to the development of cancer.

Cell invasion assay

For cells to function effectively, they need to navigate and
position themselves optimally within their environment.
Tumor cells showcase this ability by migrating from the
original tumor site through the lymphatic and circulatory
systems, breaching basement membranes and endothelial
layers, and ultimately establishing colonies in distant organs.
This complex process, known as invasion and metastasis,
hinges on key actions like cell migration, invasion, and adhe-
sion, making their study crucial in our fight against cancer.
The spread of cancer cells to peripheral organs contributes
significantly to cancer-related morbidity and mortality. In
our investigation, we utilized a transwell cell migration and
invasion assay to assess the anti-metastatic properties of a
novel nanoformulation. The results (Fig. 12) demonstrate
that the anti-metastatic effectiveness of DOX @MXenes was
significantly superior to that of pure MXenes.

Discussions

The results of this study demonstrate significant advances in
the development of a doxorubicin (DOX) conjugated MXene
platform for enhanced lung cancer treatment, drawing on
a multifaceted approach that includes computational mod-
eling, drug release testing, cytotoxicity assays, and apoptosis
evaluation.

200 ym

Geometrical and energetic characterization

Starting with our computational results, first-principles
calculations based on DFT-D provided valuable insights
into the optimized structures of DOX and PVA-B, high-
lighting their geometric stability (shown in Fig. 2a and
b). The calculated total DFT-D energies of —1927.658
Ha for DOX and —718.560 Ha for PVA-B underscore the
favorable energetic profiles of these compounds. Under-
standing these geometries is crucial for predicting their
behavior in a biological setting. The analysis of the highest
occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) configurations (depicted
in Fig. 3) reveals the potential adsorption sites for these
molecules. The electronic distribution in DOX seems to
center around its anthracene structure, indicating sites
for potential interaction with target surfaces. In contrast,
PVA-B displays localization on its oxygen atoms, which
suggests electrostatic interactions may play a significant
role in its reactivity and binding properties (Oliveira and
Guidelli 2021; Yao et al. 2022).

Molecular dynamics simulations

The molecular dynamics (MD) simulations further eluci-
dated the interaction dynamics between DOX molecules and
the Ti;AlC, (104) surface. The measured adsorption energy
of —2.140 % 10"—3 kJ/mol signifies an exothermic interac-
tion, affirming that the adsorption process is energetically
favorable due to physisorption driven primarily by Van der
Waals forces and electrostatic interactions. The notable role
of -OH and -NH, groups from DOX in promoting adsorp-
tion suggests avenues for enhancing binding affinity through
functionalization strategies (Zhang and Cai 2017).

200 pm

Fig. 12 The transwell cell migration and invasion results. A Pure MXenes and B DOX@MXenes
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Stability of composite structures

The subsequent assembly of PVA-B onto the DOX/
Ti;AIC, structure was supported by Monte Carlo simula-
tions, yielding adsorption energy of —79.695 kJ/mol. This
finding indicates stable composite formation, essential for
ensuring sustained drug delivery. The resulting structural
changes evident in the distortion of the DOX conforma-
tion and alterations in the MXene’s surface morphology
imply that these interactions can significantly influence
the system’s overall properties, potentially improving drug
release profiles and targeting capabilities (Murali et al.
2021; Lin et al. 2021).

In vitro drug release and cytotoxicity

The in vitro release studies conducted at two physiological
pH levels (pH 5 and pH 7.4) demonstrated a noteworthy
pH-dependent pattern, showcasing a burst release in acidic
conditions (87.2% compared to 52.7% at neutral pH over 60
h). These findings align with earlier studies suggesting that
acidic environments facilitate the hydrolysis of bond struc-
tures, thereby speeding up drug release. This phenomenon
is especially beneficial for targeting tumor microenviron-
ments, which are usually more acidic than normal tissues.
Regarding cytotoxicity, the MTT assay results confirm the
enhanced anti-cancer effectiveness of the DOX@MXene
formulation. While pure MXene exhibited minimal cyto-
toxic effects, the conjugated system demonstrated significant
dose-dependent toxicity, indicating that the combination of
DOX with MXene not only augments therapeutic effects but
also maintains a safety profile for the carrier material (Lin
et al. 2021).

The apoptosis analysis using acridine orange/ethidium
bromide staining offered additional confirmation of the
anticancer mechanism, revealing a significant increase in
apoptosis among treated cancer cells. This indicates that the
conjugated formulation triggers oxidative stress pathways
that result in cell death, supporting our hypothesis that this
delivery system can successfully activate intrinsic apoptotic
pathways (Porwal 2023).

Anti-metastatic properties

The exploration of the anti-metastatic capabilities of nano-
formulation through transwell migration assays highlights
a significant reduction in invasive characteristics of cancer
cells. The superior performance of DOX@MXenes com-
pared to pure MXenes not only reinforces the therapeutic
potential of this system but also underscores the importance
of selecting appropriate drug delivery platforms that can

effectively mitigate cancer cell dissemination (Liu et al.
2021).

This study highlights a remarkable improvement in drug
delivery efficiency compared to earlier MXene systems, fea-
turing better release profiles and targeted delivery methods.
Additionally, the current formulation boasts enhanced bio-
compatibility, leading to lower cytotoxicity levels than those
found in prior studies. Furthermore, it demonstrates greater
stability under physiological conditions, tackling a common
limitation noted in similar research.

However, despite these promising results, the scalability
of this system for commercial use is still uncertain, echoing
concerns raised in related studies. Also, when compared to
some advanced nanocarrier systems, this MXene approach
has a more limited target range for specific diseases, which
could restrict its versatility. Overall, while significant pro-
gress has been made, it will be essential to address these
remaining challenges for future therapeutic applications.

Conclusions and future outlook

In this study, the research has exhibited the synthesis of
DOX-conjugated MXenes as an efficient anti for treatment
for lung cancer. The simulation studies (DFT-D and MD)
based on Monte-Carlo simulation studies were conducted
to assess the interactions. The energy minimization pro-
cess was performed by using DMol?® based on the DFT-D
method. Then, Ti;AIC, (104) surface with dimensions
of 3.07%x3.07x18.62 A® was prepared to load DOX and
PVA-B compounds. Monte Carlo simulation was used to
adsorb DOX over Ti;AlC, (104) and PVA-B molecules
on the DOX/ Ti;AIC, (104). The thermodynamic param-
eter (Eads) revealed that the adsorption process is both
spontaneous and endothermic, as indicated by the nega-
tive values. Biological evaluations demonstrated that the
nanoformulation displayed pH-dependent drug release.
Additionally, the synthesized nanoformulation exhibited
dose-dependent cytotoxic effects on cells. These findings
could support the development of a drug delivery system
aimed at targeting the intrinsic apoptotic pathway. Thus,
the synthesis and characterization of DOX-conjugated
MXenes represent an exciting step forward in targeted
lung cancer treatment. By integrating computational
studies with experimental validations, we have gained a
thorough understanding of the underlying interactions and
mechanisms of action. The pH-dependent release profiles,
improved cytotoxic effects, and pro-apoptotic properties
of DOX@MXenes indicate its promise as an effective
therapeutic system for cancer. Looking ahead, it is cru-
cial to conduct additional studies to investigate the in vivo
effectiveness of this formulation, along with thorough
evaluations of its biocompatibility and pharmacokinetics.
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Moreover, examining different MXene compositions and
surface modifications could improve drug delivery poten-
tial, maximizing the therapeutic index of chemotherapeu-
tics for lung cancer treatment. These insights open up new
avenues for innovative strategies to address this challeng-
ing disease.
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