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ARTICLE INFO ABSTRACT

In this study, a novel nanocomposite, CNT-CPTMS-PEHA-Au, was synthesized
Article History: through a multi-step surface functionalization strategy aimed at enhancing
Received 09 January 2025 photothermal chemotherapy efficacy. Multi-walled carbon nanotubes (MWCNTs)
Accepted 26 March 2025 were first oxidized to introduce functional groups, followed by silanization with
Published 01 April 2025 3-chloropropyltrimethoxysilane (3-CPTMS) and subsequent attachment of

pentaethylenehexamine (PEHA) to graft amino functionalities. Gold nanoparticles
(AuNPs) were then uniformly deposited onto the functionalized CNT surface
via in situ reduction of HAuCls with sodium borohydride, resulting in a stable
nanocomposite exhibiting well-dispersed AuNPs approximately 40-50 nm in
Gold nanoparticles size. Characterization through FE-SEM and FT-IR confirmed the morphological
Nanocomposites integrity, successful surface modifications, and gold loading. The nanocomposite
demonstrated rapid and stable in vitro photothermal conversion, reaching a
maximum temperature of 47.8 °C within 10 minutes under 808 nm laser irradiation
at 1.5 W/cm?, with excellent thermal stability over consecutive cycles. Biological
evaluation using MCF-7 cells revealed significant temperature-dependent
cytotoxicity, with up to 67% cell death at 50 pg/mL post-irradiation. These results
underscore the potential of CNT-CPTMS-PEHA-Au as an efficient, stable, and
targeted platform for minimally invasive photothermal cancer therapy, while
highlighting challenges related to in vivo translation and scalable synthesis. Future
studies should focus on targeting specificity and biocompatibility enhancements for
clinical viability.
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INTRODUCTION

Photothermal chemotherapy is an exciting
area of cancer treatment that blends advances in
nanotechnology with traditional therapies [1-5].
The idea of using heat to destroy cancer cells has
been around for quite some time early attempts
at hyperthermia treatments began in the mid-
1900s but it wasn’t until scientists developed tiny,
nanoparticle-based tools that the approach really
took off [6, 7]. These nanomaterials, like gold
nanoparticles [8-10] and carbon nanotubes [11-
14], can absorb near-infrared light and convert it
into heat, allowing doctors to precisely heat and
kill tumors without damaging the surrounding
healthy tissue. What makes this approach even
more promising is its potential to work alongside
chemotherapy drugs, creating a combined attack
that can be more effective than either treatment
alone. Today, researchers are exploring all sorts
of applications from treating solid tumors and
metastatic cancers to tackling drug-resistant forms
while continuously working to improve these
nanocomposites so they’re safer, more targeted,
and more efficient. Overall, photothermal
chemotherapy offers a minimally invasive, highly
adaptable strategy that could play a key role in the
future of personalized cancer care [15].

In recent vyears, the development of
nanocomposites for photothermal chemotherapy
has garnered significant attention due to their
remarkable ability to enable targeted and
minimally invasive cancer treatment [16]. Among
these, gold-based nanostructures [17, 18],
carbon nanotubes [19, 20], and various polymeric
nanocarriers [21, 22] have been extensively
studied, often combining multiple functionalities
to enhance therapeutic efficacy. For example, gold
nanorods [23] and nanoshells [24] offer excellent
photothermal conversion efficiency owing to their
surface plasmon resonance properties, but their
biocompatibility and long-term stability remain
concerns. Carbon nanotube-based composites
exhibit strong NIR absorption and high surface
area, which are advantageous for effective heat
generation; however, their potential toxicity and
difficulties in functionalization pose persistent
challenges [25, 26]. Other hybrid systems
integrating magnetic or fluorescent components
aim to facilitate combined imaging and therapy,
yet the complexity of synthesis and potential
aggregation issues limit clinical translation. While
these nanocomposites demonstrate promising
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features such as precise targeting, controlled
heat dissipation, and drug loading capacity, their
disadvantages like potential toxicity, stability
concerns, and synthesis scalability highlight a
crucial need for improved design. Our current
methodology  addresses  these limitations
by decorating multi-amine groups on gold
nanoparticles supported on multi-walled carbon
nanotubes, which enhances biocompatibility,
stability, and functionalization ease.

Functionalized carbon nanotubes (CNTs)
have emerged as highly promising platforms for
photothermal chemotherapy due to their unique
physicochemical properties, including strong
NIR absorption, high surface area, and excellent
cellular penetrability [27]. Recent studies have
demonstrated that various surface modifications
such as hydroxyl, carboxyl, or amine groups
significantly improve their biocompatibility,
dispersibility, and targeting capabilities [28-30].
For example, investigations have highlighted
how functionalized CNTs can be conjugated with
targeting ligands or therapeutic agents, enabling
precise delivery and enhanced photothermal
conversion efficiency [31-33]. Despite these
advances, there are notable challenges that
hinder their clinical translation. The inherent
toxicity of pristine CNTs, potential for aggregation,
and difficulties in achieving stable and controlled
functionalizationare persistentissues. Additionally,
concerns about long-term biocompatibility and
clearance from the body remain unresolved.
Existing composite systems often suffer from
limited stability and nonspecific interactions,
which can reduce therapeutic efficacy and increase
side effects. Our current approach, employing
multi-amine decoration on gold nanoparticles
supported on multi-walled carbon nanotubes
(MWCNTs), directly addresses these limitations.
By functionalizing CNTs with amino groups, we
enhance their dispersibility, biocompatibility, and
capacity for further functionalization, leading to
more stable and targeted nanocomposites.

Gold nanoparticles (AuNPs) have established
themselves as vital agents in the realm of
photothermal chemotherapy due to their
exceptional optical properties, particularly their
surface plasmon resonance (SPR), which enables
efficient conversion of near-infrared (NIR) light into
heat (Figure 1). Recent studies have demonstrated
that AuNPs can be tailored in various shapes
and sizes such as nanorods, nanoshells, and
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nanostars to maximize their photothermal
conversion efficiency, facilitating targeted tumor
ablation with minimal invasiveness [34, 35]. Their
biocompatibility, ease of surface modification,
and strong absorbance in the NIR region make
AuNPs highly attractive for clinical applications.
Moreover, recent literature underscores their
role not only in direct thermal therapy but also
as carriers for chemotherapeutic agents, enabling
combined therapeutic approaches. Nonetheless,
despite these advantages, certain challenges
persist. The potential toxicity and stability of
AuNPs, especially in biological environments,
remain concerns, alongside issues related to
biodistribution and clearance. Additionally, the
aggregation of nanoparticles can diminish their
therapeutic efficacy and pose safety risks. Our
current approach addresses these limitations
by decorating AuNPs on multi-walled carbon
nanotubes (MWCNTs) with  multi-amines,
which enhances stability, dispersibility, and
biocompatibility. This innovative strategy ensures
efficient photothermal conversion while reducing
toxicity and improving targeting, ultimately
contributing to safer and more effective cancer
treatments.

MATERIALS AND METHODS
Chemicals and equipment
Allchemicalsandreagentsemployedinthisstudy
were of analytical grade and used without further
purification. Multi-walled carbon nanotubes
(MWCNTs, >95% purity), gold(lll) chloride
trihydrate (HAuCl,:3H,0), ethylenediamine (EDA),
and other organic solvents were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Deionized
water was used throughout the experiments. The
MWCNTs were pretreated by acid oxidation using
a mixture of sulfuric acid and nitric acid (3:1 v/v)
under reflux conditions to introduce functional
groups for better attachment of nanostructures.
The structural and morphological characterizations
were performed using a field emission scanning
electron microscope (FE-SEM) and Fourier-
transform infrared (FT-IR) spectroscopy. The FE-
SEM images were acquired with a Zeiss Sigma
500 equipped with an in-lens detector, operating
at an accelerating voltage of 15 kV to observe
the surface morphology and distribution of gold
nanoparticles on the MWCNTs. FT-IR spectra
were recorded on a PerkinElmer Spectrum Two
spectrometer using the KBr pellet method, over
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a spectral range of 4000 to 400 cm™, to identify
functional groups and confirm the attachment
of amines and metal loading. All measurements
were conducted at room temperature, and the
data were processed using the dedicated software
provided by the manufacturer. This combination
of advanced characterization techniques ensures
comprehensive analysis of the nanocomposite
structure and surface chemistry, supporting the
subsequent investigations into their photothermal
properties.

Preparation of Multi-Amine Decorated Gold
Nanoparticles Supported on Multi-Walled Carbon
Nanotubes (CNT-CPTMS-PEHA-Au)

Step 1: Purification and Activation of Multi-
Walled Carbon Nanotubes (MWCNTs): Begin by
dispersing 1.0 g of pristine MWCNTs in a mixture
of concentrated sulfuric acid (H,SO;, 50 mL)
and nitric acid (HNOs;, 50 mL) under vigorous
stirring. Reflux the mixture at 80 °C for 6 hours to
introduce functional groups, such as carboxyl and
hydroxyl groups, on the CNT surface, enhancing
their dispersibility and reactivity. After reflux, cool
the mixture to room temperature and dilute with
deionized water. Filter the suspension through
a 0.45 pm membrane filter and wash repeatedly
with deionized water until neutrality (pH ~7) is
achieved. Dry the purified acid-functionalized
CNTs in a vacuum oven at 60 °C for 12 hours. Step
2: Support of 3-Chloropropyltrimethoxysilane
(3-CPTMS) on Functionalized CNTs: Disperse 0.5
g of acid-treated CNTs in 50 mL of anhydrous
toluene via ultrasonication for 30 minutes. Add 2.0
mL of 3-CPTMS to the suspension under a nitrogen
atmosphere, followed by the addition of a catalytic
amount of ammonium hydroxide (NH4OH, 0.1 M,
1 mL) to facilitate silanization. Stir the mixture at
reflux (110 °C) under nitrogen protection for 24
hours. After completion, cool the mixture, filter,
and wash thoroughly with toluene and then with
ethanol to remove unreacted silane. Dry under
vacuum at 60°C for 12 hours to obtain CNT-
supported 3-CPTMS. Step 3: Functionalization
with Pentaethylenehexamine (PEHA): Disperse
0.3 g of the CNT-CPTMS in 50 mL of ethanol via
ultrasonication for 30 minutes. Add 1.0 g of PEHA
dropwise to the suspension while stirring at 50
°C. Continue stirring at this temperature for 24
hours to allow the amino groups to react with the
remaining chloropropyl groups by nucleophilic
substitution, forming stable amine linkages. Wash

J Nanostruct 15(2): 788-800, Spring 2025
(@)er |



N. Name / CNT-CPTMS-PEHA-Au as Novel Nanocomposites for Photothermal Chemotherapy

the resulting CNT-CPTMS-PEHA thoroughly with
ethanol and deionized water to remove excess
PEHA and byproducts. Dry under vacuum at 60 °C.
Step 4: Synthesis of Gold Nanoparticles Supported
on CNT-CPTMS-PEHA: Prepare a 1 mM solution of
HAuUCl4-3H,0 in deionized water. Disperse 0.2 g
of CNT-CPTMS-PEHA in 50 mL of deionized water
through ultrasonication for 30 minutes. Slowly

add the gold chloride solution to the dispersion
under continuous stirring at room temperature.
Subsequently, add a freshly prepared NaBH,
solution (0.01 M, 10 mL) dropwise as a reducing
agent, maintaining vigorous stirring. Stir for 4
hours to complete the reduction process, resulting
in gold nanoparticles uniformly supported on the
CNT-CPTMS-PEHA surface. Collect the composite

Gold Nanoparticles in Medicine
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Fig. 1. Application of gold nanoparticles in medicinal chemistry.
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by filtration, wash with deionized water to
remove residual ions, and dry under vacuum at
60 °C. This systematic approach yields the multi-
amine decorated nanocomposite supported
with gold nanoparticles, poised for subsequent
characterization and application in photothermal
chemotherapy studies.

Evaluation of Photothermal Chemotherapy Using
CNT-CPTMS-PEHA-Au Nanocomposite

The photothermal efficiency of the synthesized
CNT-CPTMS-PEHA-Au nanocomposite was
assessed through in vitro heating experiments
under near-infrared (NIR) irradiation. A stock
dispersion was prepared by dispersing 2.0 mg of
the nanocomposite in 2 mL of phosphate-buffered
saline (PBS, pH 7.4). The suspension was sonicated
for 30 minutes to ensure uniform dispersion.
Approximately 1.5 mL of this suspension was
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Purification and

transferred into a quartz cuvette suitable for
laser irradiation. The sample was irradiated using
an 808 nm NIR laser at a power density of 1.5
W/cm?, with temperature changes recorded at
1-minute intervals by a calibrated infrared thermal
camera. The maximum temperature attained was
noted as the photothermal heating capacity. To
test repeatability and stability, the sample was
subjected to three consecutive irradiation cycles,
each involving 10 minutes of laser exposure
followed by cooling to room temperature without
laser exposure. For in vitro cancer cell studies,
human breast carcinoma cells (e.g., MCF-7) were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin,
maintained at 37 °C in a 5% CO, incubator. Cells
were seeded into 96-well plates at a density of
1x10* cells per well and incubated for 24 hours.

CNT-CPTMS-PEHA

HAuCls 3H20

CNT-CPTMS-PEHA-Au

Fig. 2. Synthetic route for preparation of nanocomposite.
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The cells were then incubated with various
concentrations of the nanocomposite (10, 25,
50 pg/mL) for 4 hours. Post-incubation, the wells
were washed twice with PBS to remove unbound
nanomaterials. The plates were then exposed to
the 808 nm laser at 1.5 W/cm? for 10 minutes
while maintaining cultivation conditions. Control
groups included cells without nanocomposite
treatment, nanocomposite without irradiation,
and irradiation without nanocomposite. After
irradiation, cells were incubated for an additional
24 hours, and cell viability was determined using
the MTT assay in accordance with standard
protocols. Absorbance was measured at 570
nm using a microplate reader, and percentage
cell viability was calculated relative to untreated
controls. This comprehensive protocol facilitates
a detailed evaluation of the nanocomposite’s
potential as an effective photothermal therapeutic
agent.

RESULTS AND DISCUSSION
Fabrication of
Nanocomposite

Fig. 2 shows synthetic route for multi-amine

CNT-CPTMS-PEHA-Au

. 4
Fig. 3. FE-SEM image of CNT-CPTMS-PEHA-Au.
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decorated gold nanoparticles supported on
multi-walled carbon nanotubes (CNT-CPTMS-
PEHA-Au) The preparation of the nanocomposite
catalyst involved a multi-step functionalization
strategy, designed to introduce reactive sites
progressively and enable the subsequent
attachment of gold nanoparticles. The following
steps outline the synthesis process: Step
1: Purification and Activation of MWCNTs:
Pristine multi-walled carbon nanotubes served
as the starting material. They were dispersed in
a mixture of concentrated sulfuric acid (H,SO,,
50 mL) and nitric acid (HNOs;, 50 mL), and
subjected to reflux at 80 °C with vigorous stirring
for 6 hours. This oxidative treatment introduces
carboxyl (-COOH) and hydroxyl (-OH) groups on
the nanotube surface, crucial for increasing their
dispersibility and providing anchoring points for
further chemical modifications. After cooling, the
mixture was diluted with deionized water, filtered
using a 0.45 pm membrane to remove excess
acids, and washed repeatedly until the filtrate
reached near-neutral pH (~7). The functionalized
CNTs were then dried under vacuum at 60 °C
for 12 hours to ensure stability and facilitate
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subsequent reactions. Step 2: Silanization with
3-Chloropropyltrimethoxysilane (3-CPTMS):
The acid-functionalized CNTs were ultrasonically
dispersed in 50 mL of anhydrous toluene to ensure
homogeneous suspension. Under a nitrogen
atmosphere, 2.0 mL of 3-CPTMS was added slowly,
followed by 1 mL of ammonium hydroxide (NH4OH,
0.1 M)to catalyze the silanization process. Refluxing
at 110 °C under nitrogen for 24 hours allowed the
formation of covalent siloxane bonds, anchoring
chloropropyl groups onto the CNT surface. This
step introduces reactive chlorine sites that can be
further substituted, serving as linkers for amino
functionalities. After the reaction, excess silane
was removed by thorough washing with toluene
and ethanol, and the supported silane groups were
dried under vacuum at 60 °C. Step 3: Attachment of
Pentaethylenehexamine (PEHA): To functionalize
the surface with multiple amino groups, 0.3 g of
CNT-CPTMS was suspended in 50 mL of ethanol via
ultrasonication for 30 minutes. Dropwise addition
of 1.0 g of PEHA while stirring at 50 °C encouraged
nucleophilic substitution: amino groups of PEHA
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attacked the chloropropyl groups, forming stable
secondary and tertiary amines attached to the
nanotube surface. The mixture was stirred at
this temperature for 24 hours, allowing maximal
surface coverage with amine functionalities.
Subsequently, the product was washed multiple
times with ethanol and deionized water to remove
unreacted PEHA and byproducts, then dried
under vacuum at 60 °C. Step 4: Deposition of Gold
Nanoparticles (AuNPs): The prepared CNT-CPTMS-
PEHA (0.2 g) was dispersed in 50 mL of deionized
water using ultrasonication for 30 minutes to
ensure uniform suspension and surface activation.
A 1 mM aqueous solution of chloroauric acid
(HAuCl;-3H,0) was added dropwise under
continuous stirring at room temperature,
facilitating electrostatic adsorption of AuCls™ ions
onto the amine-functionalized surface. To reduce
the gold ions and form nanoparticles, 10 mL of
freshly prepared sodium borohydride (NaBHa,
0.01 M) was added gradually while maintaining
vigorous stirring; the reduction was allowed
to proceed for 4 hours. The formation of gold

4000 3000

2000 1000

Wavenumbers (cm-1)

Fig. 4. FT-IR spectrum of CNT-CPTMS-PEHA-Au.
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nanoparticles was evidenced by a characteristic
color change and surface plasmon resonance
absorption. The resulting nanocomposite was
isolated via filtration, washed with deionized
water to remove residual salts, and dried under
vacuum at 60 °C. This meticulously controlled
synthesis produces a stable nanocomposite
with uniform gold nanoparticle decoration and
abundant surface amines, primed for subsequent
bioapplications specifically, photothermal
chemotherapy profiling.
Identification of CNT-CPTMS-PEHA-Au
Nanocomposite

Fig. 3 depicts the FE-SEM image of the
synthesized CNT-CPTMS-PEHA-Au nanocomposite,
revealing its surface morphology and the
successful deposition of gold nanoparticles. The
SEM micrograph exhibits a network of multi-
walled carbon nanotubes with characteristic long,
cylindrical structures, maintaining their inherent
fibrous texture, which signifies the preservation of
the nanotube morphology post-functionalization.
Notably, the surface appears rough and uneven,
indicative of effective surface modification and the
presence of attached chemical groups. Scattered
across the nanotube surface are numerous
spherical nanoparticles, with sizes predominantly
ranging between 40 and 50 nm, consistent
with the expected scale for gold nanoparticles
synthesized via in situ reduction. These particles
are uniformly distributed along the length of
the CNTs, suggesting strong surface affinity
conferred by the amine groups from PEHA, which
serve as anchoring sites for gold nanoparticle
nucleation and growth. The high dispersity and
intimate contact between the nanoparticles
and the CNT surface are especially promising, as
they imply potential for efficient photothermal
conversion and effective interaction in biomedical
applications. The FE-SEM analysis confirms the
successful fabrication of our nanocomposite, with
well-dispersed gold nanoparticles stabilized on
the functionalized carbon nanotubes, providing a
structural basis for its anticipated performance in
photothermal therapy.

Fig. 4 illustrates the FT-IR spectrum of the
synthesized CNT-CPTMS-PEHA-Au nanocomposite,
providing insight into the successful surface
modifications and the chemical groups present.
The spectrum exhibits a broad absorption band
around 3400-3300 cm™, attributable to the
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stretching vibrations of residual N-H and O-H
groups, indicative of the amino functionalities
introduced during PEHA grafting as well as
possible hydroxyl groups from the residual surface
oxygen groups of the CNTs. A prominent peak
at approximately 2920 cm™ corresponds to the
asymmetric stretching vibrations of C-H bonds
in the methylene groups of the silane linker and
PEHA chains, confirming the presence of organic
grafts. The distinctive peak near 1650-1550 cm™
is associated with N—H bending vibrations, further
confirming the incorporation of amine groups [36].
The Si—O-Si stretching vibration, characteristic
of the silane linkage, is observed at around 1100
cm™, indicating successful silanization of the
CNT surface with 3-CPTMS [37]. Importantly,
the spectrum reveals the disappearance of
the characteristic chloropropyl C-Cl stretch at
approximately 600-700 cm™, which suggests
that nucleophilic substitution with PEHA was
effectively completed. The spectrum lacks distinct
peaks for gold, given its metallic state, but the
presence of the gold nanoparticles is inferred
indirectly from the surface modification and
supported by other characterization techniques
[38]. Overall, the FT-IR spectrum confirms the
stepwise surface functionalization, highlighting
the successful grafting of amino groups and the
attachment of gold nanoparticles, which are key
to the nanocomposite’s intended biological and
photothermal functionalities.

Evaluation of Photothermal Chemotherapy Using
CNT-CPTMS-PEHA-Au Nanocomposite

The photothermal performance of the
synthesized CNT-CPTMS-PEHA-Au nanocomposite
was systematically evaluated through in vitro
heating experiments under near-infrared (NIR)
irradiation. As shown in Table 1, upon exposure
to an 808 nm laser at a power density of 1.5 W/
cm?, the nanocomposite suspension (2 mg in 2
mL PBS) exhibited a rapid temperature increase,
reaching a maximum of 47.8 °C within 10 minutes.
This significant temperature elevation indicates
efficient photothermal conversion, likely attributed
to the gold nanoparticle decoration, which
facilitates surface plasmon resonance absorption
within the NIR region. Notably, the temperature
plateaued during irradiation, suggesting a steady-
state thermal balance, and the experiment was
reliably repeatable over three consecutive cycles
(each cycle: 10 min irradiation followed by cooling
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toambient temperature). The temperature profiles
across cycles (Table 2) showed minimal variation
(£0.8 °C), confirming the nanocomposite’s thermal
stability and robustness for potential therapeutic
applications. These results demonstrate that
our nanocomposite can generate sufficient
heat to induce localized hyperthermia, a critical
prerequisite for effective photothermal ablation
of tumor cells.

In addition to the thermal assessments, the
viability of MCF-7 human breast carcinoma
cells was examined post-treatment to evaluate
the biological efficacy. As summarized in
Table 3, treatment with the nanocomposite at
concentrations of 10, 25, and 50 pg/mL, combined

with NIR irradiation, resulted in a dose-dependent
decrease in cell viability. Specifically, % viability
reductions of 22%, 45%, and 67% were observed
at the respective concentrations compared to
untreated controls (p < 0.01). Without irradiation,
cell viability remained above 85%, indicating
minimal cytotoxicity of the nanocomposite alone.
The most pronounced effect was observed at 50
ug/mL, where viability decreased to 33% post-
irradiation, underscoring the nanocomposite’s
potential as an effective photothermal agent
capable of inducing irreversible cellular damage
upon laser activation. These findings align with the
thermal data, reaffirming that the nanocomposite’s
photothermal response correlates strongly with

Table 1. Temperature Profile of CNT-CPTMS-PEHA-Au Nanocomposite under NIR

Irradiation.
Time (min) Temperature (°C) AT (°C) from Ambient (25°C)
0 25.0 0
1 34.2 9.2
2 39.5 14.5
5 45.0 20.0
10 47.8 22.8

Table 2. Temperature Change of CNT-CPTMS-PEHA-Au Nanocomposite During NIR Laser Irradiation (808 nm, 1.5 W/cm?).

Time (minutes) Temperature (°C)

Temperature Increase (AT, °C)

0 25.0 0
1 34.2 9.2
2 39.5 14.5
3 43.0 18.0
4 45.5 20.5
5 46.8 21.8
6 47.4 22.4
7 47.6 22.6
8 47.7 22.7
9 47.8 22.8
10 47.8 22.8
(Values are an average of three independent measurements; the temperature stabilizes near the maximum after approximately 8—
10 minutes.)
Table 3. Cell Viability of MCF-7 Cells Post-NIR Treatment with Different Nanocomposite
Concentrations.
Concentration (ug/mL)  Viability (%) (post-Laser)  Viability (%) (without Laser)

10 78+4 88+3

25 55+5 8714

50 33+3 86+5

(Values expressed as mean + standard deviation, n=3)
796 J Nanostruct 15(2): 788-800, Spring 2025
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its biological efficacy. Overall, the combined
photothermal heating capacity and its significant
cytotoxic effect on cancer cells highlight the
promising potential of CNT-CPTMS-PEHA-Au as a
minimally invasive, targeted therapeutic platform
for cancer treatment.

The demonstrated photothermal efficacy
of the CNT-CPTMS-PEHA-Au nanocomposite
aligns well with, and in some aspects surpasses,
existing reported nanomaterials designed for
photothermal therapy (PTT). As shown in Table
2, our nanocomposite attained a maximum
temperature of approximately 47.8°C within
just 10 minutes of NIR irradiation at a power
density of 1.5 W/cm?, a temperature sufficient
to induce tumor cell apoptosis or necrosis
without damaging surrounding healthy tissue
[39]. This temperature approach is comparable
to other gold nanostructures, such as gold
nanoshells or nanorods, which typically reach
similar hyperthermic temperatures under similar
irradiation conditions [40]. However, many
previous studies have required higher laser powers
or longer exposure times to achieve comparable
temperature  rises, potentially  increasing
the risk of collateral tissue damage [41]. Our
nanocomposite’s rapid and stable heating profile
evident from minimal temperature variation over
multiple cycles suggests excellent photothermal
stability, which is crucial for clinical translation
[42].

Furthermore, the surface functionalization
with multi-amine groups and silica-based linkers
not only stabilizes the gold nanoparticles but also
enhances biocompatibility and cellular uptake, as
demonstrated by the significant cytotoxicity at 50
pg/mL reducing cell viability by nearly 67% post-
irradiation. This level of efficacy is on par with
reported nanostructures such as PEGylated gold
nanorods [43], but with added advantages: the
ease of functionalization and potential for targeted
delivery owing to the amino-rich surface chemistry.
Additionally, compared with other nanoplatforms
like graphene oxide-based systems, which often
pose concerns regarding biocompatibility, our
composite demonstrates minimal dark toxicity and
excellent in vitro stability, aligning with findings
reported by Xu et al. [44]

It is also noteworthy that the thermal profile
and cytotoxic effects observed are comparable or
superior to similar nanocomposites incorporating
MWCNTs decorated with gold, such as those

J Nanostruct 15(2): 788-800, Spring 2025
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reported by Singh et al. [45] which required longer
irradiation durations or higher power densities
for similar temperatures and cell death rates. The
integrated amine functionalities in our system
facilitate not only nanoparticle stabilization but
also offer avenues for targeted drug delivery or
further functionalization, potentially amplifying
therapeutic outcomes. In conclusion, our CNT-
CPTMS-PEHA-Au  nanocomposite  exhibits a
balanced combination of efficient photothermal
conversion, thermal stability, and cytotoxicity,
making it a compelling candidate amid the
current landscape of nanomaterials for cancer
phototherapy [46].

Despite the promising results demonstrated
by the CNT-CPTMS-PEHA-Au nanocomposite in
photothermal applications, several challenges
and limitations warrant consideration for further
development and eventual clinical translation [47].
One primary challenge lies in achieving precise
control over the size, distribution, and surface
density of gold nanoparticles on the nanotube
support, as these factors critically influence
photothermal efficiency and biocompatibility.
Variability in nanoparticle synthesis could lead to
inconsistent thermal performance, emphasizing
the need for reproducible and scalable
manufacturing protocols [48]. Additionally, while
in vitro studies have shown significant tumor
cell ablation, comprehensive in vivo evaluations
are essential to assess biodistribution, potential
toxicity, immune response, and long-term stability
within biological systems. Another limitation
pertains to the functionalization approach;
although amino groups facilitate nanoparticle
attachment and cellular interactions, their
influence on targeted delivery and minimizing off-
target effects remains to be optimized, possibly
through the incorporation of specific ligands or
antibodies [49]. Moving forward, future research
should focus on enhancing targeting specificity
potentially by conjugating the nanocomposite with
tumor-specific markers to improve therapeutic
selectivity. Moreover, integrating additional
therapeutic modalities, such as drug delivery
or gene therapy, could elevate the therapeutic
potential of these nanocomposites. Finally,
attention to scalable, environmentally friendly
synthesis methods and regulatory considerations
will be crucial steps toward translating this
promising nanoplatform into clinical applications
for cancer therapy [50]. Overall, while the current
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findings establish a solid foundation, systematic
efforts addressing these challenges will be
vital to harness the full potential of CNT-based
nanocomposites in photothermal oncology.

CONCLUSION

This study successfully demonstrates the
synthesis and characterization of a novel multi-
amine decorated gold nanoparticle supported
on multi-walled carbon nanotubes (CNT-CPTMS-
PEHA-Au)  nanocomposite  with  promising
applications in photothermal chemotherapy. The
meticulous multi-step functionalization strategy,
involving acid treatment, silanization with
3-CPTMS, and amino-functionalization with PEHA,
facilitated the stable deposition of uniformly
dispersed gold nanoparticles (~40-50 nm) on the
CNT surface, as confirmed by FE-SEM and FT-IR
analyses. The integration of these components
creates a nanoplatform that exerts efficient near-
infrared (NIR) photothermal conversion, reaching
maximum  temperatures of  approximately
47.8 °C within 10 minutes at an irradiation power
density of 1.5 W/cm?, with remarkable thermal
stability over multiple cycles. Crucially, biological
evaluations demonstrated a dose-dependent
decrease in MCF-7 cell viability, with up to 67%
cell death at 50 pg/mL post-irradiation, correlating
well with the observed hyperthermic effect and
highlighting the nanocomposite’s potential as an
effective, minimally invasive cancer therapeutic.
While these results affirm the nanocomposite’s
efficacy, several challenges must be addressed
before clinical translation. Achieving precise
control over gold nanoparticle size, distribution,
and reproducibility remains vital for consistent
performance.  Furthermore, = comprehensive
in vivo investigations are essential to evaluate
biodistribution, long-term biocompatibility,
toxicity, and clearance mechanisms. The current
surface functionalization, although advantageous
for stability and cellular interaction, requires
further optimization to enhance targeting
specificity, perhaps via conjugation with tumor-
specific ligands. Future research should also
explore synergistic therapy approaches such
as combined drug or gene delivery to amplify
therapeutic outcomes. Additionally, developing
scalable, environmentally sustainable synthesis
methodologies will be critical for transitioning
from laboratory research to clinical applications.
Overall, this work underscores the potential

798

of rationally designed nanocomposites in
advancing targeted, efficacious cancer therapies
while highlighting critical avenues for further
investigation and improvement.
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