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Abstract: Pristine manganese nanoflowers (MNF) have potential applications in photothermal therapy. The
objective was to fine-tune the morphology to reach the desired temperature while avoiding permanent damage,
a goal successfully accomplished through tungsten doping. In this study, we effectively incorporated tungsten
metal into the flower morphology, resulting in defects and the formation of secondary mesopores within the
channel, which subsequently led to a temperature reduction of nearly 20 ‘C. The flawed surface clearly exhibited
a peak in the mesopore-micropore region, which can be linked to the introduction of foreign metal doping. This
approach to doping can be extensively employed to adjust the molecular structure during the application of
photothermal therapy treatment.
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Introduction microenvironment. “Killing the cancer cells”, is the first call, but
the surrounding moiety should get minimum effects from this

Since normal phototherapy is a well-established approach in phenomenon, this drives the chemists to search for facile approaches

the field of anticancer therapeutics, the main qualm is circling
around the choice of materials. There are several materials reported
including gold nanoparticles,' iron oxide nanoparticles,? carbon
nanotubes,’ etc. The idea lies in this approach on the capability
of the materials to absorb the light and successfully converting
it into heat which in turns creates irreversible damage in tumour
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and new materials.

In the dominion of scholarly literature, the examination of
nanocarriers, including quantum dots, carbon nanotubes, lipo-
somes, micelles, gold nanoparticles, polymeric and solid lipid
nanoparticles, dendrimers, mesoporous silica nanoparticles, and
self-emulsifying nano-drug delivery systems, has emerged as
advantageous in the fields of cancer therapy and diagnosis; how-
ever, each possesses its own significant shortcomings.* Amidst
these significant challenges are the shadows of dose-related
toxicity, the uncertain nature of drug bioavailability, the intricate
barriers of permeability, the careful balance of biocompatibility,
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the harsh reality of instability, the subtle leakage of drugs, the rapid
release that deceives, the daunting issue of drug resistance, and
the complex interplay of pharmacodynamic and pharmacoki-
netic characteristics. Thus, it become a matter of utmost impor-
tance and pressing need to devise a more potent means to convey
the remedies unto the afflicted tumour site with efficacy most
assured. Scholars have been delving into diverse and ingenious
means of delivery, seeking to enhance the noble effects of che-
motherapy by contemplating the multifaceted nature of their
nanostructures.’

The considerations of a living being and its internal stimu-
lations can be a cause of downfall while implementing the syn-
thetic strategy of inorganic nanomaterials and there is no fight
when we consider the external stimuli over the internal one as
it is far more comprehensive while controlling the spatial and
temporal behaviour of the nanomaterial,® and until the external
perturbation arrives, the nanomaterial remains inactive.” In contrast
to the rays of ultraviolet and the visible spectrum, the light of
near infrared possesses photons of a lengthened wavelength and
a lesser energy.® This trait aids NIR light in its descent deeper
into the living flesh, yet unfortunately NIR photons lack the vigour
to perform numerous photochemical reactions, for they possess
not sufficient energy. This quandary may find resolution through
devices of upconversion and the pretence of two-photon absorp-
tion.” Upconversion nanoparticles exhibit a remarkable capa-
bility to transform the subtle touch of near-infrared light into the
vivid colours of visible and ultraviolet light, by absorbing mul-
tiple photons and converting them into a single, high-energy
photon.'® Besides these two mechanisms, the system responsive
to NIR light also adheres to the mechanism of the photothermal
effect, which lies at the very heart of PTT." In this instance,
materials of a delicate nature, attuned to the grasp of light, con-
vert the subtle radiance of near-infrared light into warmth, which
may be directed to a chosen locus for hyperthermia. When minus-
cule materials serve as carriers for the delivery of remedies, those
structures, ignited by the heat, transform to liberate their precious
contents. When nanomaterials serve as agents of photothermal
might, the heat they wield can smite or consume the cells of
tumours directly. To craft a system of merit for PTT, the agents
of photothermal nature must fulfil certain conditions: they ought
to absorb the light of near-infrared hue, convert such illumi-
nation to heat with great efficiency, and possess the virtues of
biocompatibility and biodegradability."

Manganese could be found in different oxidation states including
Mn*', Mn**, Mn*, Mn**, Mn® and Mn""."*""* Utilising these oxi-
dation states, we can reengineer a moiety which solely cater our
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purposes. Amongst these, Mn”" is the most stable oxidation state
bearing the electronic configuration as [Ar] 3d.’ With a half-filled
d orbital, Mn is prone to show some unprecedented activities
during complex formation. It also makes it stable due to aug-
mented exchange potential and symmetry of the d subshell. It’s
crucial to mention that Mn also transported throughout our body
by divalent metal transporter-1."® In biological premise, manga-
nese serves as an essential micronutrient for managing the normal
cell functionalities and mainly to adjust with oxidative stress."

In the domain of inorganic nanomedicines, where oftentimes
one encounters nanoparticles or nanomaterials, the threat they
pose may be persuaded by their very physicochemical attributes,
including dimensions, form, surface charge, and the materials
that cloak their essence. These attributes do hold a most vital
part in the communion with cells and tissues. Verily, certain stud-
ies have shown that Manganese Oxide Nanoparticles (MON)
may act as an agent of the chemodynamic therapy (CDT),"®
displaying a aggressive cytotoxicity towards the malignant cells,
through a reaction akin to Fenton,'® reliant upon the principle
of H,0, and GSH at particular measures. Fortune favours the
normal cells, as their exposure to H,0,/GSH is less, resulting
in a reduced impact of MON compared to malignant cells,
thereby protecting the healthy from its effects.”” Moreover, the
examination of serum biochemistry and the histopathological
findings of the heart, liver, and kidneys did reveal naught but
trivial irregularities in the principal organs when set against the
norm of healthy mice, thus underscoring the commendable
harmony of the tissues in question.”’ In the realm of science,
where the minuscule reigns, nanomaterials have emerged as
noble contenders for a multitude of biomedical pursuits. Amongst
these, manganese dioxide, known as MnQO,, shines brightly,
esteemed for its gentle nature and low toxicity. Yet, the enduring
peril of these substances linger still. Unbeknownst and do demand
further inquiry. Thus, to weigh the risky nature of diverse nanoma-
terials is of utmost importance to fathom their possible import
in the cancer therapeutics.

In environment, MnO, exhibits 5 distinct phases including a,
B, v, 6, and €. These polymorphs exist by reorganising basic
MnOg unit forming either layer or chain/tunnel morphologies.?
They have different characteristics. In photothermal therapy,
they are utilised as they possess excellent capability of trans-
forming the light energy to heat, attributed to the MnO, cen-
tres. But pristine nanoflowers can reach up to 80 ‘C which can
create significant alterations in the tumour microenvironment as
well as towards the healthy cells and tissues. Ablative hyperthermia
was the target for this research,?* so doping was introduced to



Tungsten Doped Manganese Nanoflower for Photothermal Therapy 3
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Scheme 1. Tungsten doped manganese nanoflowers for photothermal therapy.

create a structure which can be affective as well as non-cyto-
toxic towards the normal cell. Transition metal such as tungsten is
relatively inert and it increases the structural integrity when
incorporated into nanomaterials, that’s why it was chosen. Here,
we report a tungsten doped manganese nanoflower which
shows potential photothermal activity that can be exploited.

Experimental

Materials. Commercial reagents and solvents were purchased
from accredited supplier (Sigma-Aldrich) and used without further
purification: Manganese (II) chloride tetrahydrate (MnCl,-4H,0)
>99%, tungsten hexachloride (WClg) 299% trace metal basis,
sulphuric acid (H,SO,) 99.999%, 3-[4,5-dimethylthiazol-2yl]-
2,5-diphenyl tetrazolium bromide (MTT). Potassium perman-
ganate (KMnO,) S.P.C GR Reagent was bought from Shinyo pure
chemicals CO. LTD. DPBS was purchased from Thermo Fisher
Scientific. The solvents were purchased from Sigma-Aldrich with
anhydrous HPLC grade: ethanol, dimethyl formamide and used
without further purification. For general purpose, double distilled
water was used (Milli-Q, Merck, USA). 4T1 metastatic breast
cancer cell lines were purchased from the ATCC (Seoul, South
Korea).

Characterisation. The absorption spectra of sample were

obtained using a UV-visible absorption spectrophotometer (Opti-
zen 2120 UV spectrophotometer, Mecasys). FESEM imagery
was acquired using a JEOL (JSM-7610F) ultra-high resolution
field emission scanning electron microscope. X-ray diffraction
spectra were observed by Bruker D-2 phaser mini-X-ray dif-
fractometer using Cu-Ka radiation (1=1.5418 A) and operating
at 30 kV and 10 mA. Infrared spectroscopy was acquired using
Agilent Technologies (Cary 610/660) microscope FTIR spec-
trometer, powdered sample was grinded with KBr to form pellet
(1:99 wt%). X-Ray photoelectron spectroscopy was performed
using a Ulvac-PHI (PHI GENESIS) X-ray photoelectron spec-
trometer. BET experiments were performed using a Micromeritics
(3Flex) surface analyser at 77K in N,. Before experimentation,
the sample was degassed at 150 “C for 12 hours at vacuum. BJH
(Barrett-Joyner-Halenda) method was implemented to compute
the pore size. For absorbance, a SYNERGY HTX microplate
reader was used. For photothermal treatment, PSU-H-LED 808 nm
laser was used.

Synthesis of Pristine Manganese Nanoflower. The syn-
thesis of pristine nanoflower was carried out in a wet chemical
oxidation process. Previously reported method® was modified
and implemented. KMnO, (2.016 g) and MnCl,-4H,0 (0.7638 g)
was mixed with 150 mL of DIW until it becomes completely
soluble. Then 2.5 mL of concentrated H,SO, was added dropwise
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over 10 minutes and the temperature was risen to 80 C. This
condition was maintained for 90 minutes and in N, atmosphere.
Finally, it was cooled down to the room temperature and washed
with water and ethanol for several times until the pH of the fil-
trate reaches neutral. Then the product was vacuum dried and
marked as MNF for future experiment.

Synthesis of Tungsten Doped Manganese Nanoflower.
Tungsten doping onto MnQO, framework was done via wet chem-
ical procedure.”® Briefly, KMnQ, (2.016 g) was mixed with two
different portions of WCls (0.3060 and 1.5307 g) with 100 mL
DIW. Then MnCl,-4H,0 (0.7638 g) was solubilise in 10 mL of
DIW and added to it. Then 2.5 mL of concentrated sulphuric
acid was added dropwise over 10 minutes and temperature was
risen to 80 C. This condition was maintained overnight and car-
ried out in dark condition. Finally, it was cooled down, washed with
DIW several times until the filtrate pH was neutral and vacuum
dried and marked as W-MNF-0.3060 and W-MNF-1.5307 for
future experiment.

Photothermal Experiment Under NIR Laser. MNF and
W-MNFs were dissolved in DPBS with different sample con-
centration and irradiated with 808 nm laser with different power
and time. Temperature was recorded at a predetermined inter-
val and plotted.

In Vitro Cell Cytotoxicity Assay. The cell viabilities of 4T1
cell lines exposed to MNF and W-MNF-0.3060 were measured
by MTT cell proliferation assay. Cells were seeded in a 96 well
plate (3x10 cells/well) and incubated for 24 hours. Later dif-
ferent concentrations of W-MNF-0.3060 were added to the 96
well plate and with the medium used as control. After that, the
cell solutions were incubated for another 24 hours in dark con-
dition. After that MTT reagent was added (20 pL) and again
incubated for another 4 hours. Finally, the cell viability was
observed by measuring the absorbance at 535 nm using micro-

plate reader.
Cell viability (%) = {(absorbance from sample treated cells)/
(absorbance from the control cells)}>*100

Results and Discussion

Morphology Analysis. To synthesise the manganese dioxide
nanoflowers, initially the redox chemistry was applied. When
oxidised by potassium permanganate, manganese chloride can
generate different phases. In this case, potassium permanganate
first gets reduced in acidic medium to form Mn?". This phenom-
enon happens through an intermediate phase (MnO;),-SO,.
Then this Mn** is combined with the Mn source of manganese
dichloride tetrahydrate to form MnO,.”” Possible reaction as
follows:

MnO; + 8H' + 5¢- —»> Mn*" + 4H,0 )

This Mn*" oxidises the MnCl, to form MnQO,. Here the sul-
phuric acid plays a crucial role, such as stabilising the redox
reaction and controlling the oxidation state of manganese by
adjusting the redox potential of the medium. The nitrogen
atmosphere maintains the controlled growth by prohibiting any
unwanted oxidation. The doping of tungsten was also performed
in similar fashion but performed in dark. When WCls came on
contact with acidic pH, it gets dissociated to form W®" ions which
later combined into the MnO, nanostructure. The FESEM
structure of pristine MNF (Figure 1) and doped MNFs (Figure
2 and 3) showed clear changes which can be seen with the naked
eye. The flower petal shape of pristine MNFs got reengineered
when doping was introduced. This clearly affect the surface area
and other properties. The more dopant amount introduced inside
the framework, the morphology changes. This affects the sur-
face area as well as other properties. Now from EDS spectrum

% 30,000 15.0kV EXI L -

Figure 1. FESEM image of pristine MNF at different magnification level.
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(b)

Figure 2. (a) FESEM of W-MNF-0.3060 at different magnification level; (b) EDS mapping of different atoms; (c) merged image; (d) EDS
analysis.

0O K series Mn K series
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Figure 3. (a) FESEM of W-MNF-1.5307 at different magnification level; (b) EDS mapping of different atoms; (c) merged image; (d) EDS
analysis.
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data, it was revealed that 9.73 and 28.20 wt% of tungsten found
in the W-MNF-0.3060 and W-MNF-1.5307. The primary weight
analysis of those samples and dopant concentration are to be
attributed to the structural characteristics. The morphology was
also deeply analysed by means of XRD. The pristine MnO,
nanoflowers (MNF) exhibit 9 distinct diffraction peaks in the
XRD pattern, all of which are consistent with the standard ref-
erence pattern for a-MnO: (PDF 00-44-0141). This indicates
that the initial phase is highly crystalline a-MnO: with a tun-
nel-type structure. It is characterised by a 2x2 tunnel structure
formed by edge- and corner-sharing MnOj octahedra. Mn exists
in +4 oxidation state, no metallic Mn (Mn") is expected. Upon
tungsten doping, notable structural changes are observed. For
the W-MNF-0.3060 variant, a significant peak emerges at 37.342°,
which does not appear in pristine MnQ,. This peak match three
distinct phases according to the following JCPDS cards, PDF
01-074-6605 — likely corresponding to a W-substituted Mn oxide
or mixed-phase oxide, PDf 01-078-6777 — possibly indicating
formation of a tungstate or W-incorporated Mn-O framework
and PDF 01-082-0728 — suggesting the presence of a tungsten-
rich phase or intermediate oxide. This suggests that at low doping
concentration (0.3060), tungsten is partially incorporated into
the MnO, lattice, either by substituting Mn** or interstitially distort-
ing the lattice. The presence of the o-MnO: phase is largely retained,
indicating that the crystal framework remains predominantly
manganese-based with only minor phase segregation. In contrast,
the XRD pattern of W-MNF-0.3060 shows a drastic transfor-
mation. The emergence of three new dominant peaks at 16.537°,
25.733°, and 35.063°, which match with PDF 01-086-0134 and
PDF 01-084-0886, points toward the formation of tungsten-rich
phases, such as H,WO, like structure or WOj or its hydrates or
complex W—O-Mn oxides with distorted octahedral units. These

phases suggest a breakdown or replacement of the MnO, lat-
tice due to excessive W incorporation. This is supported by the
absence of a-MnO, characteristic peaks in the 1.5030 variant,
indicating that at high doping, the MnQO, lattice can’t accom-
modate further W®" ions, leading to the collapse or several dis-
tortion of the host structure whilst at low doping substitutional
or interstitial doping of W®" into the a-MnO. framework occurs,
leading to minor new peaks alongside the a-MnO- phase (Fig-
ure 4).

IR Analysis. IR spectroscopy reveals a deeper understanding
of bonding inside the moiety which further our causes. To the
pristine MNF, the grey area around 3400 cm’, we observe a broad
spectrum which is attributed to the surface hydroxyl group
absorbed by the manganese centres.”® Similar thing we can see
in the spectrum of W-MNF-0.3060. But the intensity is higher
compared to the pristine one. This can be said that, as tungsten
is substituting the manganese centres via doping procedure,
this case the stretching of W-O-H and Mn-O-H is getting com-
bined. Around 1630 cm™ is also similar phenomenon is shown
in both MNF and W-MNF-0.3060 but in the later case extra peak
is observed around 1535 cm™. These peaks are usually marked
as metal and hydroxyl bond bending frequency. From 960 cm’
to 1270 cm is usually designated for Mn-O-Mn stretching and
bending frequency region. But in the later case several peaks
are observed due to multiple metal centres are present. Peaks
around 1434 and 1312 cm™ is marked as Mn-O-Mn stretching
and bending whilst the peak around 1100 cm™ is marked as W-O-
Mn vibrations. The W-O stretching frequencies are pointed in
W-MNF-0.3060 IR spectra at 847 and 743 cm™ ? and in both
cases the Mn-O stretching is observed around 500 cm™, but
due to the presence of tungsten in the moiety, the later one
showed a little downshift (Figure 5). The FTIR spectrum of W-

(@ () |

MNF
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( 0

W-AINF-0.3060 W-MNF-1L.5030
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Figure 4. XRD peaks of (a) MNF; (b) W-MNF-0.3060; (c) W-MNF-1.5030. All the major peaks are noted with respective shapes which are
included in the graphs. MNF was matched with PDF 00-44-0141, W-MNF-0.3060 was matched with PDF 01-074-6605, PDF 01-078-6777
and PDF 01-082-0728 and W-MNF-1.5030 was matched with PDF 01-086-0134 and PDF 01-084-0886.
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Figure 5. IR spectra of (a) MNF; (b) W-MNF-0.3060; (c) W-MNF-1.5030.

MNF-1.5030 exhibits similar characteristic shifts as observed
in W-MNF-0.3060; however, a notable difference is the absence
of the W-O stretching vibration in W-MNF-1.5030, which is
distinctly present in W-MNF-0.3060. This absence may indicate
a different mode of tungsten incorporation at higher doping
levels, possibly due to lattice saturation or a shift from terminal
W-0 bonding to more delocalized W—O-Mn or W—O-W bridg-
ing environments. Such structural variations could lead to dimin-
ished IR activity for the W—O stretching mode, thereby explaining
its disappearance in the higher-doped sample.

Photothermal Effect and Associated Phenomena. Con-
verting the light energy to heat is the primary principle for this
manganese networks. Here when they were irradiated with 808 nm
laser for 6 minutes, different temperature maxims (7},.x) were
achieved. For pristine MNF, the 7,,,, was 85.9 ‘C was achieved
(Figure 6(a)) while the concentration maintained at 1 mg/mL and
laser power 3 W/cm?. This high temperature can be assigned to
the unhinged MnO, centres in the moiety. This acted as a cal-
ibration of the whole project. Two constraints were considered
as lowering the laser power to the physiological tolerance and
usage of doped materials. When the concentration was reduced
to 500 pL, laser power 2W/cm?, the achieved T}, for MNF,
W-MNF-0.3060 and W-MNF-1.5030 were 68.7, 56.7 and 46.1 C
respectively (Figure 6(b)) within 6 minutes. As we can see, the
amount of doping clearly affected the moiety and as well as the
conversion capability. From this, it was evident that at lower con-
centration, W-MNF-0.3060 is better compared to the higher
doped hierarchy. This temperature can be useful while the need
of aggressive treatment and if the tumour microenvironment is
poor in terms of heat retention, then higher temperature will be
fruitful. For these certain considerations, we have focused only
W-MNF-0.3060 to build up a comparative study with pristine
MNF. The reproducibility of the synthesis process was exam-
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Figure 6. Photothermal experiments to monitor 7}, (a) pristine MNF
with 1 mg/mL concentration and 3 W/cm?® laser power for determining
the initial constraints; (b) MNF, W-MNF-0.3060, and W-MNEF-1.5030
with 500 pg/mL concentration and 2.1 W/cm?, laser power.

ined by evaluating the photothermal performance across several
independently prepared batches. In our system, the peak pho-

Polym. Korea, Vol. 50, No. 1, 2026
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Figure 7. Photothermal output to assess the batch to batch repro-
ducibility. Synthesis were performed thrice and output was calculated by
means of average and standard deviation. Initial temperature was found
to be different as both the experiments were performed in different
dates.

tothermal temperature (7},.x) acts as a crucial gauge of the sta-
bility in doping levels and the uniformity of morphology. Any
substantial variation in these factors would likely lead to remark-
able changes in T, as indicated by increased standard devi-
ations. To validate the reproducibility, the samples W-MNF-0.3060
and W-MNF-1.5030 were synthesised in triplicate, and pho-
tothermal experiments were performed under identical condi-
tions. The average Ty, for W-MNF-0.3060 was 56.4+0.7 C,
and for W-MNF-1.5030 it was 45.7+0.5 C. These results were
consistent with the primary experiments and indicate a high
degree of reproducibility (Figure 7). To quantify this consistency,
we calculated the coefficient of variation (CV), defined as:

CV =(Standard Deviation / Mean) x 100%
- For W-MNF-0.3060, CV = (0.7/56.4) x 100 ~ 1.24%
- For W-MNF-1.5030, CV = (0.5/45.7) x 100 ~ 1.09%

Both values fall well below the commonly accepted 5% thresh-
old, confirming excellent batch-to-batch consistency.

These low CV values, combined with the minimal standard
deviations, strongly suggest that the synthesis process yields
uniform doping and morphologically consistent nanostructures.
Furthermore, we are confident that the consistent photothermal
performance indicates an even distribution of doping and a uni-
form structure. In our system, tungsten doping directly affects the
photothermal behaviour by modulating electronic absorption
and lattice thermal conductivity. Consequently, any significant
changes in doping levels or particle morphology would likely

Zan, A)5048 A 15, 2026\
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Figure 8. Isotherm linear plot: (a) MNF; (b) W-MNF-0.3060.

lead to corresponding variations in 7. The consistency observed
across various synthesis batches instils a strong assurance in
the reliability of the process.

In conclusion, we have meticulously assessed the consistency
of our synthesis by conducting multiple fabrication and pho-
tothermal evaluations. The consistently low standard deviations in
Taw coupled with a strong alignment with primary results,
indicate that the synthetic approach produces morphologically
and compositionally uniform W-MNF materials, showcasing
remarkable batch-to-batch reproducibility.

Surface Area Analysis with Doped MNF. N, adsorption-
desorption experiments were implemented to check the nano-
flowers surface morphology as well as porosity category. Accord-
ing to the TUPAC guidelines® pristine MNF and W-MNF-0.3060
showed a type IV(a) isotherm consistent with a mesoporous
material where the pore diameter lies in the range of 2-50 nm.
The hysteresis loop is inconsistent in both structures. The MNF
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Figure 9. BET surface area plot (I/Q(p—o—l) vs. relative pressure)
for (a) MNF; (b) W-MNF-0.3060.

exhibits H3 type loops which implicate the simpler meso-
porous structure whilst the W-MNF-0.3060 shows a H4 type
of loops where it suggests that doping has altered the network
connectivity significantly and by which introduced a mixture
of narrow mesopores (Figure 8). The BET surface area plot
revealed the surface area increase from pristine MNF to doped
MNF. The BET surface area was calculated (Figure 9) from
the 1/[Q@p"p-1)] vs. relative pressure (p/p”) plot of MNF, which
was found to be 32.4775 + 0.0997 m%g whilst the for W-MNF-
0.3060 showed 72.6977 + 0.1423 m%g (in both cases the R?
value was found to be 0.99954 and 0.99997). This significant
increase of surface area can partially explain the PTT ability of
these two materials. As for doped structure, the active surface
area increased significantly which in terms can dissipate the light
energy significantly, that in turns lower the generated heat amount.
Finally, the pore structure was assessed by adsorption-desorp-
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Figure 10. (a) adsorption; (b) desorption dV/dD pore volume vs.
pore diametre plot for MNF.

tion dV/dD pore volume plot against pore diametre for both MNF
and W-MNF-0.3060 (Figure 10, 11). For adsorption-desorption
case, pristine MNF showed single sharp peak at mesoporous
region whilst the later one showed a broad peak at mesoporous
region for adsorption and for desorption mixed peaks were
exhibited ranging micropore-mesopore region. This later phe-
nomenon can be described by an array of things such as pore
blocking, capillary condensation.*! During desorption, the rapid
release of adsorbed gas sometimes enhances the sharp peaks.
From the BET analysis, average pore diametre was measured
along with the pore volume. The BJH adsorption pore volume was
found to be increased from 0.096 to 0.14 cm®/g while com-
paring pristine and doped structure. Similarly, the doped struc-
ture demonstrated lower BJH adsorption pore diametre, 8.96 nm
compared to the pristine MNF, 14.00 nm. This proves our ini-
tial hypothesis, creation of narrow mesopores after doping.
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Figure 11. (a) adsorption; (b) desorption dV/dD pore volume vs pore diametre plot for W-MNF-0.3060.
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Figure 12. XPS spectrum of W-MNF-0.3060; (a) survey; (b) Mn2p; (c) W4f; (d) Ols.

XPS Analysis. XPS analysis proved a pivotal role while
assessing the inner chemistry of doped MNF (W-MNF-0.3060)

Zan, A)5048 A 15, 2026\

(Figure 12). In the Mn 2p spectra we have seen the two peaks
around 653.6 and 641.9 eV, which are credited to the Mn 2p,,
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and 2ps, transitions respectively. These are coming from the
Mn(IV) state present in the MnO, morphology.*? The tungsten
showed two peaks around 34.7 and 36.8 eV which is a stand-
alone reference for WO; materials and credited to 4f;, and 4f;,
transitions. This position indeed confirms the presence of more
stable W*" oxidation state which was achieved by the initial stages
of dissociation in presence of acidic pH. The Ols peaks needed to
be deconvoluted due to the presence of a shoulder. Which can
be said that the main peak is corresponds to the oxygen moiety
in MnO,,** and the shoulder is from the WO,.>* Two different
sources of oxygen are being accounted for. These peaks are at
529.5 and 530.7 eV. The survey spectrum is showed for the main
peaks where the auger transitions and inner orbital transitions
are not accounted for. For other deep insight into the chemical
interferences of metal ions, a study with UPS is recommended.

Cytotoxicity Evaluation. The 4T1 cell line is derived from
mouse breast cancer and closely mimics human triple-negative
breast cancer, or TNBC, characterised by the absence of ER, PR,
and HER2. The cancer presents significant challenges due to
its aggressive nature and limited treatment alternatives, posi-
tioning it as a prime candidate for innovative therapies such as
PTT, which have the potential to address drug resistance effec-
tively. 4T1 cells exhibit a remarkably high ability to metastasise,
naturally disseminating to the lungs, liver, brain, and bone fol-
lowing orthotopic implantation. This feature enables the eval-
uation of primary tumour ablation through PTT, as well as the
potential impacts on metastatic progression—an aspect that tra-
ditional cell lines such as MCF7 are unable to provide. Another
reason for utilising 4T1 cells is their natural resistance to various
chemotherapeutics, rendering them appropriate for evaluating
PTT as a non-drug-based alternative for challenging tumours.
The 4T1 model has become a prominent tool in photothermal
therapy research, facilitating comparative benchmarking and
standardised progression across various studies. The utilisation
of 4T1 breast cancer cells provides a pertinent and aggressive
model for examining the efficacy of our tungsten-doped man-
ganese nanomaterials in conjunction with heat treatment. This
approach enables a comprehensive assessment of tumour
recurrence and the immune response, positioning it as a robust
candidate for in-depth investigation in photothermal therapy.
As we mentioned before, this is the idea of introducing W dop-
ing into manganese nanoflower which is widely used in energy
devices but a very less examples in cancer therapies. Our next
works will be focusing on the 4T1 breast cancer models and
in-depth biological studies. Understanding the toxicological
profiles of therapeutic systems is crucial for the translational
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Figure 13. Cytotoxicity profiles of (a) pristine MNF; (b) W-MNF-
0.3060 at different concentrations and data expressed in + standard
deviation. The experiment was repeated thrice (n=5).

application of basic research from the lab to the clinic. There-
fore, we evaluated the cytotoxicity of both pristine and doped
MNFs. After 48 h of incubation, all those materials showed
insignificant cytotoxic profiles, with a minimum of 80% cell
survival rate in all the concentration (Figure 13). These findings
confirmed an excellent biocompatible profile of pristine MNF
and doped MNFs. The inference suggests that it could be applied
to in vivo research. The experiment was repeated thrice (n=5),
and data were expressed as standard deviation. The whole idea
of this manuscript was the initiation of an idea where intro-
duction of a nanostructure with doping was introduced to make
it a plausible candidate for photothermal therapy. Now while
considering the W-MNF-1.5307, the T}, reached 46.1 C which
is almost 10 C lesser than the W-MNF-0.3060. Now, at this
temperature, aggressive hyperthermia is not possible at the dedi-
cated tumour sites. This was the turning point where we took
the decision as going through the cytotoxicity assessment only
with the W-MNF-0.3060. In future works, we have planned for
detailed studies with this only.

Polym. Korea, Vol. 50, No. 1, 2026



12 K. Chakraborty et al.

Conclusion

In summary, we have successfully tuned the inner morphology
of primary MNF structure with a controlled amount of doping
which put the hyperthermia at a favourable region where irrevers-
ible tissue damage can be avoided. The synthesised W-MNF-
0.3060 is utilised properly with a structural idea. In future, this
effective synthetic method can be exploited to refashion further
the structural integrity of manganese nanoflower with various
metal doping to use in photothermal therapy.
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